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Cover. Groundwater in Kaloko-Honokdhau National Historical Park, Hawai'i, forms ‘Aimakapa fishpond—a land-locked coastal water body
that provides habitat for endangered native waterbirds and that is separated from the ocean by a sand berm—and smaller anchialine pools
(inset; pool is about 3 feet wide and a few inches deep), which occur in surface depressions in the volcanic rocks that extend below the
groundwater table. Photographs by Delwyn S. Oki, U.S. Geological Survey, May 14, 2012.
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Numerical Simulation of the Effects of Groundwater
Withdrawal and Injection of High-Salinity Water on
Salinity and Groundwater Discharge, Kaloko-
Honokohau National Historical Park, Hawai‘i

By Delwyn S. Oki
Abstract

Kaloko-Honokohau National Historical Park (KAHO)
is located on the west coast of the island of Hawai‘i and
contains water resources exposed in fishponds, anchialine
pools, and marine waters that are cultural resources and
that provide habitat for threatened, endangered, and other
culturally important native species. KAHO’s water resources
are sustained by and dependent on groundwater discharge. In
1978, the year of KAHO authorization, the lands immediately
surrounding KAHO were undeveloped and zoned for
conservation purposes; at present, most surrounding lands
are either developed or zoned for industrial, commercial, or
residential use. Urbanization of the North Kona District has
increased the need for additional drinking and nonpotable
(irrigation) water. Because KAHO’s water resources may be
affected by existing and proposed groundwater withdrawals
and injections of high-salinity water in the surrounding area,
the U.S. Geological Survey, in cooperation with the National
Park Service, undertook this study to refine the understanding
of how groundwater withdrawals and injection of high-salinity
water may affect KAHO’s water resources.

Changes in KAHO water resources, in terms of changes
in salinity and groundwater discharge, were modeled for
selected scenarios of groundwater withdrawal and high-
salinity water injection in the aquifer. The numerical model
was developed using the model code SUTRA, which accounts
for density-dependent flow and salinity transport, and
included the coastal-confined groundwater system beneath
the coastal freshwater-lens system. Model results indicate
that withdrawal of additional groundwater from the coastal
freshwater-lens system will affect the salinity of KAHO’s
anchialine pools, which provide habitat for the endangered
orangeblack Hawaiian damselfly (Megalagrion xanthomelas).
The magnitude of the effect is dependent on the amount and
location of the withdrawal. Greater withdrawal rates cause
greater increases in salinity in KAHO, other factors being
equal. For a given withdrawal rate, the greatest increase
in salinity in KAHO is associated with wells withdrawing
groundwater in an area inland of KAHO and the least
increase in salinity is associated with wells near the coast.

Model results also indicate that withdrawal of additional
groundwater from the coastal freshwater-lens system will
affect the groundwater discharge, in terms of the freshwater
component (water with zero salinity) of the discharge, through
KAHO. Greater withdrawal rates cause greater reductions in
freshwater discharge through KAHO. For a given withdrawal
rate, the greatest reduction in freshwater discharge through
KAHO is associated with wells near the north boundary of
KAHO and the least reduction is associated with wells near
the coast to the north and south of KAHO.

Injection of high-salinity water that is denser than ocean
water can affect the salinity of damselfly habitat in KAHO, with
the magnitude of the effect dependent on the location of the
injection. Model results indicate that salinity may either increase
or decrease in the anchialine pools that provide damselfly habi-
tat in KAHO, depending on the site of injection. Injection inland
of KAHO and at sites immediately north and south of KAHO
causes a simulated decrease in salinity at the damselfly habitat,
whereas injection farther north and south of KAHO causes an
increase in salinity. Injection of high-salinity water also causes
a reduction in freshwater discharge through KAHO, with the
greatest reduction associated with distant injection wells to the
north and south of KAHO and the least reduction associated
with wells located near and immediately inland from KAHO.

The numerical groundwater models developed for this
study have a number of limitations. Lack of understanding
of the subsurface geology constrains the ability to accurately
model the groundwater-flow system. The models developed
for this study are nonunique, cannot account for local-scale
heterogeneities in the aquifer, and contain uncertainties related
to recharge, boundary conditions, assigned parameter values in
the model, and representations of the different hydrogeological
features. Confidence in model results can be improved by
addressing these and other limitations. In spite of these
limitations, the three-dimensional numerical model developed
for this study provides a useful conceptual understanding of
the potential effects of additional withdrawals and injections
on groundwater resources in KAHO. Further evaluation of
the ecologic effects of the simulated changes in groundwater
quality and quantity in KAHO is needed but is beyond the
scope of this study.



2 Numerical Simulation of Groundwater Withdrawal and Injection in Kaloko-Honokohau National Historical Park

IntrOduction to demonstrate historical land-use patterns, and to provide a
resource for the education, enjoyment, and appreciation of
Kaloko-Honokohau National Historical Park (KAHO), traditional Native Hawaiian activities and culture (Public Law
established in 1978, is located on the west coast of the island 95-625, section 505, November 10, 1978).

of Hawai‘i, about 3 miles (mi) north of the town of Kailua The waters in KAHO represent an important resource
Kona and within the Keauhou aquifer system, as defined by that made it possible for Native Hawaiians to settle in the arid
the Hawai‘i Commission on Water Resource Management area. KAHO contains two large traditional Hawaiian fishponds
(CWRM) (fig. 1). KAHO was established by the Federal (Kaloko and ‘Aimakapa fishponds) with large associated wet-
government to provide a center to preserve, interpret, and lands, more than 180 known anchialine pools, and more than
perpetuate traditional Native Hawaiian activities and culture, 600 acres of marine waters (fig. 2). Each of these water bodies
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4 Numerical Simulation of Groundwater Withdrawal and Injection in Kaloko-Honokohau National Historical Park

is a cultural resource and also provides habitat for threatened,
endangered, and other culturally important native species.
Kaloko fishpond is located near the northern part of KAHO,
has an area of about 11.5 acres, and has a restored rock
seawall forming its coastal boundary; ‘Aimakapa fishpond is
located near the southern part of KAHO, has an area of about
12 acres, and has a sand berm forming its coastal boundary.
Native Hawaiians traditionally maintained the fishponds for
cultivation of edible fish. The wetlands and fishponds are nest-
ing and feeding habitat for two species of endangered water-
birds, the Hawaiian coot (Fulica americana alai Peale, 1848)
and the Hawaiian stilt (Himantopus mexicanus knudseni), and
represent a substantial fraction of the available waterbird and
shorebird habitat on the island of Hawai‘i. KAHO’s water
resources are sustained by, and in the case of the anchia-

line pools and ‘Aimakapa fishpond are mainly dependent

on, groundwater discharge for freshwater input. Anchialine
pools are rare brackish-water ecosystems that lack a surface
connection to the ocean and are hydrologically connected

to groundwater and the ocean through a permeable aquifer
(Holthuis, 1973; Brock and Kam, 1997). KAHO contains
about 25 percent of the estimated 700 anchialine pools in the
State (Mitchell and others, 2005). Hawaiian anchialine pools
support rare endemic species, some of which remain unde-
scribed, and two species listed as endangered by the U.S. Fish
and Wildlife Service (USFWS): the orangeblack Hawaiian
damselfly (Megalagrion xanthomelas) and an anchialine pool
shrimp (Procaris hawaiana). Some anchialine pool species
prefer a specific range of salinity (Tango, 2010), and salinity
preference may be dependent on species and life stage. The
anchialine pools in KAHO generally have irregular shapes and
depths that vary with ocean tide, and although several are large
(surface areas exceeding 300 square feet [ft*]), the majority are
small (surface areas less than 100 ft?) and shallow (less than
1.5-ft deep) (Brock and Kam, 1997). During low-tide condi-
tions, some anchialine pools completely drain. Anchialine pool
shrimp can withdraw into rock openings in the aquifer during
periods when a pool completely drains, and later reemerge into
the pool as the pool fills with water during a rising tide.

The resident population in the North Kona District of
western Hawai‘i increased from 13,748 in 1980 to 37,875 in
2010, representing an increase of about 175 percent (State of
Hawai‘i, 2001, 2011). In 1978, the year of KAHO authoriza-
tion, the lands immediately surrounding KAHO were unde-
veloped and zoned for conservation purposes; at present, most
surrounding lands are either developed, or zoned for indus-
trial, commercial, or residential use. Numerous dry wells near
KAHO reflect the need to control surface runoff and protect
developed areas from flooding (fig. 2). The urbanization of
the North Kona District is increasing the need for additional
drinking and nonpotable (irrigation) water. KAHO’s water
resources may be affected by existing and proposed ground-
water withdrawals and injections of high-salinity water in the
surrounding area.

In a freshwater-lens system, increased withdrawals (all
other factors being equal) will result, in the long term, in a
decline in water levels, a rise in the transition zone between

freshwater and saltwater, and a reduction of natural groundwater
discharge to surface-water bodies. The extent to which water
levels decline and the transition zone rises is dependent on
factors including the distribution and rates of withdrawals and
the hydraulic characteristics of the aquifer system. Oki and
others (1999) modeled the effects of groundwater withdrawals
on freshwater flow through KAHO relative to average 1978
conditions (the year KAHO was established). Model results
indicated that increasing withdrawals, relative to 1978
conditions, by 56.8 million gallons per day (Mgal/d) distributed
along the western part of Hawai‘i will cause a 47 percent
reduction of fresh groundwater discharge through KAHO and
groundwater-level declines of about 0.6 ft (see fig. 6 of Oki and
others [1999]). The model developed by Oki and others (1999)
did not account for the presence of a recently discovered body
of coastal confined groundwater that exists beneath the coastal
freshwater-lens system. Furthermore, the model was not capable
of simulating water-quality changes caused by anthropogenic
factors. Additional study was needed to refine the understanding
of how anthropogenic factors, including increased groundwater
withdrawals and injection of high-salinity water, may affect
KAHO’s water resources.

Purpose and Scope

The purpose of this report is to provide information
related to how anthropogenic factors may affect water
resources in Kaloko-Honokohau National Historical Park.
Specifically, this report presents estimates of changes in
salinity and groundwater discharge in KAHO caused by
selected scenarios of groundwater withdrawal and injection
of high-salinity water, such as reverse-osmosis concentrate,
into the aquifer. To meet the objectives of the study, available
hydrologic and geologic data were compiled, additional
groundwater-level data were collected, and a numerical
groundwater model that accounts for the deep coastal confined-
groundwater system was constructed. Previously published
groundwater-recharge estimates were used to construct a
numerical, density-dependent groundwater flow and transport
model capable of simulating changes in groundwater level,
salinity, and discharge caused by anthropogenic factors.

Setting

The island of Hawai‘i, the largest of the Hawaiian
Islands, has an area of about 4,030 mi* (Juvik and Juvik,
1998) between latitude 18°54°-20°17’ N. and longitude
156°04°—154°48> W. (fig. 1). The island is formed primarily
by the shield-stage volcanic rocks of Mauna Loa and Kilauea
volcanoes and the shield- and postshield-stage volcanic
rocks of Kohala, Hualalai, and Mauna Kea volcanoes (fig. 3;
Langenheim and Clague, 1987). Much of the western (Kona)
part of the island is formed by volcanic rocks from Hualalai
and Mauna Loa volcanoes (Stearns and Macdonald, 1946).
Although KAHO is the primary area of interest, the larger
study area for the modeling analysis is within the Keauhou
aquifer system as defined by CWRM.
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The Keauhou aquifer system is bounded on the north-
east by the northwest rift zone of Hualalai volcano (hereafter
referred to as Hualalai), on the southeast by the approximate
surface contact between volcanic rocks from Hualalai and
Mauna Loa, and on the west by the coast. Thus, the Keauhou
aquifer system mainly is formed by volcanic rocks from
Hualalai (fig. 3). Within the Keauhou aquifer system, land-
surface altitudes range from 0 ft at the coast to about 8,271 ft
near a volcanic vent within the northwest rift zone of Hualalai.
Below an altitude of 1,000 ft, the land-surface slopes range
from nearly flat in coastal areas to about 9 degrees near the
southern part of the area; between altitudes of 1,000 and
3,000 ft, slopes generally range from 6 to 9 degrees; above an
altitude of 3,000 ft, slopes commonly exceed 9 degrees but are
less than 5 degrees in places, particularly toward the southern
part of the Keauhou aquifer system near the saddle between
Hualalai and Mauna Loa. KAHO lies on the west flank of
Hualalai below an altitude of about 80 ft.

Climate

Near Keahole Point, north of KAHO, computed climate
conditions for 1981-2010 (Arguez and others, 2011) indicate
an average annual temperature of 77.4 degrees Fahrenheit (°F;
25.2 degrees Celsius [°C]), and average monthly temperatures
ranging from 73.8 °F (23.2 °C) in February to 80.4 °F (26.9 °C)
in August (National Climatic Data Center, 2013b). During
1981-2010, minimum monthly temperatures near Keahole
Point have dropped below 65 °F (18.3 °C) and maximum
monthly temperatures commonly exceeded 85 °F (29.4 °C)
(National Climatic Data Center, 2013a). Below an altitude
of 3,900 ft, the average temperature lapse rate in Hawai‘i is
estimated to be 3.6 °F per 1,000 ft, and above an altitude of
3,900 ft, the average temperature lapse rate decreases to 3 °F
per 1,000 ft (Nullet and Sanderson, 1993).

Climate within the Keauhou aquifer system is very
diverse. Using the Koeppen classification, which is based
mainly on temperature, climate is classified as hot semi-arid
desert near the coast (including KAHO); humid tropical
(continuously wet) between altitudes of about 1,000 and
3,000 ft; and temperate (continuously wet warm temperature)
above an altitude of 3,000 ft (Juvik and others, 1978).

Using the Thornthwaite climatic classification, which
considers the relation between precipitation and potential
evapotranspiration, climate is classified mainly as subhumid
to semiarid, except between altitudes of about 1,000 and 3,000
ft where climate is classified as humid (Giambelluca and
Sanderson, 1993).

Rainfall in the Kona area is affected by topography
and ocean-land temperature and pressure gradients related
to heating of the west-facing slopes of Hualalai and Mauna
Loa. In the Kona area, heating of the land surface during the
day generates sea breezes that may converge with the trade
winds diverted around the high volcanoes, producing a zone of
convergence on west-facing slopes (Giambelluca and others,
1986). The sea breezes bring moisture-laden air from offshore

to the mountain slopes, commonly resulting in precipitation in
the afternoon hours. In the Kona area, rainfall is greater during
the summer months (May through October), characterized by
more intense heating and persistent trade winds, than during
the winter months (November through April). This seasonal
pattern of rainfall in the Kona area differs from other areas in
Hawai‘i (particularly dry areas), which have greater rainfall
during the winter months.

Mean annual rainfall for the period 1978-2007 in the
Keauhou aquifer system was less than 15 inches (in.) at the
coast near the northwest boundary, between 15 and 25 in.
within KAHO, greater than 50 in. between altitudes of about
1,000 and 3,000 ft, and less than 35 in. above an altitude of
5,000 ft (fig. 4) (Giambelluca and others, 2013).

Geology

The overall geology of Hawai‘i has been described by
numerous investigators (for example, Stearns and Macdonald,
1946; Macdonald and others, 1983; Stearns, 1985).
Langenheim and Clague (1987) described and renamed
the stratigraphic framework of volcanic rocks on Hawai‘i.
Volcanic rocks from Hualalai mainly are relevant to this study.

Extrusive Volcanic Rocks

Hualalai is one of five volcanoes that form the island of
Hawai‘i (fig. 3) and is inferred to have started forming about
800,000 years ago (800 ka; Moore and others, 1987; Moore
and Clague, 1992; Yamasaki and others, 2009). The summit
of Hualalai, at an altitude of 8,271 ft, is about 10 mi east of
KAHO. Extrusive volcanic rocks cover the surface of Hualalai
and consist mainly of lava flows that effused from fissures
and vents. Extrusive volcanic rocks also include pyroclastic
material, such as ash and cinder, which generally forms less
than 1 percent of the mass of Hawaiian volcanoes (Wentworth
and Macdonald, 1953).

The southeastern part of Hualalai is covered by younger
lava flows from Mauna Loa volcano (Lipman and Coombs,
2006). About 55 percent of the volcanic rocks on the surface
of Hualalai are less than 3,000 years old (Moore and others,
1987). The most recent flow from Hualalai is an 1801 flow
north of KAHO that destroyed villages and filled coastal
fishponds (Kauahikaua and Camara, 2000). Surface volcanic
rocks in KAHO are 10,000-1,500 years old (Wolfe and
Morris, 1996).

Shield-stage tholeiitic basalt built most of Hualalai but
is not exposed on the land surface. Tholeiitic rocks have
been recovered from dredges and submersible dives (Clague,
1982; Moore and Clague, 1987, 1992; Garcia and others,
1989; Clague and Moore, 1991; Lipman and Coombs, 2006;
Hammer and others, 2006; Yamasaki and others, 2009) and
from drilled wells (Moore and others, 1987; Clague, 1987). A
change in lava chemistry from tholeiitic basalt to trachyte and
alkalic basalt about 130 to 100 ka marks the transition from
the shield stage to the postshield stage of Hualalai.



The entire subaerial surface of Hualalai consists
of postshield-stage alkalic basalt, with minor hawaiite
and trachyte, collectively named the Hualalai Volcanics
(Langenheim and Clague, 1987; Wolfe and Morris, 1996). On
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the flanks of Hualalai, mapped dips of the Hualalai Volcanics
typically are about 2 to 15 degrees (Stearns and Macdonald,
1946). Trachyte lavas, which are rare in Hawai‘i, are exposed
at the surface on Hualalai and also have been found in rock
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samples from wells drilled into Hualalai (Cousens and
others, 2003; Bauer, 2003). Trachyte lavas from Hualalai
have estimated ages of about 114-92 ka (Cousens and others,
2003). The shift from trachyte to alkalic basalt eruptions was
marked by an increase in eruption rate (Moore and others,
1987; Cousens and others, 2003). Trachyte lavas generally
are very viscous and form thick and massive flows. Trachyte
lavas may be hydrologically important because they have
low permeability and may form confining units that impede
groundwater movement.

