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Analytical Versus Numerical Estimates of Water-Level
Declines Caused by Pumping, and a Case Study of the
lao Aquifer, Maui, Hawai

By Delwyn S. Oki and William Meyer

Abstract declines at the inland extent of the aquifer where
the freshwater body is thickest and the potential for
Comparisons were made between model- ~ Saltwater intrusion is lowest. For cases in which a

calculated water levels from a one-dimensional low-permeability confining unit overlies the aqui-
analytical model referred to as RAM (Robust Ana-fer near the coast, however, water-level declines
lytical Model) and those from numerical ground- calculated from numerical models may exceed
water flow models using a sharp-interface model those from RAM even at the inland extent of the
code. RAM incorporates the horizontal-flow aquifer.

assumption and the Ghyben-Herzberg relation to Since 1990, RAM has been used by the State
represent flow in a one-dimensional unconfined of Hawaii Commission on Water Resource Man-
aquifer that contains a body of freshwater floating agement for establishing sustainable-yield values
on denser saltwater. RAM does not account for th&or the State’s aquifers. Data from the lao aquifer,
presence of a low-permeability coastal confining which lies on the northeastern flank of the West
unit (caprock), which impedes the discharge of  Maui Volcano and which is confined near the coast
fresh ground water from the aquifer to the ocean, by caprock, are now available to evaluate the pre-
nor for the spatial distribution of ground-water  dictive capability of RAM for this system. In 1995
withdrawals from wells, which is significant and 1996, withdrawal from the lao aquifer reached
because water-level declines are greatest in the the 20 million gallon per day sustainable-yield
vicinity of withdrawal wells. Numerical ground-  value derived using RAM. However, even before
water flow models can readily account for dis- 1996, water levels in the aquifer had declined sig-
charge through a coastal confining unit and for thenificantly below those predicted by RAM, and con-
spatial distribution of ground-water withdrawals  tinued to decline in 1997. To halt the decline of
from wells. water levels and to preclude the intrusion of salt-
For a given aquifer hydrau”c-conductivity water into the four major well fields in the aQUifer,

value, recharge rate, and withdrawal rate, model-it was necessary to reduce withdrawal from the
calculated steady-state water-level declines from aquifer system below the sustainable-yield value
RAM can be significantly less than those from  derived using RAM.

numerical ground-water flow models. The differ- In the lao aquifer, the decline of measured
ences between model-calculated water-level  water levels below those predicted by RAM is con-
declines from RAM and those from numerical  sistent with the results of the numerical model ana-
models are partly dependent on the hydraulic proptysis. Relative to model-calculated water-level
erties of the aquifer system and the spatial distribudeclines from numerical ground-water flow mod-

tion of ground-water withdrawals from wells. els, (1) RAM underestimates water-level declines
RAM invariably predicts the greatest water-level

Abstract 1



in areas where a low-permeability confining unit independent of the locations of wells and rates of with-
exists, and (2) RAM underestimates water-level drawal from wells.

declines in the vicinity of withdrawal wells. One of the more important boundary conditions
that RAM cannot represent is a low-permeability con-
fining unit that exists over the volcanic-rock aquifers
near and beyond the shoreline in many areas of the State
(see, for example, Hunt, 1996; Meyer and Presley,
2000). Among the volcanic-rock aquifers that are over-
lain by a low-permeability confining unit are the two
most important aquifers in the State, the Pearl Harbor
aquifer on Oahu and the lao aquifer on Maui. [For the
purposes of this report, the lao aquifer system, as delin-
eated by State Commission on Water Resource Man-
agement (CWRM), is referred to as the lao aquifer

i’ - : \ although it is recognized that the lao aquifer system is
Hawaii, 1987). The definition “unequivocally incorpo- part of a regional ground-water flow system.] The con-
rates infinite time as a fundamental condition” of the fining unit is formed by a wedge-shaped layer of terres-
sustainable-yield estimate (State of Hawaii, 1992, 4| or marine sediments of relatively low permeability
p. 98). In Hawaii, the most common limitation on the 5 is referred to as caprock in Hawaii. A caprock

rate of withdrawal from an aquifer is the upward move-jmpedes the discharge of freshwater from the aquifer to
ment (into wells) of the brackish-water transition zone he gcean and is an important control on the ultimate

between freshwater and saltwater. To preclude salt- yater-level decline caused by ground-water withdraw-
water intrusion at a given location, it is necessary to - 4|5 from the aquifer.

maintain a sufficient water level at that location. Esti- In 1995 and 1996. withd It hel i
mates of sustainable yield, therefore, require accurate n an » withdrawal from the lao aquiter

estimates of the water levels in a ground-water systenﬁF\)eAa:\:/lhe: the sustalnabkl)e-fy |eldl\gglge detr'V?d ulsm_g th
for a given distribution and rate of ground-water with- - lowever, even betore » WALET IeVels In the

drawal. aquifer had declined significantly t_)elow those predicted
by RAM, and were still declining in 1997. As a result,
To estimate the amount of water available from awithdrawal from the aquifer was reduced below the
ground-water system on a long-term basis, water-levetystainable-yield value derived using RAM to halt the
declines and the changes in the magnitude and distribgtecline of water levels and preclude the intrusion of
tion of recharge or discharge within the system causegaltwater into the four major well fields in the aquifer.
by withdrawals need to be estimated. These factors are,

inturn, dependent on: (1) the hydraulic properties of thet
system, (2) boundary conditions (hydrogeologic fea-
tures at the physical limits of the system), and (3) the

positioning of development (wells) within the system aquifer boundary conditions and spatially distributed
(Bredehoeft and others, 1982). withdrawals, and (2) a case study of the lao aquifer,
RAM does not account for aquifer boundary con- Maui, where water levels have declined below altitudes
ditions that commonly exist in Hawaii, nor for the spa-predicted by RAM. A site-specific numerical ground-
tial distribution of ground-water withdrawals from water flow model of the lao aquifer was not developed
wells (RAM is one dimensional). Implicit in the use of for this study. Rather, generic one- and two-dimen-
RAM are the assumptions that (1) sustainable yield carsional numerical ground-water flow models were used
be estimated without accounting for aquifer boundary to simulate water-level declines for highly permeable
conditions, aquifer geometry, and the spatial distribu- aquifers overlain by caprock near the coast. All numer-
tion of hydraulic properties of the system, and (2) sus4cal models used a sharp-interface code (Essaid, 1990)
tainable yield is an intrinsic property of an aquifer that simulates flow in ground-water systems containing
freshwater and saltwater.

INTRODUCTION

A one-dimensional analytical model of ground-
water flow, known as the Robust Analytical Model
(RAM) (Mink, 1980), is a commonly used tool for esti-
mating sustainable-yield values for aquifer systems in
Hawaii. Sustainable yield, as defined by the State of
Hawaii, refers to “the maximum rate at which water
may be withdrawn from a water source without impair-
ing the utility or quality of the water source...” (State of

Purpose and scope The purpose of this report is

o describe (1) comparisons between model-calculated
water levels from RAM and those from numerical
ground-water flow models that account for appropriate

2 Analytical Versus Numerical Estimates of Water-Level Declines, and a Case Study of the lao Aquifer, Maui, Hawaii



GEOHYDROLOGIC SETTING OF THE Fresh ground water in the Hawaiian islands is
HAWAIIAN ISLANDS found mainly as: (1) a freshwater-lens system (with
water levels commonly less than a few tens of feet
The main islands of Hawaii consist of one or more above sea level) consisting of a lens-shaped body of
volcanoes that were formed by submarine and subaeridteshwater floating on and displacing saltwater within
eruptions. During the principal stage of volcano build- dike-free volcanic rocks, (2) dike-impounded water
ing, called the shield stage, thousands of lava flows (with water levels that are tens to thousands of feet
emanate from a central caldera and from two to three rifiabove sea level) where overall permeability is low due
zones that extend outward from the caldera. Magma to the presence of dikes, and (3) as perched water. The
may cool and solidify beneath the surface of the volcangprincipal source of fresh ground water for domestic use
and form thin, dense, massive, nearly vertical sheets ofn the Hawaiian islands is from freshwater-lens systems
intrusive rock known as dikes. Within and near the  within the highly permeable dike-free parts of volcanic-
caldera and rift zones, lava flows are intruded by rock aquifers, such as the Pearl Harbor aquifer on Oahu
numerous dikes. Outside the zone containing dikes, lavand the lao aquifer on Maui.
flows extend to the ocean without intrusions. These lat-  \yhere the permeability of dike-free volcanic rocks

ter flows are commonly referred to as flank flows in g relatively high (hydraulic-conductivity values greater
Hawaii. In many coastal areas of the State, lava flowsihan apout 1,000 fi/d), predevelopment water levels in
are overlain by sedimentary deposits that form a confinge freshwater-lens system generally are less than 50 ft
ing unit, called caprock, above the volcanic-rock aqui-gpoye sea level. Where the permeability of the dike-free
fer. volcanic rocks is relatively low (hydraulic-conductivity

In qualitative terms, permeability describes the values less than about 1 ft/d), predevelopment water
ease with which fluid can move through a porous rocklevels can range from several hundred to several thou-
(see, for example, Domenico and Schwartz, 1990). Pesands of feet above sea level, forming a vertically exten-
meability of dike-free volcanic rocks in Hawaii is sive freshwater-lens system.

highly variable, depending to some degree on the thick-  The general movement of fresh ground water is
ness of individual lava flows and the extent of weather+,om mountainous interior areas to coastal discharge

ing that individual flows have undergone. Hydraulic  5rea4 (fig. 1). Ground water discharges into the ocean or
conductivity is a quantitative measure of the capacity ofsyreams or by evapotranspiration near the shoreline.