Pyroclastic deposits consist of fragmental material,
including cinder and ash, that originated from volcanic
eruptions and were deposited from the air. Pyroclastic deposits
vary in fragment size, with coarse material typically deposited
closer to the source eruption than fine material. Fine ash
deposits composed of material less than 0.08 in. (2 millimeters)
in diameter can be widespread and blanket the land surface
at large distances from the source eruption. However, wind
and rain can erode ash deposits, especially if the deposits are
recent and thin. On the island of Hawai‘i, ash deposits range in
thickness from less than 1 ft to greater than 10 ft (Wentworth,
1938a). Volcanic ash can be weathered and consolidated
into tuff, which may have low permeability. Laboratory
permeability tests of five weathered-ash core samples from
O‘ahu indicated hydraulic-conductivity values ranging from
0.002 to 300 feet per day (ft/d; Wentworth, 1938b).

Wentworth (1938a) mapped tuff deposits over large areas
of Hualalai (fig. 3). Tuff deposits in the subsurface can be
hydrologically important if they are spatially continuous and
widespread by forming low-permeability perching or confin-
ing units that impede groundwater flow. A number of wells
on Hualalai have penetrated trachyte flows (Bauer, 2003), ash
layers, or undescribed low-permeability layers that potentially
can form perching or confining units in the subsurface (fig. 3).

Intrusive Volcanic Rocks

Intrusive volcanic rocks include those rocks, such as
dikes, that formed by magma that cooled below the ground
surface. Dikes associated with the rift zones of Hualalai
are not exposed at the surface, but cinder and spatter cones
within the rift zones are evidence of the presence of dikes
that are related to the subsurface system of magma supply
to these volcanic vents. Dikes are hydrologically important
because they have low permeability and, because of their low
permeability, tend to impound groundwater behind them to
higher levels than would exist in the absence of dikes.

The primary rift zones of Hualalai trend northwest and
south-southeast, emanate from near the summit of the volcano,
and are marked by numerous cinder and spatter cones. A third,
less well-defined rift zone extends north from the summit
(Macdonald and others, 1983; Moore and others, 1987). A
positive gravity anomaly exists near, but is somewhat west
of, the surface expression of the south-southeast rift zone of
the volcano (Kinoshita and others, 1963; Kinoshita, 1965;
Kauahikaua and others, 2000; Flinders and others, 2013).
Zucca and others (1982) analyzed gravity and seismic-

refraction data and indicated that a dense structure with high
seismic velocity lies parallel to the Kona coast in the vicinity
of the positive gravity anomaly and probably represents a
buried rift zone. The buried rift may extend south of surface
exposures of Hualalai volcanic rocks (Lipman and Coombs,
2006). On the basis of the presence of an intervening gravity
saddle, Lipman and Coombs (2006) indicated that this buried
Hualalai rift probably does not merge with the south rift zone
of Mauna Loa, as interpreted by Holcomb and others (2000).

Sedimentary Deposits

Within the study area, terrestrial sedimentary deposits
on the relatively youthful subaerial surface of Hualalai are
limited. Thin calcareous sand and gravel deposits form
beaches and overlie volcanic rocks in coastal areas, parti-
cularly in the northern part of the study area, including
KAHO (see for example, Richmond and others, 2008).
Marine sedimentary deposits associated with coral reefs
generally are preserved only after a volcano has completed
its shield-building stage because the high frequency of lava
flows tends to inhibit reef development (Moore and Clague,
1992). Hualalai is in the post-shield stage and coral reefs have
developed offshore in places. Coral reefs and sand deposits
have been mapped immediately offshore of KAHO lands
(Gibbs and others, 2007) and also can be found in coastal
areas outside of KAHO. Modern living coral generally is
found in depths shallower than about 30 meters (m; Moore
and Fornari, 1984). Moore and Clague (1992) describe six
submerged reefs north of the study area at depths of about 500
to 4,400 ft. The shallowest of these submerged reefs (500 ft)
extends for about 60 mi along the west coast of Hawai‘i,
from the northern tip of the island to just south of Kealakekua
Bay (Moore and Clague, 1987). This buff-colored, massive
coralline limestone reef, which drowned about 13 ka, is draped
by about 50 lava flows, which in turn have subsequently been
covered by additional reef material (Moore and Fornari, 1984;
Moore and Clague, 1987). The drowned reef at an altitude of
—500 ft may be correlative with the Kahipa-Mamala —350-ft
shelf off O‘ahu (Stearns, 1978; Moore and Fornari, 1984),
which would indicate that northwest Hawai‘i has subsided
about 150 ft relative to O‘ahu over the past 13,000 years.

The geologic log of a well drilled about 2 mi southeast
of KAHO (well 3959-01, Kamakana) within the study area
indicates a calcareous beach sand between altitudes of about
—1,073 and —1,088 ft (Bauer, 2011). The depth of the beach
sand is between the depths of two drowned reefs (-500 ft and
—1,400 ft, respectively) described by Moore and Clague (1992).

Faults

Gravitational failure of the unbuttressed submarine west
flanks of Hualalai and Mauna Loa produced a large region of
landslide deposits, including the North Kona slump and Alika
debris avalanches (Lipman and others, 1988; Moore and others,
1989, 1994; Lipman and Coombs, 2006; Cannon and others,
2007). The submerged Mahukona volcano may have buttressed



Depth, in feet below sea level

the northwestern part of Hualalai volcano and prevented
failure of the northwest submarine flanks of Hualalai volcano.
Landslide deposits associated with the North Kona slump,
downslope of the west flank of Hualalai, are at water depths
of about 6,500-15,000 ft (Lipman and Coombs, 2006). The
North Kona slump may have crept over an extended period (as
opposed to a catastrophic debris avalanche) during the shield
stage of Hualalai and is characterized by multiple benches and
normal-fault scarps that are a few thousand feet high in places
(Moore and Clague, 1992; Moore and others, 1994; Lipman
and Coombs, 2006). The original headwall appears to have
been buried by younger eruptions and original scarp surfaces
commonly are smoothed and modified by draping pillow
lavas from the shield stage (Lipman and Coombs, 2006). The
submarine slopes of Hualalai, down to a water depth of about
5,000 ft, may be mantled with sediment in places (Lipman
and Coombs, 2006), although volcanic-rock outcrops without
sediment cover also likely exist.

The ocean bathymetry reflects the occurrence of
submarine landslides. Between Keahole Point and Kaiwi Point
(fig. 3), 1,000-ft water depths generally are within a mile of
the coast. In contrast, the 1,000-ft contour on land commonly
is more than 3 mi inland from the coast. South of Kaiwi Point,
1,000-ft water depths commonly are more than 2 mi offshore.
Average ocean-bottom slopes generally are less than 5 degrees
for water depths shallower than about 300 ft, although slopes
commonly are greater than 20 degrees between depths of 300
to 3,000 ft.
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Subaerial evidence of faults near the study area exists near
Kealakekua Bay (fig. 3), south of the Keauhou aquifer system.
The cliff forming the northeast boundary of Kealakekua Bay
is a normal fault at the northern extent of the Kealakekua
fault system, which extends about 18 mi south of the bay
(Macdonald and others, 1983; Wolfe and Morris, 1996).
Lipman and Coombs (2006) indicated that a conspicuous
change in lithology exposed on the 600-ft-high subaerial
Kealakekua fault scarp could mark a boundary between
tholeiitic lavas from Hualalai and Mauna Loa. The Kealakekua
fault, which is at the head of large submarine landslide
complexes, has been inactive for about 14,000—18,000 years as
indicated by the existence of an unbroken, submerged reef at
the head of the submarine landslides (Moore and others, 1994;
Lipman and Coombs, 2006).

Ocean Temperatures

Because of the steeply sloping ocean bottom near the
study area, a source of cold saltwater that can enter the
aquifer is available within a short distance from the coast.
Ocean temperatures near the study area generally decrease
with depth and may vary in space and time in response to
changes in ocean currents as well as air temperature. Limited
temperature-profile data from near the study area may reflect
this variability (fig. 5). Sources of data used to characterize
the ocean temperature as a function of depth include (1) an
ocean-temperature profile collected by the Hawai‘i Undersea
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Ocean temperature modified from conductivity-
temperature-depth (CTD) logger data collected
during Hawai‘i Undersea Research Laboratory
submersible dive, December 3, 2007— From
Keith Olson, Natural Energy Laboratory of Hawai'i
Authority, written commun. (2009)

Ocean temperature from boat-deployed CTD
cast—From Tom Nance, Tom Nance Water
Resource Engineering, written commun. (2012)

Figure 5. Line graph
profiles offshore from the
Keauhou area, western
Hawai‘i and from ALOHA
station 1 offshore from
O‘ahu, Hawai'i.
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Groundwater temperature from Kamakana well,
3959-01, April 3, 2010—From Tom Nance,
Tom Nance Water Resource Engineering,
written commun. (2012)

Groundwater temperature from Kahalu‘u well,
3457-04, May 19, 2009—From Patrick Casey,
Hawai'i Commission on Water Resource
Management, written commun. (2020)

- — - Groundwater temperature from Keahole power

plant injection well, UH-1776, July 22, 2003—
From Tom Nance, Tom Nance Water Resource
Engineering, written commun. (2012)

showing ocean temperature
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Research Laboratory on December 3, 2007, off Keahole

Point using a conductivity-temperature-depth (CTD) logger
attached to a manned submersible (Pisces V) during an
inspection of a submarine pipeline (Keith Olson, Natural
Energy Laboratory of Hawai‘i Authority, written commun.,
2009); (2) 3 ocean-temperature profiles collected using a
CTD logger deployed from a boat off the Kona coast on June
7, 2000, November 21, 2011, and December 9, 2011 (Tom
Nance, Tom Nance Water Resource Engineering, written
commun., 2012); and (3) 173 ocean-temperature profiles
collected with a CTD at ALOHA station 1 (lat 21°20° N., long
158°16° W.) off western Oahu between December 1, 1988,
and November 27, 2011 (Lucas, 2013). The minimum and
maximum temperature profiles measured at ALOHA station
1 generally bracket the profiles collected near the study area,
and the average temperature profile from ALOHA station

1 appears to be generally representative of conditions near
the study area. From the average temperature profile, the
ocean temperature is between about 25 °C and 26 °C near
the surface (water temperatures hereinafter are reported in
units of degrees Celsius, which are most commonly used and
which can be readily converted to degrees Fahrenheit using
the expression at the bottom of the Conversion Factors table
near the front of this report); decreases to 20 °C at 530 ft;
decreases to 15 °C at 815 ft; decreases to 10 °C at 1,175 ft;
and is less than 5 °C below a depth of 2,450 ft (fig. 5). Thus,
saltwater that is colder than 20 °C may enter the aquifer
below ocean depths of about 500 ft.

Groundwater-Flow System

Precipitation is the main source of fresh groundwater
in Hawai‘i. The precipitation either (1) runs off, (2)
evaporates, (3) is transpired by vegetation, or (4) recharges
the groundwater system. Fresh or brackish groundwater in
western Hawai‘i is found in three main forms: (1) as a coastal
freshwater-lens system, which consists of an unconfined lens-
shaped body of freshwater or brackish water floating on denser,
underlying saltwater within permeable dike-free volcanic
rocks; (2) as a coastal confined-groundwater system beneath
the freshwater-lens system; and (3) as water impounded to high
levels (greater than about 40 ft above mean sea level) within
or inland from areas of lower overall permeability inland of
the freshwater-lens system (fig. 6). The hydrologic connection
among the three groundwater bodies is not well understood.
The boundary between the coastal freshwater-lens system and
the inland high water-level area is uncertain but constrained
by water-level information from existing wells and is near
a land-surface altitude of about 1,500 ft (fig. 7). In general,
groundwater levels are highest in the inland areas and lowest
near the coast and, thus, groundwater flows from inland areas
to coastal discharge areas.

For the purposes of this study, saltwater is assumed to
have a dissolved solids concentration of 35.7 grams per
kilogram (g/kg) and a fluid specific conductance of about
53,800 microsiemens per centimeter (nS/cm) at 25 °C;

pure freshwater is assumed to have a dissolved solids
concentration of zero. From a practical standpoint, however,
freshwater commonly is associated with fresh drinking
water that generally has a chloride concentration less than
250 milligrams per liter (mg/L), which is roughly equivalent
to water with a dissolved solids concentration less than
about 0.45 g/kg and a fluid specific conductance less than
about 700 pS/cm. Brackish water is assumed to be a mixture
of freshwater and saltwater and have a dissolved solids
concentration between 0.45 and 35.7 g/kg.

Groundwater Recharge

Groundwater is recharged by direct infiltration of
rainfall over much of the study area. Over some areas,
groundwater-recharge rates are low because of low rainfall
and high evaporation rates. Recharge from rainfall may
be supplemented by fog drip, irrigation, or wastewater
discharges. Groundwater recharge in the Keauhou aquifer
system was most recently estimated using a daily water
budget for the period from 1984 through 2008 (Engott, 2011).
Average recharge in the Keauhou aquifer system during the
period 1984-2008 was estimated to be about 106 Mgal/d,
with about 67 Mgal/d in the inland high water-level area and
39 Mgal/d over the coastal freshwater-lens system. Recharge
is highest in areas of high rainfall (between altitudes of about
1,000 and 3,000 ft) or in a wastewater disposal pit southeast of
KAHO (fig. 8; Engott, 2011).

Coastal Freshwater-Lens System

The source of freshwater in the coastal freshwater-lens
system of western Hawai‘i is groundwater recharge from
(1) infiltration of rainfall and fog drip, (2) irrigation water,
(3) wastewater disposal, and (4) storm runoff captured by
dry wells. In addition, upward discharge from the underlying
coastal confined groundwater system or discharge from
the upgradient high water-level area may contribute to the
freshwater component of water in the coastal freshwater-
lens system.

Because the dike-free volcanic rocks near the coast are
highly permeable and because thick accumulations of low-
permeability sediments have not formed offshore as in other
areas of the State (for example, southern O‘ahu), freshwater
can readily discharge to the ocean, saltwater can readily enter
the aquifer, groundwater levels are relatively low (generally
less than a few feet), and the magnitude of the horizontal
hydraulic head gradient is small (less than a foot per mile
[ft/mi] in some places). The freshwater discharge creates
a saltwater-circulation system beneath the freshwater lens
(Cooper and others, 1964; Souza and Voss, 1987). Saltwater
flows landward in the deeper parts of the aquifer, rises, and
then mixes with seaward-flowing freshwater. This mixing
creates a brackish-water transition zone. In areas near the
coast where saltwater mixes thoroughly with seaward-flowing
freshwater, a freshwater lens may not form and brackish water
may exist at the water table.
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even though confining units extend to ocean; and C, no coastal confined groundwater discharging directly to ocean because confining units
do not extend to ocean.
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the Keauhou aquifer system and wells, island of Hawai‘i, Hawai'i.
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Tidal Effects

Ocean tides affect groundwater levels in the coastal
freshwater-lens system of the study area. During some periods,
the range (minimum to maximum) in ocean tide over a day
may vary by more than 3 ft near the study area, and this
tidal signal propagates inland through the groundwater body.
Because the permeability of the dike-free volcanic rocks in
the study area is high, substantial groundwater-level variations
in response to ocean tides have been measured in wells more
than 2 mi from the coast.

For this study, continuous groundwater-level data were
collected from 14 sites during 2009—10 using a 10-minute
sampling interval to evaluate the tidal response in the
freshwater-lens system. Data from two additional sites
collected by CWRM (well 3457-04; Patrick Casey, Hawai‘i
Commission on Water Resource Management, written
commun., 2020) and a private company (201112 data from
well 3959-01; Tom Nance, Tom Nance Water Resource
Engineering, written commun., 2013) also were included in
the analysis. Tidal constituents were fit, using a least-square
error approach, to the ocean-tide and groundwater-level
records to estimate tidal efficiency (ratio of groundwater-level

Table 1.
Keauhou area, Hawai‘i.

[--, not available or not applicable]

amplitude to ocean-tide amplitude) at sites where continuous
groundwater-level data were available. Concurrent ocean-tide
data (6-minute sampling interval) were from the Kawaihae
tide gage (fig. 1) operated by the National Oceanic and
Atmospheric Administration (NOAA; National Oceanic and
Atmospheric Administration, 2010).

Groundwater-level records were separated into 50-day
periods for analysis, although tidal constituents were fit to only
the middle 30 days of each 50-day period. Before fitting the
tidal constituents, data were filtered using a fourth-order elliptic
bandpass filter with a passband of 0.6 to 4 cycles per day, a
stopband attenuation of 100 decibels (dB), and a passband
ripple of 0.05 dB. After filtering each time series in the forward
direction, the filtered sequence was reversed and run back
through the filter a second time to eliminate phase distortion.
For each 50-day period, the first 10 days and last 10 days of
record were discarded to avoid filter end effects, and the middle
30 days were used to fit the tidal constituents. For each site,
each 30-day period used to fit the tidal constituents represented
a nonoverlapping period of data. Average tidal efficiencies
at each site were computed from the 30-day, nonoverlapping
periods of data. Sites included in this study had 1-15 inde-
pendent 30-day periods available for analysis (table 1).