arock to transmit water. The horizontal hydraulic con-Near coastal discharge areas, movement of fresh ground
ductivity of the dike-free volcanic rocks of central Oahu \yater in a freshwater-lens system is predominantly

and western Hawaii generally is high (on the order of \,,yard and across the layered sequence of lava flows
1,000 ft/d or more) (Hunt, 1996; Oki, 1999), whereas and the caprock, where it exists.

the horizontal hydraulic conductivity of the volcanic

rocks of eastern Kauai and northeastern Maui generally

is low (on the order of 1 ft/d or less) (Izuka and Ginger-HYDROLOGIC EFFECTS OF

ich, 1998; Gingerich, 1998; Gingerich, 1999). The low WITHDRAWAL FROM A GROUND-WATER
hydraulic conductivity of volcanic rocks of eastern  SYSTEM

Kauai and northeastern Maui may partly be caused by

the presence of dikes. The effects of withdrawal on water levels and dis-

Ground-water recharge rates in Hawaii vary charge can be understood most readily by considering a
greatly and are dependent on factors such as soil progimple, finite ground-water flow system in which the
erties, land cover, and rates of rainfall, evaporation, an@®nly source of recharge is from precipitation and all dis-
runoff. In southern Oahu, recharge has been estimategharge is to the ocean. If the rate of recharge to this
to range from about 16 to 21 Mgal/d per mile of aquifer 9round-water system remains unchanged over time, and
width (measured parallel to the coast), depending on if there are no ground-water withdrawals, a predevelop-
land-use conditions (Giambelluca, 1986). In drier areasmMent equilibrium or steady-state condition will eventu-
such as the western part of the island of Hawaii (Oki ancRlly be reached in which ground-water levels do not

others, 1999), recharge may be as low as 3 Mgal/d pefary with time and the rate of discharge from the system
mile of aquifer width. is equal to the rate of recharge.

Geohydrologic Setting of the Hawaiian Islands 3
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When withdrawal from a well begins, water is ini- at that point.) Thus, to return back to the original, pre-
tially removed from aquifer storage in the vicinity of the injection, steady-state condition following the cessation
well, and water levels in the vicinity of the well begin to of injection, the lower the permeability of the confining
decline. If withdrawal from the well continues at a con- unit the greater is the water-level decline at the dis-
stant rate, the zone over which water levels decline charge boundary necessary to reduce an equal amount
expands outward from the well as additional water is of discharge from the system.
remoyed from stprage.Water—IeveI declineis greatest at Location of the withdrawal site.Fhe location of
the withdrawal site and decreases outward from the Wel{he withdrawal site relative to the discharge boundary

forming what is I_<nown as a cone of depression. The has an effect on the magnitude of the water-level
cone O_f dgpressu_Jn eventually reaches an area Wheredecline at the withdrawal site. Consider the case of a
water is discharging to the ocean. As water levels ;o gimensional, finite aquifer system that is in a

decline near the discharge area, the rate of discharge @[eady-state condition prior to any withdrawal. Steady

the ocean decreases. If a_nd when the reduction (.)f d's\'/vithdrawal from a well at the inland extent of the dis-
charge rate to the ocean is equal to the rate of with-

e charge boundary will cause water levels to decline to a
drawal, a new steady-state condition is reached and

: : ew steady-state level at which the reduction of dis-
water levels cease to decline further. The magnitude o harge rate is equal to the withdrawal rate. Because the
the ultimate water-level decline caused by withdrawal is

. . ) cone of depression caused by withdrawal from a well is
affected by factors including (1) the rate of withdrawal, yoenest at the well, water-level declines decrease inland

(2) the hydraulic properties of the aquifer system, andg, 1 the well. Consider next the case of a well with-
(3) the location of the withdrawal site relative to the dis'drawing at the same rate as in the previous case but
charge boundary of the system. These factors are briefly, . 5104 at the inland extent of an identical one-dimen-

described in the following paragraphs. sional aquifer system. All other factors being equal,
Rate of withdrawal.-All other factors being equal, withdrawal from a well at the inland extent of the aqui-
higher rates of withdrawal cause greater water-level fer will cause water levels to decline at the discharge
declines than lower rates of withdrawal. This is intu- boundary, and at the inland extent of the discharge
itively clear considering that for a withdrawal rate of boundary, to the same level as in the previous case
zero water levels will not decline, and that for a small because steady-state discharge to the ocean is the same
but positive withdrawal rate water levels will decline to in both cases. As in the previous case, water-level
some extent. declines are greatest at the withdrawal site and, there-
fore, water-level declines increase from the inland
hydraulic properties at the discharge boundary of the extent of the dlschar_ge bound_ary towa_rd the weII._Th_us,
system have an effect on the magnitude of the uItimatéhe water-level decline at an mle_md W|thd(awal site Is
water-level decline caused by withdrawal. The lower greatertha_m the water-level decline at awnhdrawal site
the permeability of the coastal confining unit, the near the discharge boundary, all other factors being

greater is the water-level decline at the discharge equal.

boundary necessary to reduce an equal amount of dis-  In most situations, the source of water derived
charge from the system. This is explained by first confrom wells is from decreased ground-water storage and
sidering the case of injecting rather than withdrawing decreased ground-water discharge. In the above discus-
water from a system. Assuming that water is injected atsion, ground-water discharge was limited to the ocean,
a steady rate for a period sufficiently long to reach  which is sometimes the case in Hawaii. However, in
steady-state conditions, water levels at the discharge some ground-water systems (including those in
boundary increase to a greater extent (relative to the Hawaii), discharge may be to streams and surface-water
pre-injection, steady-state condition) the lower the perbodies other than the ocean, or by evapotranspiration
meability of the confining unit at the discharge bound-from plants that have roots extending to ground water.
ary because greater hydraulic head is required to forc&hus, withdrawal from a well may cause a reduction of
an equal amount of discharge through a low-permeabildischarge to streams and other surface-water bodies, or
ity confining unit than a high-permeability unit. decreased evapotranspiration by plants if the water table
(Hydraulic head at a given pointis commonly measureds lowered below the level of the roots. In addition, the
by water levels in wells that are open to the aquifer onlysource of water derived from wells may be from

Hydraulic properties of the aquifer systemle

Hydrologic Effects of Withdrawal From a Ground-Water System 5



increased recharge. For example, reduction of groundrate of flow through the aquifer minus the reduced rate
water levels by withdrawal may induce flow froma  of flow through the aquifer following development:

stream into the ground-water system or may increase D=Qy-Q @)
recharge by capturing water that was originally runoff 0 e
when water levels were at or near the surface. Combining equations (1) and (2), and definirtg

The hydrologic analysis of a ground-water systembe equal t@Q, yields:
generally requires construction of a numerical ground- A 2
water flow model. If appropriately constructed, a D/l =1~ (he/ho)™. (3)
numerical model can represent the complex relations

among the inflows, outflows, changes in storage, move- Equation (3) represents the model (RAM) com-
9 S ’ 9 : g€, monly used to set sustainable yield in Hawaii. To apply
ment of water in the system, and other important fea-

this equation, predevelopment valuestigiandl must

tures. be known or estimated, and some desired minimum
equilibrium headh,, must be established. In many

CALCULATION OF SUSTAINABLE YIELD areas, values fdry are poorly known and must there-

USING THE ROBUST ANALYTICAL fore be estimated. The value fdas generally equated

to the recharge from a water budget of predevelopment
conditions. The value fdi, is selected to preserve the

The one-dimensional RAM used by CWRM to quality of water produced at steady-state conditions

estimate sustainable yield in Hawaii incorporates the (State of Hawaii, 1992, p. B3).

horizontal-flow assumption (see, for example, Beatr, In Hawaii, RAM is used for all freshwater-lens
1972) and the Ghyben-Herzberg relation and is systems and in areas where dike-impounded water is
described in detail in the appendix. By the assumptionsglominant or extends to the coast (State of Hawaii, 1992,
used to derive RAM (Mink, 1980), for any location in p. 120). According to the State Water Resources Protec-
the aquifer, the ratio of the hydraulic head squared to the¢ion Plan, where the initial heala, in the aquifer was
total flow rate through the aquifer is constant. Thus, thelow, the ratiohghg must be large and the ratiax| must

MODEL (RAM)

following relation is assumed to be true: be small (State of Hawaii, 1992, p. B3). Also according
h-2/0n = h.2/ 1 to the State Water Resources Protection Plan, the ratio
07Qo0 = he/Qe, (1) he:hg “used to obtain sustainable yield is based on expe-

where, ho= hydraulic head [L], relative to mean sea rience with known aquifers, such as those of Honolulu
» o= 1Y ’ and southern Oahu” (State of Hawaii, 1992, p. B4). Val-

level, at locatiorx for flow rateQg .
_ : ' .. ues ofhghgandD:l used by CWRM for given values of
Qg = steady-state rate of flow through aquifer h are shown in table 1.

for predevelopment conditions

[L3/T), Limitations of RAM.--One of the major limita-
he = hydraulic head [L], relative to mean sea tions of RAM for use in estimating sustainable yield in
level, at locatiorx for flow rateQy, Hawaii is the inability of the model to account for the
Q. = steady-state rate of flow (less caprock, which creates resistance to vertical discharge
withdrawals from wells or shafts) of ground water from the aquifer to the ocean. The over-
through aquifer for development all vertical hydraulic conductivity of dike-free volcanic
conditions [L*/T], and rocks (including weathered zones) and the caprock is
x = Cartesian coordinate [L]. generally one to four orders of magnitude less than the

horizontal hydraulic conductivity of the dike-free vol-
canicrocks. Thus, the resistance to vertical discharge of
ground water to the ocean is much greater per unit area
than the resistance to horizontal ground-water flow in
the aquifer. The rate of vertical discharge is propor-
tional to the overall vertical hydraulic conductivity of
{he volcanic rocks and caprock divided by the thickness