Estimated tidal efficiencies from groundwater-level records at selected wells and anchialine pools and corresponding analysis periods,

'Average diurnal tidal ZAverage semidiurnal tidal 350-day analysis period
Well number Site name efficiency (standard deviation in efficiency (standard deviation
parentheses) in parentheses) Initial day Final day
3457-04 Kahalu‘u deep monitor well 0.59 (0.004) 0.51(0.015) 05/20/2009 07/08/2009
06/19/2009 08/07/2009
07/19/2009 09/06/2009
3858-01 Keopu 1 deep monitor well 0.23 (0.007) 0.18 (0.008) 03/19/2009 05/07/2009
04/18/2009 06/06/2009
05/18/2009 07/06/2009
06/17/2009 08/05/2009
07/17/2009 09/04/2009
3859-01 Dug well near Walua Road 0.63 (0.016) 0.58 (0.026) 05/14/2009 07/02/2009
06/13/2009 08/01/2009
07/13/2009 08/31/2009
08/12/2009 09/30/2009
09/11/2009 10/30/2009
10/11/2009 11/29/2009
11/10/2009 12/29/2009
12/10/2009 01/28/2010
01/09/2010 02/27/2010

02/08/2010 03/29/2010
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Table 1.—Continued
'Average diurnal tidal ZAverage semidiurnal tidal $50-day analysis period
Well number Site name efficiency (standard deviation in efficiency (standard deviation

parentheses) in parentheses) Initial day Final day

3959-01 Kamakana well 0.34 (0.012) 0.22 (0.011) 08/07/2011 09/25/2011
09/06/2011 10/25/2011

10/06/2011 11/24/2011

11/05/2011 12/24/2011

12/05/2011 01/23/2012

01/04/2012 02/22/2012

02/03/2012 03/23/2012

03/04/2012 04/22/2012

04/03/2012 05/22/2012

05/03/2012 06/21/2012

06/02/2012 07/21/2012

07/02/2012 08/20/2012

09/22/2012 11/10/2012

Kealakehe monitor well 2 0.55(0.014) 0.48 (0.035) 09/17/2009 11/05/2009

10/17/2009 12/05/2009

11/16/2009 01/04/2010

12/16/2009 02/03/2010

01/15/2010 03/05/2010

02/14/2010 04/04/2010

04/16/2010 06/04/2010

05/16/2010 07/04/2010

06/15/2010 08/03/2010

07/15/2010 09/02/2010

4061-01 KAHO well 1 0.54 (0.008) 0.49 (0.033) 04/09/2009 05/28/2009
05/09/2009 06/27/2009

07/24/2009 09/11/2009

08/23/2009 10/11/2009

09/22/2009 11/10/2009

12/02/2009 01/20/2010

01/01/2010 02/19/2010

01/31/2010 03/21/2010

04/17/2010 06/05/2010

05/17/2010 07/05/2010

06/16/2010 08/04/2010

4160-02 Kaloko irrigation 2 0.30 (0.009) 0.20 (0.013) 04/18/2009 06/06/2009
05/18/2009 07/06/2009

06/17/2009 08/05/2009

07/17/2009 09/04/2009

09/10/2009 10/29/2009

10/10/2009 11/28/2009

12/02/2009 01/20/2010
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Table 1.—Continued

'Average diurnal tidal ZAverage semidiurnal tidal $50-day analysis period
Well number Site name efficiency (standard deviation in efficiency (standard deviation
parentheses) in parentheses) Initial day Final day
4160-02— Kaloko irrigation 2—Continued 01/01/2010 02/19/2010
Continued 01/31/2010  03/21/2010
05/01/2010 06/19/2010
05/31/2010 07/19/2010
4161-01 KAHO well 3 0.61(0.009) 0.57 (0.033) 04/09/2009 05/28/2009
05/09/2009 06/27/2009
07/24/2009 09/11/2009
08/23/2009 10/11/2009
09/22/2009 11/10/2009
12/02/2009 01/20/2010
01/01/2010 02/19/2010
01/31/2010 03/21/2010
06/26/2010 08/14/2010
4161-02 KAHO well 2 0.57 (0.008) 0.54 (0.028) 04/09/2009 05/28/2009
05/09/2009 06/27/2009
07/24/2009 09/11/2009
08/23/2009 10/11/2009
09/22/2009 11/10/2009
04/19/2010 06/07/2010
05/19/2010 07/07/2010
06/18/2010 08/06/2010
4161-12 Kohanaiki MW402 0.58 () 0.60 () 04/18/2009 06/06/2009
4262-03 Kohanaiki MW200 0.57 (=) 0.58 (--) 04/18/2009 06/06/2009
4360-01 Kalaoa north Kona well 0.22 (0.007) 0.11 (0.008) 03/19/2009 05/07/2009
04/18/2009 06/06/2009
05/18/2009 07/06/2009
06/17/2009 08/05/2009
07/17/2009 09/04/2009
09/10/2009 10/29/2009
10/10/2009 11/28/2009
12/02/2009 01/20/2010
01/01/2010 02/19/2010
01/31/2010 03/21/2010
04/17/2010 06/05/2010
05/17/2010 07/05/2010
06/16/2010 08/04/2010
4462-06 Keahole MW-13A 0.54 (0.008) 0.49 (0.021) 03/18/2009 05/06/2009
06/09/2009 07/28/2009
07/09/2009 08/27/2009
08/08/2009 09/26/2009

09/07/2009

10/26/2009
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Table 1.—Continued
'Average diurnal tidal ZAverage semidiurnal tidal $50-day analysis period
Well number Site name efficiency (standard deviation in efficiency (standard deviation

parentheses) in parentheses) Initial day Final day

Anchialine pool 53H 0.71(0.015) 0.71(0.044) 03/20/2009 05/08/2009
04/19/2009 06/07/2009

05/19/2009 07/07/2009

06/18/2009 08/06/2009

07/18/2009 09/05/2009

08/17/2009 10/05/2009

09/16/2009 11/04/2009

10/16/2009 12/04/2009

11/15/2009 01/03/2010

12/15/2009 02/02/2010

01/14/2010 03/04/2010

02/13/2010 04/03/2010

04/18/2010 06/06/2010

05/18/2010 07/06/2010

06/17/2010 08/05/2010

Anchialine pool 83C 0.89 (0.030) 1.02 (0.088) 06/24/2009 08/12/2009
07/24/2009 09/11/2009

01/01/2010 02/19/2010

04/18/2010 06/06/2010

05/18/2010 07/06/2010

06/17/2010 08/05/2010

Anchialine pool 118 0.71(0.017) 0.73 (0.058) 04/18/2009 06/06/2009
05/18/2009 07/06/2009

06/17/2009 08/05/2009

07/17/2009 09/04/2009

09/17/2009 11/05/2009

11/13/2009 01/01/2010

12/13/2009 01/31/2010

01/12/2010 03/02/2010

02/11/2010 04/01/2010

03/13/2010 05/01/2010

04/12/2010 05/31/2010

05/12/2010 06/30/2010

06/11/2010 07/30/2010

!Average tidal efficiency for the diurnal (O1) tidal constituent for all analysis periods.
2Average tidal efficiency for the semidiurnal (M2) tidal constituent for all analysis periods.

SFirst 10 days and last 10 days of the 50-day period not used to fit the tidal constituents.
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The five tidal constituents considered were O1 (lunar,
diurnal principal constituent), K1 (lunar-solar, diurnal
declinational constituent), M2 (lunar, semidiurnal principal
constituent), S2 (solar, semidiurnal principal constituent),
and N2 (lunar, semidiurnal elliptic constituent). Fitted K1
and S2 constituents may be affected by barometric pressure
variations and therefore are not used here to estimate tidal
efficiencies. The N2 constituent is relatively small and also
is not considered. The O1 and M2 tidal efficiencies decrease
with distance from the coast (fig. 9). Both the O1 and M2 tidal
efficiencies exceed 0.45 in wells within about 0.5 mi from
the coast. The O1 tidal efficiency is 0.22 in well 436001,
which is about 3 mi inland. A tidal efficiency approaching
this magnitude at a comparable distance from the coast within
volcanic rocks is not known to exist on any of the other
Hawaiian islands. The high tidal efficiency near the study area
reflects the high permeability of the volcanic rocks in the area.

In general, higher frequency groundwater-level variations
are attenuated to a greater extent with distance from the source
of the change than lower frequency variations because the
aquifer tends to preferentially filter out the higher frequency
signals. Thus, higher frequency tidal constituents are expected
to be attenuated to a greater extent than lower frequency
constituents with distance from the coast. This generally is the
case in the study area, particularly at the most inland wells,

where the M2 efficiency is lower than the O1 efficiency (fig. 9).

Groundwater levels in the freshwater-lens system in
the study area can indicate an efficiency greater than 1 at
sites where the ocean tide can affect the groundwater from
multiple directions. In coastal land areas that jut out into the
ocean, the ocean tide can affect groundwater from multiple
directions. Constructive interference of the ocean-tide signal
from multiple directions can cause the groundwater level
to vary by more than 100 percent of the ocean tide (see for
example, Rotzoll and others, 2008). This type of constructive
interference of ocean-tide signal may be present in an
anchialine pool on the coastal point just north of the mouth
of Honokohau Harbor (fig. 9), where the M2 tidal efficiency
slightly exceeds 1.

Synoptic Water-Level Distribution

Because groundwater levels are strongly affected by
ocean tides, synoptic water-level surveys using one-time,
instantaneous measurements at selected wells may not provide
an accurate indication of the spatial distribution of water
levels in the study area. Thus, daily average groundwater
levels were determined for selected days corresponding to
periods of high ocean level (August 7, 2009), low ocean level
(April 18, 2009), and mean sea level (May 18 and October 2,
2009). The daily average groundwater levels (fig. 10) indicate
that during a period of high ocean level, groundwater levels

Figure 9.

are correspondingly high, whereas during a period of low
ocean level, groundwater levels are low. At a given site, daily
average groundwater levels on selected days during periods
when the ocean level is near mean sea level are comparable or
the same (fig. 10).

Daily average groundwater levels in the freshwater-
lens system near KAHO are higher in inland areas relative
to coastal areas. Daily average groundwater levels exceed
2.5 ft above mean sea level in wells greater than about 2 mi
from the coast, whereas groundwater levels are less than 2 ft
above mean sea level within 0.5 mi from the coast (fig. 10).
This pattern of groundwater levels generally is consistent with
the distribution of groundwater levels in the Keauhou aquifer
system described by Bauer (2003).

In a homogeneous, isotropic, unconfined coastal aquifer
with steady, uniform, horizontal flow, the horizontal hydraulic
head gradient will increase in the downgradient, seaward
direction and the magnitude and direction of the hydraulic
gradient can be determined from the squared heads at a trio
of sites (Silliman and Frost, 1998). The method of Silliman
and Frost (1998) is applicable to an idealized aquifer and was
used to provide a general depiction of hydraulic gradients in
the study area even though the assumptions of the method may
not be entirely met. Cole and Silliman (1996) indicated that
in a heterogeneous aquifer, the bias of the regional hydraulic
gradient estimated from the squared heads tends to decrease
as the separation between wells increases. For this study, trios
of sites for which average groundwater levels (heads) could
be computed for a common period were selected to estimate
the magnitude and direction of an average hydraulic gradient.
Selected trios of sites were limited to those for which all
internal angles (formed by the triangle in the horizontal plane
defined by the three sites) are between 30 and 90 degrees. This
limited the trios to those with a reasonable spatial distribution
of sites that are expected to produce the most reasonable
hydraulic-gradient estimates. Using all selected trios of sites
and squared average heads during the period September 21
through October 20, 2009, the horizontal hydraulic head
gradients near KAHO are estimated to be about 0.5 ft/mi at
well sites more than 2 mi from the coast; about 1 ft/mi at
well sites 0.5—1 mi from the coast; and greater than 1 ft/mi at
anchialine pool sites within 0.25 mi from the coast (fig. 11).
During the period September 21 through October 20, 2009, the
ocean level was near mean sea level, and thus the estimated
hydraulic gradients are for mean sea level conditions. Local
hydraulic gradients may differ from those estimated for this
study. The magnitude and direction of the hydraulic gradient
at a site may differ from the average regional values estimated
for this study (fig. 11) because of (1) temporal variations in
head caused by changes in ocean level, (2) temporal variability

heterogeneity and anisotropy, and (5) vertical flow.

Map showing tidal efficiency during 2009-10, estimated from groundwater levels recorded in selected wells and anchialine pools in the

Keauhou aquifer system, island of Hawai'‘i, Hawai'i. O1, lunar, diurnal principal constituent; M2, lunar, semidiurnal principal constituent. Data used to
compute tidal efficiencies are from U.S. Geological Survey (2020) unless indicated by footnote.

in recharge, (3) local sources or sinks of water, (4) aquifer
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Figure 10.

Map showing the daily average groundwater levels on August 7, 2009 (period of high ocean level); May 18 and October 2, 2009 (period

of near mean sea level); and April 18, 2009 (period of low ocean level) in selected wells and anchialine pools in the Keauhou aquifer system, island of
Hawai‘i, Hawai‘i. Data used to compute daily average groundwater levels are from U.S. Geological Survey (2020) unless indicated by footnote.
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21 to October 20, 2009, using groundwater levels from selected wells and anchialine pools in the Keauhou aquifer system, island
of Hawai‘i, Hawai‘i. The magnitude and direction of the average hydraulic gradient indicated by each arrow are estimated from
groundwater levels at three sites, assuming a planar surface defined by the squared average heads at the three sites. For each
trio of sites, all internal angles of the triangle formed by the sites are between 30 and 90 degrees. Groundwater-level data used to
estimate gradients are from U.S. Geological Survey (2020).
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Salinity

Within the Keauhou aquifer system, available data
indicate that the coastal freshwater-lens system in the dike-free
volcanic rocks within and north of KAHO mainly is composed
of brackish water overlying saltwater, with the brackish-
water zone extending from the water table to the underlying
saltwater. South of KAHO, freshwater may overlie brackish
water in places, with the freshwater zone extending from the
water table to the underlying brackish water. A few wells south
of KAHO near Holualoa (3657-01) and Keauhou (355701
to —05) produce freshwater from the coastal freshwater-lens
system. Several inland wells north of KAHO (4458-01,
4458-02, 445901, 445902, and 4559-01), near the northeast
boundary of the Keauhou aquifer system, have water levels
that exceed mean sea level by more than a few feet and that
may be affected by dikes or confining units (Bauer, 2003).

In general, salinity of groundwater within the coastal
freshwater-lens system is expected to increase with depth and
decrease with distance from the coast, all other factors being
equal. Vertical salinity profiles (as measured by fluid specific
conductance, with fluid specific conductance of 53,800 uS/cm
assumed to correspond to 100 percent ocean-water salinity)
from wells in the study area generally indicate increasing
salinity with depth, although water with salinity equal to that
of ocean water is not always found at the bottom of the wells

0

(fig. 12). Deep monitoring wells exist north and south of
KAHO and vertical salinity profiles from these wells indicate
water with salinity approaching ocean-water salinity above

the bottoms of the wells (fig. 12). North of KAHO, a salinity
profile from Keahole power plant injection well UH-1776
(Norris Uehara, Hawai‘i Department of Health, Safe Drinking
Water Branch, written commun., 2014) indicates salinity
approaching that of ocean water near an altitude of —250 ft
(fig. 12). South of KAHO, the salinity profile in the Kamakana
well (3959-01) indicates a salinity of about 10 percent that

of ocean water near the water table, and salinity increases
gradually to about that of ocean water near an altitude of

—500 ft (fig. 12; Tom Nance, Tom Nance Water Resource
Engineering, written commun., 2012). The salinity profile in
the Kahalu‘u deep monitor well (3457-04), near the southern
part of the Keauhou aquifer system, has a salinity of about 4-5
percent that of ocean water near the water table, and salinity
increases relatively sharply to about that of ocean water near
an altitude of —150 ft (fig. 12).

Temperature

Within the Keauhou aquifer system, groundwater
temperatures within the coastal freshwater-lens system
generally range from about 15 to 25 °C and may be affected
by cold saltwater that originates from the ocean (Tom Nance
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3959-01, Kamakana deep monitor well, composite from
April 3,2010, May 12, 2010, and August 18, 2010—
From Tom Nance, Tom Nance Water Resource
Engineering, written commun. (2012)

B 3858-01, Keopu 1 deep moinitor well above an altitude of
-200 ft, December 10, 2019; 3858-02, Keopu 2 deep
monitor well below an altitude of -400 ft, October 24,
2017—From Patrick Casey, Hawai‘i Commission on Water
Resource Management, written commum. (2020)

3457-04, Kahalu‘u deep monitor well, May 19, 2009—From

Patrick Casey, Hawai‘i Commission on Water Resource
Management, written commun. (2020)

O‘oma mauka well, April 27, 2012—From Tom Nance,
Tom Nance Water Resource Engineering, written
commun. (2012)

—— UH-1776, Keahole power plant injection well, September
19, 1993—From Norris Uehara, Hawai'i Department of

7 Health, Safe Drinking Water Branch, written commun.
(2014)

------------ UH-2594, Kohanaiki injection well, April 3, 2008—From
Bowles (2008)

Figure 12. Line graph showing fluid specific-conductance profiles
from wells in the Keauhou area, Hawai'i.
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Water Resource Engineering, 2002; Bowles, 2007). Ocean-
water temperatures generally are colder than 20 °C below

an altitude of about —500 ft, and colder than 15 °C below an
altitude of about —800 ft (fig. 5). Water-temperature profiles
are available from monitoring wells and generally indicate
decreasing temperature with depth, although temperature may
increase with depth in places where relatively warm saltwater,
originating from the ocean, flows in the aquifer (fig. 5). For
example, increasing temperature with depth in the Kahalu‘u
deep monitor well (3457-04) from about 20 to 23 °C between
altitudes of =50 and —150 ft (fig. 5) may reflect inflow of
warm saltwater from shallow ocean depths. The temperature
profile from the Kamakana well (3959-01) indicates generally
decreasing temperature with depth from the water table to an
altitude of —320 ft, from about 19 °C near the water table to
about 17 °C at an altitude of —320 ft; increasing temperature
with depth between altitudes of =320 and —500 ft, from about
17 °C at an altitude of —320 ft to about 20 °C at —500 ft; and
generally monotonically decreasing temperature with depth
below an altitude of —500 ft (fig. 5; Tom Nance, Tom Nance
Water Resource Engineering, written commun., 2012). The
temperature profile in the Kamakana well mainly reflects the
mixture of water derived from recharge and from various
depths in the ocean.

Coastal Confined-Groundwater System

Drilled wells provide evidence for a deep coastal
confined-groundwater system that exists below the coastal
freshwater-lens system. The most compelling evidence of
a deep coastal confined-groundwater system in the study
area is from the Kamakana well (3959-01) (fig. 7), although
hydrologic and geologic information from other wells also
indicate a coastal confined-groundwater system.

Kamakana Well, 3959-01

A composite vertical salinity profile from the Kamakana
well (3959-01) was constructed using salinity-profile data
from April 3, 2010 (from the water table to an altitude of
—954 ft); May 12, 2010 (from —1,049 to —1,092 ft); and August
18,2010 (below an altitude of —1,137 ft) (fig. 12; Tom Nance,
Tom Nance Water Resource Engineering, written commun.,
2012). The salinity profile from April 3, 2010, is assumed to
be generally representative of salinity in the aquifer above an
altitude of —954 ft, although it is possible that borehole flow
may be affecting the measured profile (Rotzoll, 2010, 2012).
Comparison of complete salinity profiles from April 3, 2010,
and May 12, 2010, indicates that the salinity profile from May
12, 2010, between altitudes of about —150 and —1,049 ft, is
affected by upward flow of the deep coastal confined fresher
groundwater that mixes with existing water in the borehole.
Similarly, the complete salinity profile from August 18, 2010,
between altitudes of about —50 and —1,137 ft, is affected by
borehole flow and is not representative of water quality in the
adjacent aquifer in this depth range. The composite salinity
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profile indicates brackish water near the water table, generally
increasing salinity with depth to an altitude of about —500 ft,
groundwater with salinity nearly that of ocean water from
about —500 to —954 ft, groundwater that is nearly freshwater
between altitudes of about —1,050 and —1,100 ft, and
groundwater with salinity nearly that of ocean water below
an altitude of —1,137 ft (fig. 12). Thus, the composite salinity
profile indicates a layered groundwater system consisting of
a coastal freshwater-lens system (unconfined brackish water
underlain by groundwater with salinity nearly that of ocean
water), underlain by a confined-groundwater system between
altitudes of about —1,050 and —1,100 ft, which in turn is
underlain by saltwater. The transition between the confined
freshwater and underlying saltwater is relatively sharp,
occurring within a relatively thin zone that is less than 50-ft
thick. In comparison, the brackish-water zone in the coastal
lens is about 500-ft thick.

The groundwater level in the coastal freshwater-lens
system is about 3 ft above mean sea level, whereas the head in
the deeper confined groundwater body is estimated to be about
35 ft (Tom Nance, Tom Nance Water Resource Engineering,
written commun., 2012). This head difference indicates that
groundwater may discharge from the confined groundwater
system upward to the coastal freshwater-lens system but not
from the coastal freshwater-lens system into the confined
groundwater system. Discharge of the confined groundwater
also may be downward into the underlying saltwater or
directly to the ocean. Groundwater levels in the confined zone
are affected by ocean tides, indicating a hydrologic connection
between the confined groundwater and the ocean.

Keopu 1 Deep Monitor Well, 385801

Water levels measured during drilling of the Keopu 1
deep monitor well (3858-01) were about 5 ft above mean sea
level when the bottom of the well was at an altitude of about
—20 ft, and increased to greater than 25 ft when the bottom of
the well was at a final altitude of about —575 ft (Bauer, 2003).
A CWRM video log from January 21, 2014, from the Keopu
1 deep monitor well (Patrick Casey, Hawai‘i Commission on
Water Resource Management, written commun., 2014) shows
upward borehole flow (determined from upward moving
particles in the water column observed when the camera was
stationary) between altitudes of about —100 and —550 ft, with
strong inflow zones (determined from zones where numerous,
vigorously moving and circulating particles nearly obscure the
video image) between altitudes of about —200 and —260 ft.

A salinity profile from January 30, 2014, from the Keopu
1 deep monitor well indicates freshwater (specific conductance
less than 150 puS/cm) throughout the water column of the open
part of the borehole between altitudes of about —20 and —575 ft
(Patrick Casey, Hawai‘i Commission on Water Resource
Management, written commun., 2014). The salinity profile
and video log from the Keopu 1 deep monitor well indicate
upward flow of freshwater in the borehole. The temperature
profile from January 30, 2014, indicates nearly uniform
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temperature of about 20 °C throughout the water column
of the open part of the borehole. The vertical head gradient
and evidence of upward borehole flow are consistent with
information from the Kamakana well (3959-01), located about
2 mi northwest of the Keopu 1 deep monitor well, and indicate
a deep confined-groundwater system.

The Keopu 1 deep monitor well was modified in August
2016 by sealing off about 400 ft of the bottom part of the
well with grout to stop the upward discharge of freshwater
from the deep confined-groundwater system. Following the
well modification, which raised the bottom of the well to an
altitude of about —161 ft, the water level in the well was about
2.5 ft (State of Hawai‘i, 2020) and the salinity profile from
December 10, 2019, indicated generally increasing salinity
with depth, although saltwater was not detected at the bottom
of the profile (fig. 12) (Patrick Casey, Hawai‘i Commission on
Water Resource Management, written commun., 2020).

Keopu 2 Deep Monitor Well, 3858-02

The Keopu 2 deep monitor well was drilled adjacent to
the Keopu 1 deep monitor well in 2017 to monitor conditions
in the deep coastal confined-groundwater system. The Keopu
2 deep monitor well is open to the aquifer between altitudes
of about 411 to —474 ft. Information from the Keopu 2
deep monitor well indicates a water level of about 35 ft
and a salinity corresponding to freshwater, with a specific
conductance less than about 170 uS/cm (fig. 12; Patrick Casey,
Hawai‘i Commission on Water Resource Management, written
commun., 2020).

Inland High Water-Level Area

The source of freshwater in the high water-level area of
western Hawai‘i is groundwater recharge from (1) infiltration
of rainfall and fog drip, (2) irrigation water, and (3) return of
wastewater. Fresh groundwater in the high water-level area
that is not withdrawn from wells flows to downgradient areas
and discharges to the coastal confined-groundwater system,
the coastal freshwater-lens system, or both.

Water Levels

Measured water levels in wells located about 2 to 4.5 mi
inland generally range from 40 to 500 ft above sea level,
although water levels exceeding 1,000 ft also have been
measured in wells south of the Keauhou aquifer system.
Groundwater levels are substantially higher in this area than in
the downgradient, coastal freshwater-lens system. The geologic
nature of the impounding structure or structures associated with
the high water levels in western Hawai‘i is unknown. The high
water levels may be caused by buried, low-permeability rocks
in the form of dikes, lava-draped fault scarps, massive lava
flows, regionally continuous ash deposits, or any combination
of these (fig. 13). Gravity and seismic-refraction data (Zucca
and others, 1982; Kauahikaua and others, 2000; Flinders and

others, 2013) indicate that a dense structure, such as a buried
dike complex, may exist where high water levels have been
measured. In addition, aquifer tests indicate that the aquifer is
compartmentalized, which could be related to the presence of
dikes (Oki and others, 1999). Mass-wasting deposits related
to prodigious submarine landslides have been identified off
the Kona coast using sonar images (Lipman and others, 1988;
Moore and others, 1989). The subaerially exposed fault system
near Kealakekua Bay is associated with a large-scale submarine
landslide. Additional onshore faults in western Hawai‘i may
be buried by younger lava flows. In places, low-permeability
lava flows or ash layers may act as confining units that create
artesian conditions. Although the spatial extent of these
low-permeability lava flows or ash layers is poorly known,
Kauahikaua and others (1998) used gravity data to suggest that
a massive dipping flow, possibly trachyte, may be the cause
of the high water levels. Impounded groundwater levels in the
high water-level area do not appear to be measurably affected
by ocean tides, which is consistent with the presence of a low-
permeability geologic structure between the high water-level
area and the ocean.

Salinity and Temperature

Impounded groundwater in the high water-level area is
relatively fresh, with chloride concentrations generally less
than 20 mg/L, representing about 0.1 percent of the chloride
concentration in ocean water. Available temperature measure-
ments of pumped groundwater in the high water-level area
generally indicate water temperatures of about 20 to 22 °C.
Toward the northern part of the high water-level area, the
temperature of pumped water from well 4358-01 is about
23 °C, and toward the southern part, the temperature of pumped
water from well 2753-03 is about 19 °C. In the Keauhou
aquifer system, average air temperatures between about 20 and
22 °C are estimated to occur mainly between altitudes of about
1,000 and 2,000 ft and average air temperatures between about
18 and 20 °C are estimated to occur mainly between altitudes
of about 2,000 and 3,000 ft (Kagawa-Viviani and Giambelluca,
2020). Salinity and groundwater-temperature variations with
depth are largely unknown in the high water-level area.

Conceptual Model of Groundwater Flow

The three main groundwater bodies in the study area are
(1) the coastal freshwater-lens system, (2) the deep coastal
confined-groundwater system, and (3) the inland groundwater
body with high water levels (fig. 6). Groundwater from the deep
coastal confined-groundwater system and inland high water-
level area may discharge into the coastal freshwater-lens system.
The fresh and brackish groundwater in the coastal freshwater-
lens system discharges to wells, the ocean, and ponds and
pools, or is transpired by vegetation with roots that extend to
groundwater. Groundwater that discharges to the fishponds
and pools discharges back to the aquifer, discharges directly to
the ocean (in the case of Kaloko fishpond), or evaporates.



Groundwater-Flow System 25
Within the coastal freshwater-lens system, the freshwater  coastal lens. Saltwater enters the aquifer from the ocean,
component of groundwater generally flows from inland beneath the zone of fresh and brackish groundwater discharge
areas to the ocean (fig. 11). This general flow pattern may be from the coastal lens. The flow path of saltwater in the aquifer
modified by geologic structures, groundwater withdrawals, is dependent on the depth of inflow of the saltwater. The
wastewater disposal, or ocean tides. A saltwater circulation warmest and shallowest saltwater from the ocean is expected
system exists beneath the fresh and brackish water of the to have the shortest flow path: (1) saltwater enters the aquifer
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Figure 13.  Schematic cross sections showing possible geologic structures that may impound groundwater to high levels in the inland
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from OKki (1999).
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immediately beneath the zone of brackish-water discharge to
the ocean, (2) flows landward, (3) rises and becomes entrained
with the seaward flowing brackish water, and (4) returns to

the ocean. The coldest and deepest saltwater from the ocean

is expected to have the longest flow path: (1) cold saltwater
enters the aquifer at depth, well below the zone of brackish-
water discharge to the ocean; (2) flows landward; (3) rises near
the inland extent of the coastal lens; (4) mixes with seaward
flowing freshwater, creating a brackish water zone; and (5)
discharges to the ocean within the zone of fresh and brackish
groundwater discharge from the coastal lens.

Limited available data indicate that a zone of confined
groundwater exists beneath the coastal freshwater-lens system,
at least in parts of the Keauhou aquifer system. The freshwa-
ter component of groundwater in the deep coastal confined-
groundwater system is derived from groundwater discharge
from the inland high water-level area. The confined ground-
water discharges upward to the overlying coastal freshwater-
lens system, directly to the ocean, or both. Available salinity
profiles from the Kamakana well (3959-01) indicate a very
gradual increase in salinity from the water table to an altitude
of about —500 ft (fig. 12), which may reflect upward discharge
of water from the deep coastal confined-groundwater system
or deep discharge of freshwater from the inland area with high
water levels.

The geometry and permeability of the confining unit (or
units) controls the distribution of discharge from the deep
coastal confined-groundwater system (fig. 6). A confining unit
may be formed by a low-permeability lava flow, ash layer,
fault, or weathered erosional surface. If the confining units
extend to and crop out at the ocean bottom and are of suf-
ficiently low permeability, then groundwater from the deep
confined-groundwater system may discharge directly to the
ocean (fig. 64). Alternatively, if the confining units extend to
the ocean but are not of sufficiently low permeability, then
groundwater from the deep confined-groundwater system
may discharge entirely within the aquifer, with no confined
groundwater discharging directly to the ocean (fig. 6B). If
the confining units terminate within the aquifer rather than
crop out at the ocean bottom, then groundwater from the deep
confined-groundwater system will discharge entirely within
the aquifer, with no confined groundwater discharging directly
to the ocean (fig. 6C).

Recent information from offshore controlled-source
electromagnetic geophysical surveys indicates the presence of
submarine groundwater discharge off parts of the west coast
of Hawai‘i (Attias and others, 2020). The presence of offshore
groundwater with salinity lower than that of ocean water
was inferred from electrical-resistivity anomalies at depths
ranging from about 300 to 1,600 ft below sea level, extending
to as much as 13,000 ft offshore in places. The presence of
deep offshore discharge of groundwater is consistent with
information available from deep monitor wells in the Keauhou
aquifer system that indicate the presence of a deep confined-
groundwater system.

Inland from the coastal freshwater-lens system, water
levels are impounded to high levels (in excess of a few tens of
feet above sea level) by a geologic structure of unknown origin.
The geologic structure may be related to buried dikes, faults,
or low-permeability lava flows or ash layers. An aquifer test
indicated several boundaries present near the test site, which
is south of the Keauhou aquifer system (Oki, 1999), and this
interpretation is consistent with a compartmentalized aquifer
commonly found in dike-impounded groundwater systems.
The impounded groundwater that is not withdrawn by wells
discharges to the downgradient coastal confined-groundwater
system. In addition, impounded groundwater discharges
directly to the coastal freshwater-lens system. Stable isotopes
of water from the inland high water-level area and the coastal
freshwater-lens system indicate that a component of the inland,
impounded groundwater is present in the coastal lens system
(Tillman and others, 2014; Fackrell, 2016).

Groundwater Discharge Through KAHO

Groundwater discharge through KAHO consists of
brackish water, which is part of the coastal freshwater-lens
system. Within KAHO, groundwater is brackish at the water
table and salinity increases with depth. No deep wells have
been drilled in KAHO to confirm whether confined fresh
groundwater flows beneath the coastal freshwater-lens system.
The brackish-water resources in KAHO sustain habitat for
threatened and endangered native waterbirds and rare endemic
anchialine pool species, including the endangered orangeblack
Hawaiian damselfly.

The rate of groundwater discharge (freshwater
component) through KAHO was previously estimated to be
about 3 Mgal/d per mile of aquifer width (Oki and others,
1999), although this estimate relied on a recharge distribution
determined from a simplified water-budget analysis. A more
detailed water-budget analysis (Engott, 2011) indicated total
recharge inland from KAHO to average about 6.5 Mgal/d
per mile of aquifer width, although it is possible that some
of this water may discharge directly to the ocean from a
confined coastal-groundwater system, beneath the coastal
freshwater-lens system. In addition, some of the groundwater
is withdrawn by wells in the high water-level area.

Factors Affecting Groundwater Discharge
Through KAHO

Groundwater discharge through KAHO may be affected
by both natural and anthropogenic factors. Long-term changes
in future rainfall will affect groundwater recharge, which
will affect groundwater discharge through KAHO. Elison
Timm and others (2013, 2015) used statistical downscaling
methods and projected future declines in rainfall during the
21st century. Using medium and high emission scenarios for
atmospheric greenhouse gases, Elison Timm and others (2013,
2015) projected rainfall declines exceeding 25 percent by



the end of the 21st century in parts of the study area. Thus,
groundwater discharge through KAHO may decrease during

the 21st century in response to decreased rainfall and recharge.

Anthropogenic factors that could affect the groundwater
discharge through KAHO include groundwater withdrawals
and disposal or injection of wastewater. Groundwater with-
drawals from the coastal freshwater-lens system, the coastal
confined-groundwater system, or the inland high water-level
area will reduce the freshwater component of overall dis-
charge to the ocean. How groundwater withdrawals will affect
salinity within KAHO will depend on the locations and rates
of withdrawals. Groundwater withdrawals from the Keauhou
aquifer system generally have increased over time, ranging
from less than 6 Mgal/d during the early 1980s to greater than
15 Mgal/d during some months since 2009 (fig. 14). The first
reported withdrawal from the inland high water-level area was
in 1994. Currently (2020) groundwater is not withdrawn from
the deep coastal confined-groundwater system.

In addition to wastewater disposal associated with small,
individual septic systems and injection wells in the Kona
area, wastewater disposal also is associated with larger-scale
systems. For example, about 1.5 Mgal/d of wastewater from
the Hawai‘i County Kealakehe Wastewater Treatment Plant
is discharged into a pit 0.6 mi southeast from the southeast
boundary of KAHO (fig. 2). Other notable discharges near
KAHO include (1) about 25 Mgal/d of saltwater discharged
into surface trenches in the Natural Energy Laboratory of
Hawaii Authority (NELHA) facility near Keahole Point, (2)
about 0.4 Mgal/d of reverse-osmosis concentrate discharged
into an injection well between altitudes of about —96 and
—116 ft about 0.5 mi north of KAHO, and (3) about 0.04
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Mgal/d of process wastewater discharged into injection wells
between altitudes of about —264 and —314 ft at a power-
generating facility about 3 mi north of KAHO.

Simulation of Groundwater Flow

Numerical models are useful for understanding
groundwater flow systems and have been used to simulate
groundwater flow in the Kona area. Existing models include
two-dimensional flow models of freshwater flow (Water
Resource Associates, 2007) and freshwater-saltwater flow in
which the interface between freshwater and saltwater is
considered a sharp interface (Oki and others, 1999). Models
developed for this study are capable of simulating the
brackish-water transition zone that exists in coastal aquifers.
The model code used for this study was SUTRA (ver. 2.2) and
SUTRA-MS (ver. 1.1) (Hughes and Sanford, 2004; Voss and
Provost, 2010). SUTRA is a finite-element code that simulates
fluid movement and the transport of dissolved substances in a
groundwater system. SUTRA is capable of simulating three-
dimensional, variable-density groundwater flow and solute
(single species) or heat transport in heterogeneous anisotropic
aquifers. SUTRA-MS adds the capability to simulate more
than one solute and heat transport simultaneously and was
used in this study for cross-sectional models.

Two types of models were developed for this study: (1)
two-dimensional cross-section models that simulate salinity
and heat transport, and (2) three-dimensional models that
simulate salinity transport (Oki, 2021). The two-dimensional
cross-section models were used mainly to evaluate
conceptual models of the flow system and estimate hydraulic

Figure 14.  Graph showing
groundwater withdrawals during
the period 1970 through 2016

in the State Keauhou aquifer
system, Hawai'i. Reported
withdrawals from Oki and others
(1999) and Robert Chenet,
Hawai‘i Commission on Water
Resource Management, written
commun. (2018).
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characteristics, and the three-dimensional models were used

to evaluate potential changes in groundwater salinity in
KAHO associated with selected withdrawal or injection rates.
Hydraulic-characteristic values were varied in the cross-
section models to obtain general agreement between simulated
and measured water levels, salinity variations with depth,

and temperature variations with depth. All models assumed a
gravity value of 32.12 feet per square second (ft/s% 9.79 meters
per square second [m/s*]), zero production or decay of solute,
and no solute adsorption. All models were run to steady-state
conditions, although short-term transient simulations also were
run using the two-dimensional cross-section models to evaluate
groundwater-level variations related to ocean tides.