Calculation of sustainable yield using RAM
involves pre-selection of the steady-state water level
that will occur if ground water is withdrawn at a rate
equal to the sustainable yield. This water level is
referred to as the equilibrium hedu}). For the desired
equilibrium headh,, CWRM defines the sustainable
yield, D, as the difference between the predevelopmen

6 Analytical Versus Numerical Estimates of Water-Level Declines, and a Case Study of the lao Aquifer, Maui, Hawaii



Table 1. Ratios of sustainable yield to recharge used by the State of Hawaii Commission on Water Resource
Management for aquifers in Hawaii (State of Hawaii, 1990)

Initial head, hg, Ratio of equilibrium head to Ratio of sustainable yield to
in feet above sea level initial head, hg:hg recharge, D:/
4-10 0.75 0.44
11-15 0.70 0.51
16-20 0.65 0.58
21-25 0.60 0.64
>26 0.50 0.75
of these two rock units. The ratio of vertical hydraulic Because RAM is a one-dimensional model, it can-
conductivity to thickness is known as leakance: not accurately account for the spatial distribution of
L=K,/B (4) recharge. RAM assumes that all _recharge enters the
ground-water flow system at the inland extent of the
where, L = leakance [1/T], system. Furthermore, because RAM is a one-dimen-

K, = overall vertical hydraulic conductivity of sional model, it cannot adequately account for the
the rocks where vertical discharge  geometry of the ground-water flow system. RAM also

occurs [L/T], and cannot account for the spatial variability of aquifer
B= overall rock thickness over which hydraulic properties, which affects the distribution of
vertical discharge occurs [L]. water-level declines caused by withdrawals.
RAM does not account for the concept of leakance In the following sections of this report, model-

although leakance is “all important” in controlling the calculated water-level declines from RAM are com-
response of ground-water systems to stresses (Bredepared with model-calculated water-level declines from
hoeft and Hall, 1995). Leakance is important becauseone- and two-dimensional numerical ground-water

for withdrawal to be sustained in most areas of Hawaii,flow models. One-dimensional numerical models are
natural discharge into the ocean must be reduced by ansed to demonstrate the importance of the caprock on
amount equal or nearly equal to withdrawal. The the hydrologic response of the ground-water system to
smaller the value of leakance (or the greater the resiswithdrawals, and two-dimensional (areal) numerical
tance to the diversion of water to wells), the greater ismodels are used to demonstrate the importance of rep-
the water-level decline necessary to reduce an equal resenting the spatial distribution of ground-water with-
amount of natural discharge, and the greater the wategrawals from wells. (By addressing the spatial

level decline in the well or wells. Because RAM does distribution of withdrawals, the two-dimensional mod-
not account for the presence of a caprock and the corels also indirectly address the importance of properly
cept of leakance, RAM cannot accurately predict waterrepresenting the spatial distribution of recharge.)

level declines associated with withdrawals in many

Hawaiian ground-water systems due to this limitation
alone. COMPARISONS BETWEEN RAM AND

" o ONE-DIMENSIONAL NUMERICAL
In addition to its inability to represent a caprock, MODELS

RAM cannot account for spatially distributed with-
drawals from wells and the spatial distribution of water- A simple one-dimensional ground-water flow sys-

level declines, Whic_h are greatest inthe vicinity of With-tam was used to compare model-calculated water levels
drawal wells. As will be shown in the following sec-  from RAM with steady-state water levels from sharp-
t|OnS, the One'd|men5|0nal RAM Inval‘lab|y pl‘edICtS the interface numerical ground_water ﬂOW models_ The

greatest water-level declines at the inland extent of thumerical code used was SHARP (Essaid, 1990), which
aquifer where the freshwater lens is thickest and the sjmulates flow in ground-water systems containing

potential for saltwater intrusion is lowest. freshwater and saltwater and treats freshwater and salt-
water as immiscible fluids separated by a sharp inter-

Comparisons Between RAM and One-Dimensional Numerical Models 7



face. The ground-water flow system was assumed to where, Q = rate of discharge from the aquiferyi],

consist of an aquifer that is unconfined inland and that L = confining unit leakance, [1/T],

is confined by a caprock near the shore and offshore. A. = plan area of confining unit fl,

The numerical model grid used to represent the flow h = hydraulic head in the aquifer [L], relative
system consists of 44 cells; each cell is 2,000 ft long and to mean sea level, at the discharge
extends to a depth of 6,000 ft below sea level (fig. 2). boundary, and

h' = hydraulic head above the confining unit

Recharge to the system was assumed to be a con- :
[L], relative to mean sea level.

stant value of 20 Mgal/d per mile of aquifer width and
enter the system at the inland extent of the aquifer. The ~ For onshore areals, was assumed to be equal to
restriction that recharge enter the system at the inlandzero. For offshore areds,was assigned a value corre-
extent of the aquifer is necessary because RAM cannogponding to the freshwater-equivalent head of the salt-
represent spatially varying recharge. water column overlying the ocean floor within the cell.
The freshwater-equivalent head, measured relative to a