Water Properties

For all numerical models, water was assigned a fluid
compressibility of 2.14 x 1078 square feet per pound (ft*/Ib;
4.47 x 107'° per Pascal [Pa™']), and molecular diffusivity was
assigned a value of 1.1 x 10 square feet per second (ft¥/s;

1.0 x 107 square meters per second [m?/s]). Solute concen-
trations in the model are expressed as a mass fraction: mass
of total dissolved solids (TDS) per unit mass of fluid. Pure
freshwater was assigned a TDS concentration of zero and 100
percent saltwater (ocean water) was assigned a TDS concen-
tration of 0.0357 kilograms per kilogram (kg/kg).

Water density was assumed to be a linear function of
salinity, and for models simulating heat transport, a function of
temperature, according to the following relation:

p=p,+dpldCx (C—C)+rxdp/dTx(T-T) (1)

where

p = water density (kg/m?),

p, = water density at reference total dissolved
solids concentration and
temperature (kg/m?),

Cc = total dissolved solids concentration (kg/kg),

c, = reference total dissolved solids
concentration (kg/kg),

T = water temperature (°C),

T, = reference water temperature (°C), and

T = 1 if heat transport is simulated and z =0

otherwise.
The reference values for p,, C,, and 7, were
62.32 pounds per cubic foot (Ib/ft}; 998.23 kilograms per
cubic meter [kg/m?]), 0 kg/kg, and 20 °C, respectively. The
rate of change of density as a function of TDS concentration
(dp/dC) was assigned a value of 736.1 kg/m® per kg/kg. For
model simulations without heat transport (z = 0), the density
of water increases linearly with salinity from 62.32 1b/ft®
(998.23 kg/m?) for freshwater to 63.96 Ib/ft* (1,024.51 kg/m?)
for ocean water. The rate of change of density as a function of
temperature (dp/dT) was assigned a value of —0.127 kg/m?
per °C. The density model used for this study results in (1)
water densities that are within 0.2 percent of those from

Sharqawy and others (2010, eq. 8) for salinities ranging
from freshwater to saltwater and temperatures between 4 and
30 °C, and (2) a specific gravity of 1.0263 at 22 °C for ocean
water (Wentworth, 1939).

For heat-transport models, fluid specific heat was assigned
a value of 4,150 Joules per kilogram per degree Celsius (J/kg
per °C). SUTRA-MS assumes fluid specific heat is a constant,
although fluid specific heat does vary slightly within the
range of temperatures and salinities simulated in this study
(Millero and others, 1973; Sun and others, 2008). Fluid thermal
conductivity also varies as a function of temperature, pressure,
and salinity but was assigned a constant value as required by
SUTRA-MS. A fluid thermal-conductivity value of 0.6 Joules
per meter per second per degree Celsius (J/m-s per °C)
(Ramires and others, 1995) was assigned in the model.

Fluid dynamic viscosity was assumed to be a function of
temperature according to the relation (Hughes and Sanford,
2004)

©= (239_4>< 10-7)10[248.37/(T+133.15)] (2)
where
n = fluid dynamic viscosity (kg/m-s), and
r = fluid temperature (°C).

For model simulations without heat transport (z = 0), fluid
dynamic viscosity was assigned a value of 0.001 kg/m-s.

Rock Properties

For this study, rock properties generally were assigned
values based on published estimates or model calibration.
Solid-matrix compressibility was assigned a value of
1.2 x 107 ft¥/Ib (2.5 x 107 Pa™') (Souza and Voss, 1987). The
density of the solid rock material was assigned a value of 184
b/t (2,950 kg/m?), which is consistent with measurements
from Hawaiian basalt (Robertson and Peck, 1974; John-
son, 1980). The specific heat of the solid rock material was
assigned a value of 900 J/kg per °C (Roy and others, 1989)
and thermal conductivity was assigned a value of 1.82 J/m-s
per °C (Horai, 1991). Because of a paucity of data, all rock
units represented in the model were assigned the same proper-
ties for solid-matrix compressibility, density, specific heat, and
thermal conductivity.

Hydraulic conductivity and permeability are quantitative
measures of the capacity of a rock to transmit water. The term
“permeability” is also commonly used to indicate the ease of
fluid movement through a porous rock in a qualitative sense
(see Domenico and Schwartz, 1990). The permeability of
volcanic rocks varies with a number of factors, including the
presence of clinker zones, voids, fractures, and lava tubes;
the extent of weathering; and the mode of emplacement.
Permeability is a property of the porous medium, whereas
hydraulic conductivity also depends on the fluid properties.
Hydraulic conductivity is related to permeability, which is the
parameter used by both SUTRA and SUTRA-MS, according
to the following equation:



K= kpglu 3)

where

K is hydraulic conductivity in units of length
per unit time (LT ),

k is permeability in units of length squared (L?),

p is fluid density in units of mass per unit
length cubed (ML),

g is gravitational acceleration in units of
length per unit time squared (LT ?), and

u is fluid dynamic viscosity in units of mass

per unit length per unit time (ML™'T),
or force-time per unit area.

Unsaturated Zone

For this study, a truncated version of the unsaturated zone
was represented in the models to account for the water table.
The top boundary of the model was at an altitude high enough
to enable representation of unconfined, water-table conditions
in the coastal freshwater-lens system. The unsaturated-zone
characteristics were represented using simple piecewise-
linear relations between water saturation and pressure, and
between water saturation and relative permeability. Voss
(1999) indicates that the details of the unsaturated zone are not
important for tracking the water table and can be simplified
using linear relations to reduce the computational effort
needed for the variable-density simulation. The simplified
saturation-pressure relation is of the form

S = 1 + (P - Penfrv) % (1 - Sres) / (Pentry - Pmin) (4)
where
S is saturation constrained to the range from
S . to 1 (volume fraction, unitless),
P is pressure in units of force per unit area
(ML 'T2),
ety is entry pressure above which S=1,

assigned a value of zero (ML™'T2),
is minimum pressure below which §=§ _,
assigned a value of —1,021 Ib/ft?
(—48,863 Pa) (ML'T?), and
is residual saturation, assigned a value
of 0.01.
The simplified saturation-permeability relation is of the
form

min

res

k ,=(S—0.01)/0.99 )

where

is relative permeability (a multiplier for
permeability), constrained to the range
from 0 to 1 (unitless).

rel

Two-Dimensional Cross-Section Model

The modeled cross section passes through KAHO, is
oriented generally perpendicular to the contour lines of equal
land-surface altitude, and is designed to be hydrologically
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and bathymetrically representative of a 5-mi-wide strip,

with the modeled section at the center of the 5-mi-wide strip
(fig. 8). Recharge (Engott, 2011) within the 5-mi-wide strip
was averaged and used as input to the model. Bathymetry
(Carignan and others, 2011) for the modeled cross section was
determined from the average of the nine inner, parallel, and
equally spaced (0.5-mi spacing) cross sections (four to the
north of the modeled section, the modeled section, and four to
the south of the modeled section) within the 5-mi-wide strip
(the two bounding cross sections of the 5-mi-wide strip were
not used in computing average bathymetry). In the model, the
average bathymetry was further simplified using a piecewise
linear representation.

Model Mesh

The model mesh used for this study consists of 182,030
nodes and 181,135 elements, extends about 4 mi inland to
cover the entire coastal freshwater-lens system, and extends
about 3 mi offshore to include the zone where freshwater
discharges to the ocean and saltwater enters the aquifer
(fig. 15). The model mesh excludes most of the impounded
groundwater body with high water levels, although a small
zone of elevated groundwater levels is included inland of
a vertical confining unit in the model and discharge from
the impounded groundwater body with high water levels is
represented in the model.

The top of the onshore model domain is at an altitude
of 6.6 ft to allow representation of unconfined, water-table
conditions in the coastal freshwater-lens system. The top of
the offshore model domain is defined by the bathymetry. The
modeled domain extends 5,906 ft below mean sea level to
coincide with an assumed aquifer bottom (Souza and Voss,
1987) and a seismic velocity discontinuity (Furumoto and
others, 1970; Kauahikaua, 1993).

Node spacing is variable. Onshore, the horizontal spacing
between nodes is 65.6 ft; the vertical spacing is about 6.6 ft
for the single element above mean sea level, 1.6 ft between
mean sea level and an altitude of —32.8 ft, and is a maximum
of about 35.0 ft near the bottom of the mesh. Offshore, the
horizontal spacing increases from 65.6 ft near the coast to
328.1 ft at the seaward end of the mesh; vertical spacing
between nodes is dependent on the bathymetry and ranges
from less than 1 ft to about 30 ft.

Representation of the System

For modeling purposes, the model domain was divided
into hydraulic-conductivity zones that represent the dike-
free volcanic rocks; low-permeability confining units (upper
and lower confining units of the deep coastal confined-
groundwater system; a vertical confining unit that separates
the coastal freshwater-lens system and inland high water-level
area, which also is a vertical extension of and continuous
with the upper confining unit of the deep coastal confined-
groundwater system); and offshore sedimentary deposits
that overlie the volcanic rocks (fig. 15). The upper and lower
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Figure 15. Vertical cross section of the two-dimensional model mesh that represents the area near Kaloko-Honokdhau National

Historical Park, Hawai'i (see fig. 8 for location of section A-A)).

confining units of the deep coastal confined-groundwater
system are represented in the model as 33-ft (10-m) thick units
that are above and below a 33-ft-thick confined unit.

Boundary Conditions

Boundary conditions were specified to account for
fluid, solute, and heat fluxes around the perimeter of the
model cross section. The vertical sides of the cross section
in the plane of the section are fluid, solute, and heat no-flow
boundaries. The bottom boundary of the model is a fluid and
solute no-flow boundary, although the bottom boundary is a
heat-flux boundary. Groundwater recharge enters the model at
the top, onshore boundary and the upper 951 ft of the inland
vertical boundary of the model. Groundwater discharge from
and saltwater inflow to the aquifer may occur at the offshore,
ocean-bottom boundary of the model.

Specified Pressure

The ocean-bottom and vertical offshore boundaries
are specified-pressure boundary conditions (hydrostatic
ocean-water conditions). The pressure at each node on the

ocean-bottom and vertical offshore boundary was set equal to
the pressure of a column of ocean water extending from the
node to sea level. Because density is a function of temperature
and ocean temperature varies with depth (see section on
“Specified Temperature”), density is also a function of depth.
Specified pressures were computed in a manner consistent
with the temperature-dependent density variation with depth.
Water may enter or exit the aquifer at specified-pressure
nodes. Water entering the aquifer has salinity equal to that of
ocean water and temperature representative of ocean water at
the depth of the node; water exiting the aquifer has salinity
and temperature equal to that in the adjacent aquifer.

Specified Temperature

The ocean-bottom and vertical offshore boundaries are
also modeled as specified-temperature boundary conditions.
The temperature at each node on the ocean-bottom and
vertical offshore boundary was set equal to the temperature
of the ocean water at the depth of the node. For the model,
the average ocean-temperature profile was generalized
using the average ocean-temperature profile from station
ALOHA (fig. 5).



Heat Flux

A specified heat-flux boundary was modeled along the
entire bottom of the mesh. A heat flux of 0.03276 J/m?'s was
assigned along the bottom boundary to represent a geothermal
heat source. The heat flux was estimated from the product
of the volcanic-rock thermal conductivity and the thermal
gradient. Horai (1991) estimated the thermal conductivity of
Hawaiian basalt to be 1.82 J/m-s per °C and this value was
used to compute the heat flux. Although a lower thermal-
conductivity value that accounts for fluid in the pores could
be used, uncertainty in the thermal gradient in the study area
likely exceeds the uncertainty in the thermal-conductivity
value used. A thermal gradient of 29.0 °C per mi (18 °C per
km) was assumed for the study area on the basis of limited
information from deep wells in eastern Hawai‘i (Biittner and
Huenges, 2003) and southern O‘ahu (Glenn Oyama, Honolulu
Board of Water Supply, written commun., 2010).

Recharge and Withdrawal

Recharge enters the model along the top, onshore water-
table boundary and along the inland vertical boundary between
altitudes of 0 and —951 ft, which represents the range of depths
at the boundary above the deep coastal confined groundwater.
Modeled recharge along the top onshore boundary (except at
the two most inland nodes) directly enters the coastal fresh-
water-lens system. Modeled recharge along the top onshore
boundary at the two most inland nodes and along the inland
vertical boundary directly enters the truncated inland high
water-level area, which is connected to the coastal confined-
groundwater system.

Baseline recharge for the Kona area that is representative
of average rainfall conditions during 1984-2008 (Engott,
2011) was used in the model. Recharge within the 5-mi-wide
strip in the Keauhou aquifer system was averaged in six
separate zones, normalized to a unit width (1 m), and used as
input to the cross-section model (fig. 8). Total recharge in the
five zones over the coastal freshwater-lens system at the top
onshore boundary was 3.47 Mgal/d per mile of cross-section
width and ranged from 20.1 in/yr (inland zone) to 10.8 in/yr
(coastal zone) (fig. 8). For the zone inland from the boundary
separating the coastal freshwater-lens system and inland high
water-level area, recharge was 3.07 Mgal/d per mile of cross-
section width (15.2 in/yr), and was reduced by 0.6 Mgal/d per
mile to account for average 2009—13 groundwater withdrawals
from the inland high water-level area. The temperature of
water entering the aquifer at specified-flux (recharge) nodes
was assigned a value of 21 °C, which is consistent with
measured temperatures from wells in the inland high water-
level area. The salinity of water entering at recharge nodes was
assigned a value of 0.1 percent that of ocean water, which is
generally consistent with salinity of water from pumped wells
in the inland high water-level area.
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Estimation of Aquifer Hydraulic Properties

Hydraulic-conductivity and effective-porosity values
were estimated by trial and error in the cross-section models
to obtain general agreement between simulated and measured
water levels that vary spatially and temporally, salinity varia-
tions with depth, and temperature variations with depth. Avail-
able information indicates a highly permeable aquifer through
which the hydrologic effects of ocean tides on groundwater
levels can efficiently propagate inland in the coastal freshwa-
ter-lens system. Available information also indicates a zone
of confined fresh groundwater that exists beneath the coastal
freshwater-lens system. Effective porosity was estimated to be
0.07 for all zones except the deep coastal confined-groundwa-
ter body for which effective porosity was assigned a value of
0.03. Limited available water-level data from January 5, 2011,
indicate a high tidal efficiency in the deep coastal confined-
groundwater body (Tom Nance, Tom Nance Water Resource
Engineering, written commun., 2012). The effective porosity
of the deep coastal confined-groundwater body was assigned
a value of 0.03 to reflect a high tidal efficiency, although the
simulated tidal efficiency was not effectively increased. To
increase the simulated tidal efficiency within the confined
zone, the more appropriate parameter to adjust is the solid-
matrix compressibility, but this parameter could not be varied
spatially in the model.

For the cross-sectional model, the direction of maximum
hydraulic conductivity for the dike-free volcanic rocks is
assumed to dip from the horizontal and the maximum hydrau-
lic conductivity is referred to as the “horizontal hydraulic
conductivity.” The dip of the dike-free volcanic rocks was
assumed to be spatially variable with the following charac-
teristics: (1) 1° for the deep coastal confined-groundwater
system and associated confining units; (2) 5° below the deep
coastal confined-groundwater system; (3) from about 0° to 3.5°
(determined by linearly interpolating in a vertical direction
the dip of the land surface to the dip of the upper confining
unit of the deep coastal confined-groundwater system) for the
onshore coastal freshwater-lens system above the deep coastal
confined-groundwater system; and (4) from about 0° to 1°
(determined by linearly interpolating in a vertical direction the
dip from the land surface at the coast to the upper confining
unit of the deep coastal confined-groundwater system) for the
offshore coastal freshwater-lens system above the deep coastal
confined-groundwater system. The dips of the low-permea-
bility confining units and sedimentary deposits were assigned
the same values as the nearby dike-free volcanic rocks, but
this does not affect model results because these units were
assumed to be isotropic.

Estimated horizontal hydraulic-conductivity values were
12,000 ft/d for the dike-free volcanic rocks; 0.002 and 0.00001
ft/d for the upper and lower confining units of the deep coastal
confined-groundwater system; 0.0075 ft/d for the vertical



32 Numerical Simulation of Groundwater Withdrawal and Injection in Kaloko-Honokohau National Historical Park

extension of the upper confining unit; and 2 ft/d for the thin
(one-element thick) offshore sedimentary deposits represented
in the model above an altitude of about —180 ft. The hydraulic
conductivity values are partly a function of the thickness of
the units represented in the model and may not be unique.
Vertical anisotropy (ratio of horizontal-to-vertical hydraulic
conductivity) was 50:1 for the dike-free volcanic rocks and 1:1
(isotropic) for sedimentary deposits and confining units.

For two-dimensional cross-section, solute-transport
simulation, SUTRA-MS requires specification of two
longitudinal-dispersivity values and two transverse-
dispersivity values. Longitudinal-dispersivity values used
in the model were 250 ft and 5 ft in directions of maximum
(horizontal longitudinal) hydraulic conductivity and minimum

B

(vertical) hydraulic conductivity, respectively. Transverse-
dispersivity values used in the model were 0.16 ft in both
directions (maximum hydraulic conductivity and minimum
hydraulic conductivity).

Simulation Results

Simulated salinity and temperature profiles at a
distance of 2.6 mi (4,200 m) from the coast were compared
to composite salinity and temperature profiles from the
Kamakana well (3959-01) (fig. 16). The simulated profiles are
generally consistent with the observed profiles. The simulated
salinity profile is consistent with the thick, diffuse transition
zone of the coastal freshwater-lens system observed in the
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Figure 16. Line graphs showing observed,
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and temperature (B) profiles for the Kamakana
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Resource Engineering, written commun., 2012).