The horizontal hydraulic conductivity of the aqui- mean sea level datum, was computed from the equation:

fer was assumed to be a constant value of 1,500 ft/d,
corresponding to a highly permeable volcanic-rock h' = -Z/40, (6)
aquifer. The analysis was restricted to highly permeable
volcanic-rock aquifers because vertical head gradientgv
are expected to be small in magnitude relative to verti-
cal head gradients in poorly permeable aquifers. Bothzero Ground-Water Withdrawals

RAM and the numerical models used in this study

assume that flow is horizontal, a condition which is less For zero ground-water withdrawals, model-calcu-
likely to occur in poorly permeable aquifers. lated steady-state water levels from the numerical mod-
els were 6.3, 30.6, and 52.5 ft above sea level at the

The confining unit that overlies the aquifer near the d extent of th fined part of th tom {
coast is represented in the numerical models as a segzoaward extent ot the uncontined part ot the system for

. ; . .. caprock vertical hydraulic-conductivity values of 15,
ward-thickening wedge of coastal sedimentary deposit : :
that is 40 ft thick at the inland extent of the confining %'15’ and 0.075 f/d, respectively (figs. 3 and 4). Lower

unit and 1,000 ft thick at the shore (fig. 2). Offshore, thevertlcql hydrauhc-conductlwty val_ues for the cap_rock
: : result in a greater resistance to discharge and higher
caprock is assumed to have a constant thickness of

. : water levels.
1,000 ft. Discharge through the caprock is assumed to

be in the vertical direction. Three different values of In the absence of ground-water withdrawals, an
caprock vertical hydraulic conductivity were tested ~ analytical equation (see equation a4 in the appendix)
with numerical models: 15. 0.15. and 0.075 ft/d. The thatforms the basis of RAM can be used to compute the
vertical hydraulic-conductivity value of 0.15 ft/d is rep- Stéady-state water-table profile in a one-dimensional

resentative of the Pearl Harbor aquifer of southern Oah@auifer if the water level is known at the seaward extent
(Souza and Voss, 1987). The range of leakance valueyf the unconfined part of the aquifer. To allow for direct

represented in the one-dimensional numerical models i§omparisons between the analytical equation and

about 0.000075 (=0.075/1,000) to 0.375 (=15/40) feetnumerlcal quels, the water IeveI' at the seaward e_xtent
.of the unconfined part of the aquifer for the analytical
per day per foot. The range of leakance values tested iS . .
) . : .equation was assigned the same value as the corre-
consistent with the range of values estimated for Hawai- . )
ian ground-water flow systems (table 2) sponding water level from the numerical model. Thus,
9 y ' in the analytical equation, the water level at the seaward
Discharge from the aquifer to the ocean was modextent of the unconfined part of the aquifer was
eled as a head-dependent discharge boundary conditioassigned values of 6.3, 30.6, and 52.5 ft above sea level
The rate of freshwater discharge is assumed to be linfor the three different cases, corresponding to the three
early related to the leakance and head in the aquifer caprock vertical hydraulic-conductivity values tested
according to the equation: with the numerical models. For zero ground-water with-
, drawals, the model-calculated water-table profiles from
Q=LA(h~H) (5) 0

the numerical models are in close agreement with the

hereZ is the altitude of the ocean floor.

8 Analytical Versus Numerical Estimates of Water-Level Declines, and a Case Study of the lao Aquifer, Maui, Hawaii



“Jajinbe ay1 Jo 1ed pauluosun ayl Jo ‘AjaAndadsal ‘JUaIxe plemeas 1o ‘a|ppiw ‘QuUaIxXa pue|ul ayl jeau woly buidwnd o1 Buipuods
-91102 ‘GT 10 ‘6 ‘Z S[192 wouy parenwis sI buidwnd ‘|gpow reuoisuawip-auo ayl Jo4 (plb [opow [euoisuswip-oMm] 8y} 0} Z Mol) plib
[9POW [BUOISUSWIP-3UO 3U} JO Z |19 [9pOoW 03Ul padnpoJul sI abreyday ‘Buoj 1898} 000'Z d.e S||199 [apow ||y 'S||99 abreyasip wap
-uadap-peay ale (pub [9pow [euoISUBWIP-0M] 3U} JO £ 01 9T SM0J 0} Buipuodsaliod) plb |9pow [eUOISUBWIP-3UO Y} JO € 01 9T
S||192 [9POIA "S||92 9|gel-iarem ‘pauluodun ale (pub |9pow [euoisusWIP-0M1 83U} JO GT 01 g Smol 01 Bulpuodsallod) pub |apow [euols
-UBWIP-8U0 8y} JO GT 01 Z S||92 |9POIA "SPLIB [9pOoWw-[edllawnu [eUOISUBWIP-0M] PUE -8U0 38U} JO UONDSS SS0JI [ed1aA g ainbiq

3eds [eozIoH

[ I 1
1334 000 0¢ 0000T 0 HIGWNN 1130

v €V ¢V Tv OF 6€ 8¢ LE 9€ GE VE €€ ¢E€ TE€ 0€ 6¢ 8C LZ 9¢ GC ¥¢ €¢ ¢¢ T¢c 0¢ 6T 8T LT 9T ST v1T €T ¢T 1T OT 6 8 L 9 S ¥ € ¢ 1

000°9-

000°G-

000'-

000°¢-

= 000°¢-

— g — 000°T-

||I92 Arepunog moj-oN L] —

\ i [ELERRCELS

(3o01de2) nun Buiuyuod

000‘T
189 Arepunog moj}-oN 1334

aulseo) — |

ayinbe pauyuoosun
4O JUBIX8 premeas

¥o0ided jo
JUBIX3 puejul pue

9

Comparisons Between RAM and One-Dimensional Numerical Models



Table 2. Values of leakance for coastal discharge areas in Hawaii

Leakance

Area (feet per day per foot) Reference
Oahu, northern 0.0000721 Oki, 1998
Oahu, southern 0.00001-0%03 Oki, 1998
Oahu, southeastern 0.0004-¢03 Eyre and others, 1986
Molokai, northern 0.1 Oki, 1997
Molokai, southern 0.001-(*3 Oki, 1997
Hawaii, northwestern 0.01-0.1 Underwood and others, 1995
Hawaii, western 0.05 Oki, 1999

3 _eakance is dependent on the thickness of the confining unit and is therefore spatially variable.

water-table profiles from the analytical equation (figs. 3 stresses in Hawaii (Underwood and others, 1995; OKki,

and 4). 1997; Oki, 1998).
The model-calculated water-table profiles fromthe
Ground-Water Withdrawals numerical models (figs. 3 and 4) indicate that, for a

given withdrawal rate and location, lower values of

For ground-water systems in Hawaii with a low- Ccaprock vertical hydraulic conductivity cause greater
permeability coastal confining unit, predevelopment Water-level declines relative to predevelopment (zero
water levels generally ranged from about 10 to 40 ft Withdrawal) conditions. As described previously, the
above sea level. For these systems, CWRM assumeslower the value of caprock vertical hydraulic conductiv-
that at least 50 percent of the total ground-water ity (or leakance), the greater is the steady-state water-
recharge to the aquifer can be withdrawn (table 1). Forevel decline needed to reduce an equal amount of nat-
systems with predevelopment water levels greater thatiral discharge (see the section “Hydrologic Effects of
26 ft above sea level, CWRM assumes that as much a¥/ithdrawal from a Ground-Water System”).

75 percent of the total recharge to the aquifer can be The model-calculated water-table profiles (figs. 3
withdrawn (table 1). Thus, the one-dimensional numerand 4) from the numerical models also indicate that for
ical models were used to simulate steady-state water a given value of caprock vertical hydraulic conductivity
levels that result from withdrawing 50 percent (fig. 3) or and withdrawal rate (1) the water-level declines at the
75 percent (fig. 4) of the recharge to the aquifer. inland extent of the discharge boundary (caprock) are
Water-table profiles were simulated for each of the same regardless of where the withdrawal site is

three caprock vertical hydraulic-conductivity values ~located inland from the caprock, and (2) water-level
(0.075, 0.15, and 15 ft/d) and for each of three differentdeclines at withdrawal sites are greater for inland with-
locations of withdrawal (at the inland extent of the drawal sites than for withdrawal sites near the caprock.
unconfined part of the aquifer, near the middle of the These results are consistent with the expected response
unconfined part of the aquifer, and near the seaward ©f @ ground-water system to withdrawal (see the section
extent of the unconfined part of the aquifer). The sea-Hydrologic Effects of Withdrawal from a Ground-

ward extent of the unconfined part of the aquifer is the/Vater System).

same as the inland extent of the caprock discharge RAM also was used to compute the water-table
boundary. In a one-dimensional model, withdrawal is profiles that would result if either 50 or 75 percent of the
implicitly assumed to occur uniformly along the entire total 20 Mgal/d per mile recharge was withdrawn (figs.
width of the aquifer. In the numerical model, the simu-3 and 4). By the assumptions of RAM, all ground-water
lated withdrawal was restricted to the freshwater part ofwithdrawals are assumed to occur at the inland extent of
the system; that is, no saltwater was withdrawn. Resultshe aquifer because withdrawals are represented as a
from this study are consistent with results from pub- reduction in recharge. RAM predicts that if 50 percent
lished numerical models, which have shown that lea- of the recharge is withdrawn, then the resulting steady-
kance is one of the major factors controlling the state water levels are uniformly 0.707 (equal to the
response of ground-water systems to natural orimposegquare root of 0.5) multiplied by the predevelopment