Salinity, in percentange of
ocean-water salinity

25

Temperature, in degrees Celsius



Kamakana well and also is consistent with the presence of
freshwater in a deep coastal confined-groundwater system.
The simulated temperature profile indicates slight temperature
variations with depth that are generally consistent with, but
not as large as, the temperature variations observed in the
Kamakana well. The temperature variations reflect circulation
of cold saltwater from the ocean.

A short-term transient simulation for the period from
May 1, 2009, to February 28, 2010, was used to evaluate the
model representation of tidal variations of groundwater levels.
A time-variant specified-pressure boundary condition was used
at the ocean-bottom nodes that is consistent with observed
ocean-level variations from National Oceanic and Atmospheric
Administration tide gage 1617433 at Kawaihae (fig. 1;
National Oceanic and Atmospheric Administration, 2010). The
simulated groundwater levels generally are consistent with the
observed spatial and temporal variations in groundwater levels
in the modeled area (fig. 17). Groundwater levels increase in an
inland direction and the magnitude of tidal-induced variations
in groundwater levels decreases in an inland direction.

3.0
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Sensitivity Analysis

Results from a limited number of additional cross-section
model runs are included in this section to evaluate how salinity
and temperature are conceptually affected by the model char-
acteristics. Model characteristics that were tested and included
here are (1) exclusion of temperature-related effects on density-
dependent solute transport; (2) dip of confining units; (3)
presence of a thick, low-permeability unit; and (4) exclusion of
confining units and recharge from the inland vertical boundary.
For these additional model runs, hydraulic-conductivity values
were adjusted as needed to produce a reasonable groundwater-
level gradient consistent with available information, although
the models are not considered calibrated models.

Exclusion of Temperature

A model simulation using SUTRA was run to evaluate the
importance of temperature-related density effects on simulated
salinity at the Kamakana well. All other model parameters were
not adjusted from the original cross-section model.
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Figure 17. Line graph showing observed and simulated (using the two-dimensional cross-section model) transient groundwater levels

for selected wells in, and inland from, Kaloko-Honokdhau National Historical Park, Hawai‘i. Observed groundwater-level data from U.S.

Geological Survey (2020).
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Results of this simulation indicate that the salinity
distributions with and without temperature-related effects
are similar (fig. 16). However, inclusion of temperature in
the cross-section model is diagnostic in terms of evaluating
conceptualizations of the groundwater-flow system, including
the dip of the confining units.

Dip of Confining Units

A model simulation was run to evaluate the importance
of the dip of the confining units of the deep coastal confined-
groundwater system. The dip of the confining units in the
model was increased from 1° to 5° (the mesh was modified
slightly to align the confining units with the 5° dip), main-
taining the same freshwater-zone depth as indicated in the
Kamakana well salinity profile. The hydraulic conductivity of
the upper confining unit also was decreased to 0.001 ft/d (from
0.002 ft/d in the original cross-section model).

Results of the simulation indicate a simulated salinity
profile that is generally consistent with the observed profile
(fig. 16). However, the simulated temperature profile
indicates colder water than the observed temperature profile
(fig. 16). Thus, if the confining units dip at 5° (rather than 1°),
then model results indicate increased circulation of cold
deep saltwater from the ocean that affects groundwater
temperatures. Thus, including temperature in the simulation
appears to be diagnostic for evaluating the representativeness
of conceptual models.

Presence of Thick Upper Confining Unit

A model simulation was run to evaluate how the thick-
ness of the upper confining unit of the deep coastal confined-
groundwater system affects simulated salinity and temperature
profiles at the Kamakana well. The thickness of the upper con-
fining unit was increased from 33 ft to 755 ft (10 m to 230 m)
and the confining unit was extended to the inland vertical
boundary of the mesh. The hydraulic-conductivity value for the
dike-free volcanic rocks also was decreased to 8,000 ft/d (from
12,000 ft/d in the original cross-section model).

Results of the simulation indicate a thick freshwater zone
within the upper confining unit that is not consistent with the
observed salinity profile from the Kamakana well (fig. 16).
Also, the simulated temperature profile indicates water
temperatures higher than observed temperatures (fig. 16),
which is related to limited circulation of cold ocean water in
the coastal freshwater-lens system because of the thick, low-
permeability confining unit.

Exclusion of Confining Units and Recharge from Inland Vertical
Boundary

A model simulation was run to evaluate how the deep
coastal confined-groundwater system affects simulated salinity
and temperature profiles at the Kamakana well. For this simula-
tion, the confining units and recharge related to the presence of

the deep coastal confined-groundwater system were excluded
from the cross-section model. The confining units were
assigned the same properties as the aquifer for this simulation.
In the absence of a deep coastal confined-groundwater
system, model results indicate a relatively thin and sharp
brackish-water transition zone, which is not consistent with
the observed salinity profile from the Kamakana well (fig. 16).
Also, because the confining units were excluded in the model,
the model expectedly does not represent the deep confined
freshwater. The observed salinity profile from the Kahalu‘u
deep monitor well also indicates a relatively thin and sharp
brackish-water transition zone, which is consistent with the
lack of a deep source of fresher water that would tend to create
a thicker and more diffuse transition zone. The simulated
temperature profile indicates a nearly linear decrease in
temperature with depth, which is not consistent with the
observed temperature profile from the Kamakana well.

Three-Dimensional Regional Model

The hydraulic properties of the two-dimensional cross-
section model were used to develop a three-dimensional
regional model for the northern part of the CWRM-delineated
Keauhou aquifer system. Geometry and parameter values used
in the cross-section model may differ slightly from those used
in the three-dimensional model, although differences generally
are minor. The three-dimensional numerical model uses the
model code SUTRA and simulates density-dependent salinity
transport without considering temperature. The three-dimen-
sional model was used to evaluate changes in groundwater
salinity in KAHO associated with selected withdrawal or
injection rates.

Model Mesh

The model mesh used for this study consists of 950,361
nodes and 917,843 elements, covers the coastal freshwater-
lens system, and extends more than about 0.5 mi offshore to
include the main zones where freshwater discharges to the
ocean and saltwater enters the aquifer (figs. 18, 19). Horizontal
spacing of nodes is variable and ranges from about 66 to
330 ft. The horizontal spacing is finest (1) near the coast,
where much of the groundwater discharge from the coastal
freshwater-lens system occurs; (2) near the inland boundary
of the mesh, where a low permeability zone separates the
coastal freshwater-lens system from an inland area with
higher water levels; and (3) near existing wells. Horizontal
spacing is coarsest near the northwest offshore boundary of
the mesh, where groundwater velocities are expected to be
low. Vertical spacing of nodes also is variable and ranges from
about 1.6 to 35 ft. Vertical spacing of nodes is finest near the
water table, where salinity increases with depth, and near the
low-permeability upper confining unit for the coastal confined-
groundwater system. In the vertical direction, nodes are
vertically aligned.
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the model domain, Hawai‘i.

The offshore western extent of the model domain was
defined by the —1,310-ft bathymetry contour. Because the
ocean bathymetry is steep in the modeled area and because
the bottom of the model is truncated at the base of the deep
coastal confined-groundwater body, the aquifer does not
extend far offshore. The model mesh excludes most of the
inland groundwater body with high water levels, although a
small area of elevated groundwater levels is included inland
of a vertical confining unit in the model, and discharge
from the inland groundwater body with high water levels is
represented in the model. The east boundary of the model is
a no-flow boundary, except between altitudes of about —30 to
=900 ft, where recharge from the inland part of the Keauhou
aquifer system can enter the model domain. The northwest
and south boundaries are no-flow boundaries. The northwest
boundary coincides with the northwest rift zone of Hualalai
volcano, which likely represents a hydrogeological barrier to
groundwater flow. The south boundary does not coincide with
any known hydrogeological boundary and is generally aligned
with the regional groundwater-flow direction. The south
boundary of the model was not extended to the south boundary
of the Keauhou aquifer system because of uncertainty in
hydrogeological conditions and practical computational

limitations. The south boundary was located north of the Keopu
deep monitor well 2 (3858—02), which indicates the presence
of a shallower coastal confined-groundwater system than at
the Kamakana well (3959—01), and also north of the Kahalu‘u
deep monitor well (3457—04), from which salinity profiles may
indicate the lack of an underlying coastal confined-groundwater
system. The location of the south boundary likely affects

model simulations by causing the simulated water-level decline
associated with withdrawals to be overestimated, especially for
withdrawals near the south boundary.

The top of the modeled domain onshore ranges from
altitudes of 3.3 to 66 ft and offshore is defined by the ocean
bathymetry. Onshore, the top of the modeled domain is at
an altitude of 3.3 ft in the coastal part of the freshwater-lens
system and 6.6 ft in the inland part of the freshwater-lens
system to allow representation of unconfined, water-table
conditions. Inland of the coastal freshwater-lens system the top
of the modeled domain is at an altitude of 66 ft. The bottom
of the modeled domain is defined by the estimated base of the
deep coastal confined-groundwater body.

The bottom of the modeled domain deepens in a seaward
direction, from an altitude of about —935 ft (inland end of
mesh) to about —1,345 ft (offshore end of mesh), to coincide



with the estimated top of the dipping lower confining unit

of the deep coastal confined-groundwater system. Thus,

the modeled domain includes the deep coastal confined
groundwater, which is assumed to be about 33-ft (10-m) thick,
is truncated at the base of the coastal confined groundwater,
and excludes the lower confining unit.

Representation of the System

For modeling purposes, a parsimonious representation
of the groundwater-flow system was used. The model
domain was divided into four main hydraulic-conductivity
zones that represent (1) the dike-free volcanic rocks; (2) a
low-permeability upper confining unit of the deep coastal
confined-groundwater system; (3) a vertical confining unit
separating the coastal freshwater-lens system and inland high
water-level area, which also is a vertical extension of and
continuous with the upper confining unit of the deep coastal
confined-groundwater system; and (4) offshore sedimentary
deposits that overlie the volcanic rocks (figs. 18, 19). The
upper confining unit of the deep coastal confined-groundwater
system is represented in the model as a 33-ft-thick unit that
overlies a 33-ft-thick confined unit. The sedimentary deposits
were limited to altitudes above —180 ft and were represented
by a one-element thick zone.

Kaloko and ‘Aimakapa fishponds were explicitly repre-
sented in the model. The Kaloko fishpond is represented as a
boundary condition, as it is directly connected to the ocean.
The “Aimakapa fishpond, which is not directly connected to
the ocean, is represented as a zone of high hydraulic conduc-
tivity. Anchialine pools are much smaller features relative to
the fishponds and were not explicitly represented in the model.
The salinity of selected anchialine pools was represented in
the model using the salinity at the nearest node at sea level.

Boundary Conditions

Boundary conditions were specified to account for fluid
and solute fluxes around the perimeter of the model domain.
The bottom boundary of the model is a no-flow boundary.
Thus, discharge across the lower confining unit of the deep
coastal confined-groundwater body is precluded. Groundwater
recharge enters the model at the top, onshore boundary and
the upper part of the inland vertical boundary of the model.
Groundwater discharge from, and saltwater inflow to, the
aquifer may occur at the offshore, ocean-bottom boundary of
the model.

Specified Pressure

The ocean-bottom and vertical north offshore boundaries
are specified-pressure boundary conditions (hydrostatic ocean-
water conditions). Pressure at each node on the ocean-bottom
and vertical offshore boundary was set equal to the pressure
of a column of ocean water that extends from the node to sea
level. Water may enter or exit the aquifer at specified-pressure
nodes. Water entering the aquifer has a salinity equal to that of
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ocean water and water exiting the aquifer has a salinity equal
to that in the adjacent aquifer. Because Kaloko fishpond has
a direct connection to the ocean, the nodes at the bottom of
Kaloko fishpond also were specified-pressure nodes.

Recharge and Withdrawal

Recharge enters the model along the top, onshore
boundary and along the inland east vertical boundary between
altitudes of —33 and —900 ft. Modeled recharge along the top
onshore boundary (except at the nodes at and inland from the
vertical confining unit) directly enters the coastal freshwater-
lens system. Modeled recharge along the top onshore boundary
inland from the vertical confining unit and along the inland
vertical boundary directly enters the truncated inland high
water-level area, which is connected to the coastal confined-
groundwater system.

Baseline recharge for the Kona area that is representative
of average rainfall conditions during 1984-2008 (Engott, 2011)
was used in the model (fig. 8). Recharge assigned to each
onshore node at the top of the model domain was based on the
area-weighted average recharge from the irregularly shaped
water-budget-model subareas within a Thiessen polygon
surrounding the node. Recharge used in the model at the top
boundary was 30.55 Mgal/d. Recharge contribution from the
area upgradient of the model domain within the Keauhou
aquifer system was 17.86 Mgal/d (7.75 Mgal/d from the
northern part of the boundary and 10.11 Mgal/d from the
southern part; fig. 18) and was distributed along the inland
vertical boundary of the mesh between altitudes of —33 and
—900 ft. Recharge used in the groundwater model may differ
slightly from that estimated by the water budget because of
discretization near the coast that causes some onshore areas
to be assigned to offshore nodes (or some offshore areas to
be assigned to onshore nodes). Salinity of water entering at
recharge nodes was assigned a value of 0.1 percent that of
ocean water for the upper onshore boundary and 0.05 percent
that of ocean water for the inland vertical boundary.

The average groundwater withdrawal rates from wells
represented in the model were based on available data
during the period 2009—13 (table 2; Robert Chenet, Hawai‘i
Commission on Water Resource Management, written
commun., 2014). Wells in the inland high water-level area are
outside the modeled domain but withdrawals from these wells
were included in the model by assigning the withdrawals to
nearby nodes in the model, one node seaward of the inland
model boundary and in the area inland of the vertical confining
unit (fig. 18).

Average injection rates of wastewater into disposal
wells represented in the model were based on available data
and consist of (1) about 25 Mgal/d of saltwater discharged
into trenches in the Natural Energy Laboratory of Hawaii
Authority (NELHA) facility near Keahole Point (Keith Olson,
NELHA, written commun., 2013); (2) about 0.4 Mgal/d
of reverse-osmosis concentrate (62 percent ocean-water
salinity; Norris Uehara, Hawai‘i Department of Health, Safe
Drinking Water Branch, written commun., 2020) discharged
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Table 2. Withdrawal rates and values of top and bottom altitudes assigned to wells represented in the three-dimensional

numerical groundwater model, Keauhou area, Hawai‘i.

[Mgal/d, million gallons per day; kg/s, kilograms per second]

Value assigned in model

Well number L§nd-su.rface B.ottom of S(.)|id Well depth, in 1Wit.hdrawal rate, “Top alfitude, in _ Bottom altitude, ‘Withdrawal rate
altitude, in feet  casing depth, in feet feet in Mgal/d ’ ’ ’
meters in meters in kg/s
4057-01 1,762 1,702 1,787 -1.162 10 -8 -50.83
4158-02 1,681 1,585 1,735 -1.538 10 -17 -67.24
4158-03 1,671 1,604 1,751 0.000 10 -24 0.00
4161-04 59 56 66 -0.195 0 -2.1 -8.57
4161-05 45 49 59 -0.201 -1.2 -4.3 -8.87
4161-06 41 40 50 -0.238 0 =27 -10.46
4161-07 39 42 52 -0.119 -1 -4.1 -5.23
4161-08 31 35 44.5 -0.229 -1.1 -4.1 -10.08
4161-09 66 67 77 -0.018 -0.3 -3.3 -0.78
4258-03 1,681 1,505 1,823 -0.534 10 -43 -23.37
4262-01 68 71 81 -0.006 -0.8 -39 -0.26
4262-02 62 66 76 -0.222 -1.2 -4.3 -9.77
4358-01 1,800 1,730 1,850 -0.652 10 -15 -28.52
4458-01 1,799 1,800 1,960 0.000 0 -49 0.00
4458-02 1,800 1,810 1,880 -0.009 -3 -24 -0.40
4459-01 1,537 1,537 1,620 -0.124 0 -25 -5.42
4459-02 1,534 1,535 1,625 -0.321 -0.5 -28 -14.05
4461-02 206 203 253 -0.078 0 -14 -3.45
4559-01 1,579 1,579 1,655 -0.115 0 -23 -5.05
UH-1776 195 459 509 0.038 -80 -96 1.68
UH-2594 36 132 152 0.404 -29 -35 17.78

"Negative value indicates withdrawal, positive value indicates injection.

’Bold value indicates that the top altitude was truncated in the model to avoid simulated withdrawal from the unsaturated zone. The top altitude for production
wells was truncated at 0 meters for wells in the coastal freshwater-lens system and 10 meters for wells in the inland high water-level area.

into an injection well (UH-2594) about 0.5 mi north of
KAHO (Robert Chenet, Hawai‘i Commission on Water
Resource Management, written commun., 2020); and (3)
about 0.04 Mgal/d of wastewater (34 percent ocean-water
salinity) discharged into an injection well (UH-1776) at a
power-generating facility about 3 mi north of KAHO (Norris
Uehara, Hawai‘i Department of Health, Safe Drinking Water
Branch, written commun., 2014). Discharge of wastewater
into the disposal pit southeast of KAHO is incorporated in the
top recharge boundary (Engott, 2011).

Estimation of Aquifer Hydraulic Properties

Hydraulic-conductivity, effective-porosity, and disper-
sivity values generally are the same as those from the
two-dimensional cross-section model, with adjustment and

simplification to account for inclusion of the third dimension,
which affects mesh discretization and regional recharge.
Consistent with the two-dimensional cross-section model,
effective porosity was estimated to be 0.07 for all zones
except the deep coastal confined-groundwater body, for which
effective porosity was assigned a value of 0.03.

For the three-dimensional model, the dip of the dike-
free volcanic rocks of the coastal freshwater-lens system was
assumed to be spatially variable (horizontally and vertically)
and to decrease in a seaward direction. Onshore, the assigned
dip values for the dike-free volcanic rocks of the coastal
freshwater-lens system were linearly interpolated in the
vertical direction between the dip of the land surface and the
dip of the upper confining unit (1°). For estimating the offshore
dip of the volcanic rocks of the coastal freshwater-lens system,
the land surface was extrapolated offshore using the near-coast



onshore dip (fig. 18). Offshore, the assigned dip values for the
dike-free volcanic rocks of the coastal freshwater-lens system
were linearly interpolated in the vertical direction between the
dip of the offshore extrapolation of the land surface near the
coast and the dip of the upper confining unit (1°).

For the deep coastal confined-groundwater system
including the upper confining unit, the assigned dip was 1°.
The dips of the low-permeability vertical confining unit
and sedimentary deposits were assigned a value of zero, but
this has no effect on model results because these units were
assumed to be isotropic. Inland of the vertical confining unit,
the dip was assigned a value equal to the land-surface dip.

The estimated horizontal hydraulic-conductivity values
were 12,000 ft/d for the dike-free volcanic rocks, 0.002 ft/d
for the upper confining unit of the deep coastal confined-
groundwater system, 0.003 ft/d for the vertical extension of
the upper confining unit, and 2 ft/d for the thin (one-element
thick zone) offshore and fishpond sedimentary deposits.
Offshore sedimentary deposits were represented in the model
above an altitude of about —180 ft. A thin zone (about 3.3 ft)
of sedimentary deposits also was represented below the
bottoms of Kaloko and ‘Aimakapa fishponds. Water in the
enclosed ‘Aimakapa fishpond, which is exposed groundwater,
was represented in the model as a zone of high hydraulic
conductivity (isotropic hydraulic-conductivity value of
50,000 ft/d and porosity of 1). The vertical anisotropy (the
ratio of horizontal-to-vertical hydraulic conductivity) was
50:1 for the dike-free volcanic rocks and 1:1 (isotropic) for
sedimentary deposits and confining units. The horizontal
anisotropy was 1:1 (isotropic) for all rocks.

For three-dimensional solute-transport simulation,
SUTRA requires specification of three longitudinal
dispersivity values and three transverse dispersivity values.
The longitudinal dispersivity values used in the model
were 250 ft, 250 ft, and 5 ft in the directions of maximum
(horizontal longitudinal) hydraulic conductivity, middle
(horizontal transverse) hydraulic conductivity, and minimum
(vertical) hydraulic conductivity, respectively. The transverse
dispersivity values used in the model were 0.16 ft in all three
directions (maximum hydraulic conductivity, middle hydraulic
conductivity, and minimum hydraulic conductivity).

Simulation Results

Simulated water levels generally are consistent with
a conceptual model of increasing water levels in an inland
direction with an inland regional hydraulic gradient that is less
than 1 ft/mi and that steepens near the coast. The simulated
water levels generally are also consistent with average water
levels measured during periods when the ocean level is near
mean sea level (fig. 20).

Simulated vertical salinity profiles generally are
consistent with measured salinity profiles (fig. 21). The
simulated salinity profile from the Kamakana well (3959-01)
indicates a gradual increase in salinity with depth above an
altitude of about —1,000 ft, and a relatively sharp decrease
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in salinity related to the deep coastal confined-groundwater
system. The simulated salinity profile from the Keopu 1 deep
monitor well (3858-01), which is about 1,500 feet south of the
modeled area, was represented using the nearest vertical array
of model nodes.

The spatial distribution of simulated steady-state salinity
values is reasonably representative of average measured
salinity values since 2009 within KAHO, although the
simulated salinity values are generally higher than average
measured values since 2009 in areas outside KAHO (fig. 22).
The bias could be related to differences between actual and
the modeled representation of hydrogeologic conditions,
differences between the actual altitudes of water samples
relative to the altitudes represented in the model, or the steady-
state assumption. In the model, the altitudes of anchialine
pools were assumed to be zero, and the altitudes of wells
were assumed to be near the middle of the open or screened
interval of the well. Because hydrologic conditions north of
KAHO have changed over the past decade, the model results
from steady-state simulations may reflect long-term changes
that have yet to occur. North of KAHO, the Kohanaiki
development adjacent to KAHO has begun withdrawing
groundwater and injecting reverse-osmosis reject water into
the aquifer. The withdrawals and injection at Kohanaiki are
represented in the steady-state model using average rates
from about 2009 to 2013. Farther north, at the Natural Energy
Laboratory of Hawaii Authority, upward trends in salinity
have been documented (Olson, 2018).

Simulation of Selected Withdrawal and
Injection Scenarios

The three-dimensional numerical groundwater model
was used to simulate hydrologic changes in KAHO for
three overall scenarios: (1) withdrawal of 0.5 Mgal/d, (2)
withdrawal of 1.0 Mgal/d, and (3) injection of 1.0 Mgal/d
of high-salinity water (reverse-osmosis reject water).
Withdrawals and injections were simulated in the coastal
freshwater-lens system at 15 selected sites (simulated one site
at a time) distributed throughout the model domain. All model
simulations were run to steady-state conditions. The effect of
withdrawal or injection at each site was quantified in terms
of (1) average salinity change at KAHO anchialine pools that
represent habitat for the endangered orangeblack Hawaiian
damselfly (Megalagrion xanthomelas), and (2) average
change in the pure freshwater (zero salinity) component of
groundwater discharge through KAHO, as determined from
the discharge at specified-pressure nodes within KAHO.
Changes in salinity and discharge were determined relative to
the simulated steady-state conditions described in the previous
section (Three-Dimensional Regional Model) that includes
(1) baseline recharge for the Kona area that is representative
of average rainfall conditions during 1984-2008, (2) average
groundwater withdrawal rates during the period 2009—13,
and (3) average injection rates based on available data.
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These conditions were maintained in each simulation for

the withdrawal and injection scenarios, with the addition

of withdrawal or injection at one of the selected 15 sites.
The results from each of the 15 selected sites were spatially
contoured to provide a generalization of the hydrologic effects
of withdrawal and injection. For the contouring, data were
interpolated using a biharmonic-spline interpolation method
(Sandwell, 1987) as implemented in GNU Octave (https://
www.gnu.org/software/octave/). The presentation of results
using contours is limited because results likely are affected
by the proximity of simulated withdrawals and injections to
boundary conditions, which the contouring may not properly
represent. This limitation can be addressed by simulating

80 90 100

more than 15 sites of withdrawal or salinity. Although contour
lines, which indicate locations of withdrawals or injections,
are shown within KAHO for completeness, the likelihood

of withdrawals or injections being sited within KAHO is
extremely small.

Scenario 1—Withdrawal of 0.5 Mgal/d

Withdrawal of 0.5 Mgal/d was simulated independently
at each of 15 selected sites that are spatially distributed
throughout the model domain within the area that represents
the coastal freshwater-lens system (fig. 23). Thus, results for
this scenario are based on 15 separate model runs. Withdrawal
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at each site was simulated from nodes between altitudes of
—3.28 and —9.84 ft, which represents the upper, typically
freshest part of the coastal freshwater-lens system (excluding
the uppermost part of the freshwater-lens system just below
the water table). The results of withdrawing 0.5 Mgal/d from
a site are quantified in terms of (1) the change in salinity at
anchialine pools that represent habitat for the orangeblack
Hawaiian damselfly, and (2) the change in the freshwater
component of groundwater discharge through KAHO.
Changes in salinity and discharge were determined relative to
the simulated steady-state conditions described in the previous
section Three-Dimensional Regional Model.

Change in Salinity of Damselfly Anchialine-Pool
Habitat in KAHO

The withdrawal of 0.5 Mgal/d can affect the salinity
of damselfly anchialine-pool habitat in KAHO, with the
magnitude of the effect expected to vary depending on the
location of the withdrawal. The change in salinity at three
anchialine pools or pool groups in KAHO (fig. 23) caused by
withdrawing 0.5 Mgal/d from each of 15 sites was simulated
using the three-dimensional model. The simulated increase in
salinity was greatest for wells located immediately inland of
KAHO and least for the wells located near the coast and north
of KAHO. The largest salinity increase caused by withdrawal
of 0.5 Mgal/d from the selected sites was about 0.6 percent
of ocean-water salinity, which corresponds to a chloride-
concentration increase of about 120 mg/L, assuming ocean
water has a chloride concentration of about 20,000 mg/L.

The lines of equal salinity increase (fig. 23) were
generated using biharmonic-spline interpolation between the
15 sites from the results of the 15 simulations. The lines of
equal salinity increase indicate a pattern of greatest increase
associated with wells withdrawing 0.5 Mgal/d located in an
area inland of KAHO that does not extend to the boundary
between the coastal freshwater-lens system and inland high
water-level area, and the least increase is associated with
wells near the coast. From a hydraulic standpoint, wells that
withdraw groundwater near the coast are expected to have
a small area of influence because the withdrawal can be
balanced by a nearby reduction in coastal discharge, which is
consistent with the salinity-change results. That is, withdrawal
from wells near the coast will cause a limited spread of the
water-level cone of depression, which is consistent with a
limited spread of salinity change.

Change of Freshwater Discharge Through KAHO

Withdrawal of 0.5 Mgal/d also can affect the discharge
of groundwater through KAHO, with the magnitude of the
effect expected to vary depending on the location of the
withdrawal. The change in groundwater discharge, in terms
of the pure freshwater component of the discharge, through
KAHO caused by withdrawing 0.5 Mgal/d from each of 15
sites was simulated using the three-dimensional model. The

simulated reduction in freshwater discharge was greatest

for wells located immediately north of KAHO and least for
wells located near the coast to the north and south of KAHO.
Of the 15 sites, the largest simulated freshwater-discharge
reduction was about 0.18 Mgal/d, which corresponds to about
2.7 percent of the simulated 6.76 Mgal/d freshwater discharge
through KAHO simulated in the absence of the additional

0.5 Mgal/d withdrawal (fig. 24).

The lines of equal freshwater-discharge reduction through
KAHO (fig. 24) were generated using biharmonic-spline
interpolation between the 15 sites from the results of the 15
simulations. The lines of equal freshwater-discharge reduction
for a withdrawal scenario of 0.5 Mgal/d indicate a pattern of
greatest reduction associated with wells located in an area
near the north boundary of KAHO and the least reduction
associated with wells located near the coast farthest to the
north and south of KAHO. The pattern of freshwater-discharge
reduction (fig. 24) differs from the pattern of salinity change
(fig. 23) because of differences between where the changes
are being quantified. In the case of freshwater discharge,
the change is determined from the specified-pressure nodes
mainly within the offshore part of KAHO and also in Kaloko
fishpond (fig. 18), whereas in the case of salinity, the change
is determined at onshore anchialine-pool habitat for the
orangeblack Hawaiian damselfly.

Scenario 2—Withdrawal of 1.0 Mgal/d

Scenario 2 is similar to scenario 1 but with withdrawal
at each of the 15 sites increased from 0.5 to 1.0 Mgal/d. In
scenario 2, withdrawal of 1.0 Mgal/d was simulated indepen-
dently at each of 15 selected sites in the coastal freshwater-
lens system within the model domain (fig. 25). Withdrawal at
each site was again simulated from nodes between altitudes
of —3.28 and —9.84 ft. The results of withdrawing 1.0 Mgal/d
from a site are quantified in terms of (1) the change (relative to
the simulated steady-state conditions described in the section
Three-Dimensional Regional Model) in salinity at anchialine
pools that represent habitat for the orangeblack Hawaiian dam-
selfly, and (2) the change in the pure freshwater component of
groundwater discharge through KAHO.

Change in Salinity of Damselfly Anchialine-Pool
Habitat in KAHO

The withdrawal of 1.0 Mgal/d can affect the salinity of
damselfly anchialine-pool habitat in KAHO, with the
magnitude of the effect expected to vary depending on the
location of the withdrawal. The change in salinity at three
anchialine pools or pool groups in KAHO (fig. 25) caused by
withdrawing 1.0 Mgal/d from each of 15 sites was simulated
using the three-dimensional model. The simulated increase
in salinity was greatest for wells located immediately inland
of KAHO and least for wells located near the coast and north
of KAHO. Of the 15 sites, the largest salinity increase was
about 1.1 percent of ocean-water salinity, which corresponds
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to a chloride-concentration increase of about 220 mg/L,
assuming ocean water has a chloride concentration of about
20,000 mg/L (fig. 25).

The lines of equal salinity increase (fig. 25) were gen-
erated using biharmonic-spline interpolation between the
15 sites from the results of the 15 simulations. The lines of
equal salinity increase indicate a pattern of greatest increase
associated with wells withdrawing 1.0 Mgal/d located in an
area inland of KAHO that does not extend to the boundary
between the coastal freshwater-lens system and inland high
water-level area, and the least increase associated with wells
near the coast. The spatial pattern of salinity increase in
scenario 2 is generally consistent with the pattern in scenario
1, although the magnitude of the simulated increase is greater
in scenario 2 relative to scenario 1. Simulated withdrawal
in scenario 2 is twice the withdrawal in scenario 1, and the
simulated salinity increase associated with withdrawal in
scenario 2 is about twice the increase in scenario 1, although
the response is not perfectly linear within the range of
withdrawals tested (figs. 23 and 25).

Change of Freshwater Discharge Through KAHO

The change in groundwater discharge, in terms of
the pure freshwater component of the discharge, through
KAHO caused by withdrawing 1.0 Mgal/d from each of 15
sites was simulated using the three-dimensional model. The
simulated reduction in freshwater discharge was greatest
for wells located immediately north or inland of KAHO and
least for wells located near the coast to the north and south
of KAHO (fig. 26). Of the 15 sites, the largest simulated
freshwater-discharge reduction was about 0.33 Mgal/d, which
corresponds to about 4.9 percent of the simulated 6.76 Mgal/d
freshwater discharge through KAHO simulated in the absence
of the additional 1.0 Mgal/d withdrawal (fig. 26).

The lines of equal freshwater-discharge reduction through
KAHO (fig. 26) were generated using biharmonic-spline
interpolation between the 15 sites from the results of the 15
simulations. The lines of equal freshwater-discharge reduction
for a withdrawal scenario of 1.0 Mgal/d indicate a pattern of
greatest reduction associated with wells located in an area
near the north boundary of KAHO, and the least reduction
associated with wells located near the coast farthest to the
north and south of KAHO. The spatial pattern of freshwater-
discharge reduction in scenario 2 is generally consistent
with the pattern in scenario 1, although the magnitude of the
simulated reduction is greater in scenario 2 relative to scenario
1. Simulated withdrawal in scenario 2 is twice the withdrawal
in scenario 1, and the simulated freshwater-discharge reduction
associated with withdrawal in scenario 2 is about twice the
reduction in scenario 1, although the response is not perfectly
linear within the range of withdrawals tested (figs. 24 and 26).
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Scenario 3—Injection of 1.0 Mgal/d

Injection of 1.0 Mgal/d was simulated independently at
each of 15 selected sites in the coastal freshwater-lens sys-
tem within the model domain (fig. 27). Thus, results for this
scenario are based on 15 separate model runs. Injection at each
site was simulated from a vertical array of nodes; the upper
and lower nodes of the vertical array of nodes were assigned to
the nodes closest to altitudes of =310 and —350 ft, respectively.
The depth of injection was within the part of the aquifer with
salinity greater than 50 percent of ocean-water salinity. In the
simulations for scenario 3, the salinity of the injected fluid at
each of the 15 sites was set at 0.05 kg/kg, which is about 140
percent of the salinity of ocean water. The results of injecting
1.0 Mgal/d from a site are quantified in terms of (1) the change
(relative to the simulated steady-state conditions described in
the section Three-Dimensional Regional Model) in salinity
at anchialine pools that represent habitat for the orangeblack
Hawaiian damselfly, and (2) the change in the pure freshwater
component of groundwater discharge through KAHO.

Change in Salinity of Damselfly Anchialine-Pool
Habitat in KAHO

The injection of 1.0 Mgal/d can affect the salinity of
damselfly anchialine-pool habitat in KAHO, with the
magnitude and sign of the effect expected to vary depending
on the location of the injection. The change in salinity at three
anchialine pools or pool groups in KAHO (fig. 27) caused by
injecting 1.0 Mgal/d from each of 15 sites was simulated using
the three-dimensional model. The magnitude of the simulated
change in salinity was greatest for wells located directly
inland of KAHO and least for a well located near Keahole
Point north of KAHO. Of the 15 sites, the largest salinity
change was a salinity decrease of about 0.8 percent of ocean-
water salinity, which corresponds to a chloride-concentration
decrease of about 160 mg/L, assuming ocean water has a
chloride concentration of about 20,000 mg/L.

The lines of equal salinity change (fig. 27) were
generated using biharmonic-spline interpolation between the
15 sites from the results of the 15 simulations. The lines of
equal salinity change indicate a pattern of either increased
or decreased salinity at the damselfly habitat in KAHO,
depending on the site of injection. Injection inland of KAHO
and at sites immediately north and south of KAHO causes a
simulated decrease in salinity (freshening of groundwater)
at the damselfly habitat, whereas injection farther north and
south of KAHO causes an increase in salinity. The greatest
salinity decrease is associated with wells that inject 1.0
Mgal/d located in an area inland of KAHO near the boundary
between the coastal freshwater-lens system and inland high
water-level area. The magnitude of the simulated freshening
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of groundwater at the damselfly habitat in KAHO associated
with injecting 1.0 Mgal/d of high-salinity wastewater (denser
than saltwater) generally is greatest for injection sites located
in an area centered inland of KAHO and least for injection
sites distant from this area. Injection at sites closer to KAHO
generally causes more of a freshening of groundwater in
KAHO than injection at sites farther from KAHO, which is
hydrologically expected. However, the sense of the change
varies depending on the location of the injection, with
injection sites located near KAHO causing a salinity decrease
at the damselfly habitat and injection sites located far from
KAHO causing a salinity increase.

The simulated spatial pattern of salinity change at the
damselfly habitat in KAHO is controlled by factors including
the changes in fluid pressure, saltwater circulation and
mixing in the coastal freshwater-lens system, and the spatial
distribution of freshwater discharge from the part of the inland
high water-level area represented in the model. Injection
of water that is denser than ocean water causes a spatially
variable change in fluid pressure in the aquifer, with greater
changes both vertically and horizontally near the injection site
and lesser changes distant from the injection site. Because
the injected water is denser than saltwater derived from the
ocean, the injected water will tend to sink within the saltwater
zone. Simulated pressure changes indicate increased pressure
below the injection site in the aquifer, and decreased pressure
immediately around and above the injection site. Above the
injection site, the simulated pressure reduction extends upward
to the water table, and this pressure reduction at the water
table also occurs in a zone around the injection site. In the
model, these pressure changes affect saltwater circulation and
mixing in the coastal freshwater-lens system and the spatial
distribution of freshwater discharge from the inland high
water-level area, which affects the salinity of groundwater
in the freshwater-lens system. Model results indicate that
injection increases groundwater salinity immediately around
and below the injection site and freshens groundwater near
the water table above the injection site. Near the water table,
the simulated zone of freshened groundwater extends around
the injection site, although a zone of increased salinity occurs
distant from and outside the zone of freshened groundwater
around the injection site.

For injection sites located near KAHO, model results
indicate that the injection at depth restricts mixing in and near
KAHO and increases freshwater discharge from the inland
high water-level area immediately inland from the injection
site (relative to the simulated steady-state conditions described
in the section Three-Dimensional Regional Model), resulting
in reduced salinity at the anchialine pools that represent
damselfly habitat. For injection sites distant from KAHO,
model results indicate that the injection at depth causes less of
a salinity decrease, or even a salinity increase, at the damselfly
habitat. Injection of water with a different density than
that tested and at a different depth than tested may produce
different results.

Change of Freshwater Discharge Through KAHO

The injection of 1.0 Mgal/d of high-salinity water also
can affect the discharge of groundwater through KAHO, with
the magnitude of the effect expected to vary depending on the
location of the injection. The change in groundwater discharge,
in terms of the freshwater component of the discharge,
through KAHO caused by injecting 1.0 Mgal/d from each of
15 sites was simulated using the three-dimensional model.
The simulated reduction in freshwater discharge generally
was least for wells located closest to KAHO and greatest for
wells located farther away from, and to the north and south
of, KAHO. Of the 15 sites, the largest simulated freshwater-
discharge reduction was about 0.18 Mgal/d, which corresponds
to about 2.7 percent of the simulated 6.76 Mgal/d freshwater
discharge through KAHO simulated in the absence of the
additional 1.0 Mgal/d injection (fig. 28).

The lines of equal freshwater-discharge reduction
through KAHO (fig. 28) were generated using biharmonic-
spline interpolation between the 15 sites from the results of
the 15 simulations. The lines of equal freshwater-discharge
reduction for an injection scenario of 1.0 Mgal/d indicate a
pattern of least reduction associated with wells located near
and immediately inland from KAHO, and greatest reduction
associated with injection wells located farther north and
south of KAHO. The spatial pattern of freshwater-discharge
reduction in scenario 3 is different than the spatial patterns in
scenarios 1 and 2, which indicate greater freshwater-discharge
reduction for withdrawals located near and immediately inland
from KAHO and lesser reduction for withdrawals located
farther north and south of KAHO (figs. 24, 26, and 28).

The injection of high-salinity water at depth in the aquifer
near KAHO causes pressure changes in the aquifer that affect
saltwater circulation and mixing in the coastal freshwater-lens
system, the spatial distribution of freshwater discharge from
the part of the inland high water-level area represented in the
model, and the pattern of groundwater flow in the freshwater-
lens system. Model results indicate that injection of high-
salinity water causes the salinity of groundwater to decrease
in the shallower parts of the coastal freshwater-lens system
near the water table in a zone around the injection site and
increase in the deeper parts of the system. Thus, particularly
for injection sites near KAHO, the injection causes the salinity
of groundwater near the water table to decrease onshore
and in the nearshore area within KAHO, as reflected in the
decreased salinity in damselfly anchialine-pool habitat in
KAHO (fig. 27). In the deeper parts of the aquifer within
KAHO (tens of feet below the anchialine pools), however,
the salinity of groundwater increases, which results in an
overall reduction in the freshwater component of groundwater
discharge in KAHO caused by the injection of high-salinity
water at depth.

For all simulated injection sites, the injection causes a
reduction in freshwater discharge in KAHO, which includes
deep offshore areas where salinity increases in the aquifer.



19°45' (—

19°40'

Simulation of Selected Withdrawal and Injection Scenarios

51

156°05' 156°
I T
""""" 0.081 :
0 0.115
O}
0115
~ 0 |
2 /Z;,;a.
[ 0.0&
: Vi .
¢ < e e i L Lot 78 e
Q 4% i et 0.069 -7 il =2 0,063 » L »
- ] 0 i sk
HAWAIIAN ”% /4509/6
ISLANDS :
Map area )
EXPLANATION

- (‘;-‘Zg) - Line of equal simulated freshwater-
discharge reduction in KAHO caused
by injecting 1.0 million gallons per
day (Mgal/d) at sites on the line, in
million gallons per day
(corresponding freshwater-discharge
reduction in terms of percentage of
freshwater discharge through KAHO
shown in parentheses)—Each contour
line represents locations of injection
sites on the line that cause the same
magnitude freshwater-discharge
reduction, indicated by the contour
value, in KAHO

Model boundary

Hypothetical well site of simulated
injection of 1.0 Mgal/d and simulated
freshwater-discharge reduction in
KAHO, in million gallons per day

@  Anchialine-pool habitat for orangeblack
Hawaiian damselfly (Megalagrion
xanthomelas)

0.029

Base modifed from U.S. Geological Survey Digital Raster Graphics
topographic map, 1:24:000 scale. Universal Transverse Mercator
projection, zone 4, North American Datum of 1983

KALOKO- i o =
HONOKOHAU s LSS Q
NATIONAL = R\
HISTORICAL / R
PARK 2
‘.E-(I
0 1 2 MILES ,-» - I
| — : -
0 1 2 KILOMETERS

Figure 28. Map showing simulated reduction in the freshwater component of groundwater discharge through Kaloko-Honokohau

National Historical Park (KAHO) caused by the injection of an additional 1.0 million gallons per day of high-salinity water into the coastal

freshwater-lens system, Hawai'i.



52 Numerical Simulation of Groundwater Withdrawal and Injection in Kaloko-Honokohau National Historical Park

In general, the magnitude of the freshwater-discharge reduc-
tion increases with the distance of the injection site from
KAHO, which reflects the patterns of salinity change and
groundwater-discharge change in the aquifer. For injection
sites near KAHO, the injection causes greater freshening of
shallow groundwater in KAHO, in both magnitude and spatial
extent, relative to injection sites distant from KAHO, and this
largely controls the pattern of freshwater-discharge reduction
in KAHO (fig. 28).

Implications of Scenarios

Results of the simulated withdrawal and injection
scenarios indicate that increased withdrawals or injection,
relative to recent rates, may affect the quality and quantity
of groundwater in KAHO. All other factors being equal,
high rates of withdrawal will tend to have a greater effect
on groundwater conditions in KAHO relative to low rates
of withdrawal. All other factors being equal, withdrawal at
sites close to KAHO will tend to have a greater effect on
groundwater conditions in KAHO relative to withdrawal at
sites distant from KAHO. The simulated injection of high
salinity water at depth in the aquifer causes a reduction
of freshwater discharge through KAHO and may cause a
decrease in salinity at selected sites in KAHO. Changes
in groundwater quality and quantity in KAHO may have
either negative or positive ecologic effects, depending on
the magnitude and direction of the changes and the tolerance
of different species and life stages of those species to the
changes. Evaluation of the ecologic effects of the simulated
changes in groundwater quality and quantity in KAHO is
needed but is beyond the scope of this study. Because of
uncertainties in hydrogeologic conditions in the Keauhou
aquifer system, model results also contain unquantified
uncertainty and the accuracy of results may be limited.

Limitations

The lack of data and understanding of the subsurface
geology constrains the ability to accurately model the
groundwater-flow system. Different conceptual models of
the groundwater-flow system in the Keauhou and adjacent
aquifer systems currently exist. The two-dimensional cross
section models were used to test different conceptual models
of the groundwater-flow system. However, the understanding
of subsurface geological conditions can be improved and
conceptual models of the groundwater-flow system can be best
refined by collecting information from exploratory drilling
of wells. Data from a limited number of wells currently are
available to constrain the conceptual model, particularly in the
deep coastal confined-groundwater system and inland high
water-level area. Information from additional exploratory
wells also will provide direct information to develop and
constrain supplemental studies using geophysical methods.
An evaluation of the hydrologic effects of groundwater
withdrawals from the inland high water-level area and deep

coastal confined-groundwater system is needed, but was
excluded from this study because of a lack of understanding
of the geologic structures that impound groundwater in the
inland high water-level area and the hydrogeologic connection
between the inland high water-level area and deep coastal
confined-groundwater system.

The numerical groundwater models developed for this
study have a number of limitations, including their non-
uniqueness and inability to account for local-scale hetero-
geneities. Different distributions of hydraulic properties and
recharge may result in comparable regional model results.

The numerical models developed for this study also simulate
conditions on a regional scale and may not accurately predict
either the water level or salinity at a particular location in

the aquifer. Salinity of water in an anchialine pool may be
controlled by local heterogeneities in the aquifer that are

not represented in the model. Also, the level of model
discretization affects the numerical accuracy with which
transport mechanisms are simulated. Refined discretization
in and near KAHO would tend to improve model accuracy in
areas of concern, although this could also result in increased
time required to complete model simulations. The model has
several other limitations for predictive purposes because of the
various assumptions used and possible uncertainties in input
data. These limitations are discussed below.

Differences between measured and simulated water levels
and salinities are greater in some areas than others, which
may reflect uncertainties in recharge or withdrawal, boundary
conditions, assigned parameter values in the model, or
representations of the different hydrogeological features in
the model. For this study, recharge in the modeled area was
assumed to be limited to the recharge within the Keauhou
aquifer system, although recharge from adjacent aquifer
systems may enter the Keauhou aquifer system and contribute
to recharge in the modeled area. Additional information on
the hydrologic interconnection between adjacent aquifer
systems could improve model results. Recharge estimates in
Hawai‘i generally are based on water-budget computations
that could be improved with a better understanding of the
spatial distributions of rainfall, evapotranspiration, runoff, and
land-cover characteristics. Other studies that could enhance
the understanding of recharge include (1) quantifying rates
of evapotranspiration of native and nonnative forest species,
(2) directly measuring recharge using field lysimeters, (3)
measuring changes in soil moisture below the plant root zone,
(4) quantifying local recharge related to dry wells or wastewater
disposal, and (5) quantifying increases in the chloride
concentration of infiltrating water caused by evapotranspiration.
Improved recharge estimates in the study area will lead to
improved estimates for parameter values in the numerical
groundwater model and greater confidence in model results.

For this study, no-flow boundaries were assigned in
the northwest and south, which precludes the movement of
groundwater across these boundaries. The northwest boundary
of the model corresponds to the northwest rift zone of Hualalai
volcano, which likely represents a hydrogeological barrier



to groundwater flow. The south boundary does not coincide
with any known hydrogeological barrier and was generally
aligned with the regional groundwater-flow direction. Because
of its proximity to KAHO, the south boundary may affect
model simulations. In general, the magnitude of simulated
effects may be overestimated because of the truncation of the
southern part of the model domain.

Heterogeneity in the groundwater system likely exists
but is currently poorly understood. The values assigned to
model hydraulic parameters generally were based on existing
estimates and controlled by observed hydrogeologic conditions.
However, some of these parameter values may be poorly
known. Simulated water levels are typically controlled by the
hydraulic-conductivity values assigned in the model. Simulated
salinity can be controlled by various hydraulic parameters.

Confidence in model results can be improved by ad-
dressing the limitations described in this section and other
limitations that were not described. Improved estimates of
recharge and the distribution of model parameter values will
lead to an increase of model reliability. The model developed
for this study was developed for steady-state conditions. The
groundwater system likely is not currently in a steady-state
condition because of changes in land cover, withdrawals, and
wastewater disposal. Thus, model calibration to short-term,
tidally influenced data and transient long-term data using
available water-level and water-quality data, including
available water-isotope and age-dating data of water samples,
can be used to better constrain model boundaries and para-
meter values. Representation of conduit flow and flow in high-
permeability clinker zones at a local scale potentially will lead
to improved understanding of the effects of withdrawal and
injection near KAHO (for example, Kreyns and others, 2020).

The hypothetical simulations of withdrawal and injection
can be refined in the future if rates, locations, and depths of
withdrawal or injection are known. Also, the effects of climate
change on the groundwater system were not addressed in this
study but can be simulated in the future, particularly as the
effects of climate change on groundwater recharge and sea
level are better understood.

Summary

Kaloko-Honokodhau National Historical Park (KAHO)
is located on the west coast of the island of Hawai‘i within
the Keauhou aquifer system, as defined by the Hawai‘i
Commission on Water Resource Management. The waters in
KAHO represent an important resource that made it possible
for Native Hawaiians to settle in the arid area. The fishponds,
wetlands, anchialine pools, and marine waters are cultural
resources and provide habitat for threatened, endangered,
and other culturally important native species. KAHO’s water
resources are sustained by, and in the case of the anchialine
pools and ‘Aimakapa fishpond are mainly dependent on,
groundwater discharge for freshwater input. Hawaiian
anchialine pools support rare endemic species, some of which
remain undescribed, and two species listed as endangered by
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the U.S. Fish and Wildlife Service: the orangeblack Hawaiian
damselfly (Megalagrion xanthomelas) and an anchialine pool
shrimp (Procaris hawaiana).

In 1978, the year of KAHO authorization, the lands
immediately surrounding KAHO were undeveloped and zoned
for conservation purposes; at present, these lands mostly
are either developed, or zoned for industrial, commercial, or
residential use. Urbanization of the North Kona District has
increased the need for additional drinking and nonpotable
(irrigation) water. KAHO’s water resources may be affected by
existing and proposed groundwater withdrawals and injections
of high-salinity water in the surrounding area. This study was
undertaken to refine the understanding of how anthropogenic
factors, including increased groundwater withdrawals and
injection of high-salinity water (reverse-osmosis reject water),
may affect KAHO’s water resources.

The purpose of this report is to provide information related
to how anthropogenic factors may affect water resources in
Kaloko-Honokdhau National Historical Park. Specifically,
this report presents estimates of changes in salinity and
groundwater discharge in KAHO caused by selected scenarios
of groundwater withdrawal and injection of high-salinity water
into the aquifer. To meet the objectives of the study, a numerical
groundwater model that accounts for the recently discovered
coastal confined-groundwater system was constructed.
Previously published groundwater-recharge estimates were used
to construct the numerical, density-dependent groundwater flow
and transport model capable of simulating changes in salinity
and discharge caused by anthropogenic factors.

Aquifer hydraulic properties for the three-dimensional
numerical groundwater model were estimated using available
water-level and salinity information. A steady-state baseline
condition was simulated and used as a basis for determining
potential change caused by additional withdrawal or injection.
The baseline condition consisted of (1) baseline recharge
for the Kona area that is representative of average rainfall
conditions during 1984-2008, (2) average groundwater
withdrawal rates during the period 200913, and (3) average
injection rates based on available data. The three-dimensional
numerical groundwater model was used to simulate steady-
state hydrologic changes in KAHO for three overall scenarios:
(1) withdrawal of 0.5 million gallons per day; (2) withdrawal
of 1.0 million gallons per day; and (3) injection of 1.0 million
gallons per day of reverse-osmosis reject water.

Model results indicate that the withdrawal of additional
groundwater from the coastal freshwater-lens system
will affect the salinity of anchialine pool habitat for the
orangeblack Hawaiian damselfly. The magnitude of the effect
is dependent on the amount and location of the withdrawal.
Greater withdrawal rates cause greater increases in salinity
in KAHO, other factors being equal, although the salinity
increase is not perfectly linearly related to the withdrawal rate
within the range of withdrawals tested. For a given withdrawal
rate, the greatest increase in salinity in KAHO is associated
with wells located in an area inland of KAHO, and the least
increase is associated with wells located near the coast.
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Model results also indicate that the withdrawal of
additional groundwater from the coastal freshwater-lens
system will affect the groundwater discharge, in terms of the
freshwater component of the discharge, through KAHO. The
magnitude of the freshwater-discharge reduction through
KAHO is dependent on the amount and location of the
withdrawal. Greater withdrawal rates cause greater reductions
in freshwater discharge through KAHO, other factors being
equal, although the discharge reduction is not perfectly
linearly related to the withdrawal rate within the range of
withdrawals tested. For a given withdrawal rate, the greatest
reduction in freshwater discharge through KAHO is associated
with wells located near the north boundary of KAHO, and
least reduction is associated with wells located near the coast
farther to the north and south of KAHO.

The injection of high-salinity water (140 percent of the
salinity of ocean water) can affect the salinity of damselfly
habitat in KAHO, with the magnitude of the effect dependent
on the location of the injection. Model results indicate that
salinity may either increase or decrease at the damselfly
habitat in KAHO, depending on the site of injection and
how the injection affects saltwater circulation and mixing,
as well as the distribution of freshwater discharge from the
part of the inland high water-level area represented in the
model. Injection of high-salinity water inland of KAHO
and at sites immediately north and south of KAHO causes a
simulated decrease in salinity at the damselfly habitat, whereas
injection farther north and south of KAHO causes an increase
in salinity. Injection of high-salinity water also causes a
reduction in freshwater discharge through KAHO, with the
greatest reduction within the area considered for this analysis
associated with distant injection wells to the north and south
of KAHO and the least reduction associated with wells located
near and directly inland from KAHO.

Changes in groundwater quality and quantity in KAHO
may have either negative or positive ecologic effects, de-
pending on the magnitude and direction of the changes and
the tolerance of different species and life stages of those
species to the changes. Evaluation of the ecologic effects of
the simulated changes in groundwater quality and quantity in
KAHO is needed but is beyond the scope of this study.

The numerical groundwater models developed for this
study have a number of limitations. The lack of data and
understanding of the subsurface geology constrains the ability
to accurately model the groundwater-flow system. The under-
standing of subsurface geological conditions can be improved
and conceptual models of the groundwater-flow system can
be best refined by collecting information from exploratory
drilling of wells. The models developed for this study are
nonunique; cannot account for local-scale heterogeneities in
the aquifer; and contain uncertainties related to recharge,
boundary conditions, assigned parameter values in the model,
and representations of the different hydrogeological features.
Confidence in model results can be improved by addressing
these and other limitations. In spite of these limitations, the
three-dimensional numerical model developed for this study

provides a useful conceptual understanding of the potential
effects of additional withdrawals and injections on ground-
water resources in KAHO.
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