10 Analytical Versus Numerical Estimates of Water-Level Declines, and a Case Study of the lao Aquifer, Maui, Hawaii
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steady-state water levels (see equation 3). Similarly, accounting for the hydrologic effects of a low-

RAM predicts that if 75 percent of the recharge is with-permeability caprock on water levels at the withdrawal
drawn, then the resulting steady-state water levels aresite becomes increasingly important as the withdrawal
uniformly 0.5 (equal to the square root of 0.25) multi- rate increases.

plied by the predevelopment steady-state water levels £ canrock vertical hydraulic-conductivity values

(see equation 3). 0f0.075 and 0.15 ft/d, the maximum difference between
Model results indicate that for the case of an aquimodel-calculated water levels from RAM and the

fer overlain by a coastal caprock with a high vertical numerical models is at the inland extent of the caprock
hydraulic conductivity (15 ft/d), (1) the model- (figs. 3B and C, and 4B and C). For the case of with-

calculated water-table profile from RAM is almost drawing 50 percent of the recharge, model-calculated
identical to the model-calculated water-table profile  water levels from RAM are higher than those from the
from a one-dimensional numerical model if withdrawal numerical models at the inland extent of the caprock by
in the numerical model is represented at the inland 4.1 and 7.3 ft for caprock vertical hydraulic conductiv-
extent of the aquifer, and (2) model-calculated water ity values of 0.15 and 0.075 ft/d, respectively (table 3).

levels from RAM are generally lower than or at the The differences in model-calculated water levels

same altitude as model-calculated water levels from 3rom RAM and the numerical models result from the
one-dimensional numerical model if withdrawal in the inability of RAM to adequately account for the hydro-
numerical model is from sites other than at the inland logic effects of a coastal confining unit. Because RAM

extenf[ of the aquifer (figs. 3A and .4A; table 3). As ._assumes that discharge from the system is not impeded
described previously, withdrawal sites closer to the dISby a coastal confining unit, RAM tends to underesti-

charge bqundary are expected to cause smaller wateliate steady-state water-level declines caused by with-
level declines than sites farther from the discharge

) . drawals for cases in which a low-permeability confinin
boundary, all other factors being equal (see the section P Y g

i . unit is present.
“Hydrologic Effects of Withdrawal from a Ground- _ _
Water System”). The Ghyben-Herzberg relation (see appendix)

indicates that for every foot of water-level decline, the

Forlower values of caprock vertical hydraulic con- ition of the freshwater-saltwater interface will rise
ductivity (0.075 and 0.15 ft/d), the model-calculated by 40 ft. Except for cases in which water is withdrawn
water levels from RAM are higher than those from one+. . the inland extent of an aquifer without a low-

dimensional numerical quels atthe sit_e of withdrawalpermeability coastal caprock, model-calculated water-
represented in the numerical mo_dels “'95- 3BandC, level declines (and interface rises) from RAM and from
and 48 and C). For the case_of Wlthdra_wmg 50 percent,  merical models generally differ (figs. 3 and 4). RAM
of the recharge from an aquifer overlain by a caprock y o gicts that the interface beneath sites of withdrawal
with a vertical hydraulic conductivity of 0.15 ft/(.j' will rise to a lesser extent than indicated by one-dimen-
model-calculated water levels from RAM are higher  gjona1 nymerical models representing aquifers that are

than those from the numerical models at the withdrawalconﬁned by a low-permeability caprock (figs. 3B and

site by 3.2 ft (withdrawal at inland extent of aquifer) to C, and 4B and C). For the case of withdrawing 50 per-
4.1 ft (withdrawal at inland extent of cap_rock) (fig. 3B ent of the recharge from an aquifer overlain by a

and C; table 3). For the case of withdrawing 75 percent., ;o with a vertical hydraulic conductivity value of
Of, the rech_arge from an aquifer derla|n by a caprock 0.15 ft/d, model-calculated water levels from RAM are
with a vertical hydraulic conductivity of 0.15 ft/(,j' higher than those from the numerical models at the
model-calculated water levels from RAM are higher s qrawal site by 3.2 to 4.1 ft. Thus, at the withdrawal
than those from the numerical models at the withdrawaljie he corresponding freshwater-saltwater interface
site by 3.9 ft (withdrawal at inland extent of aquifer) o qition predicted by RAM is 128 to 164 ft deeper than
5.0 ft (withdrawal at inland extent of caprock) (fig. 4B j,qjcateq by the numerical models (fig. 3B). In Hawaii,

and C;. table 3). At the site.c_)f withdrawal in an aquife_\r management practices have generally assumed that it is
overlain by a low-permeability coastal caprock, the d'f'desirable, where possible, to maintain about a 100 ft

ference in model-calculatgd water Ievgls'from R_AM zone of freshwater between the bottom of a withdrawal
and the numerical models increases with increasing ratg || and the top of the brackish-water transition zone
of withdrawal. This result indicates that properly

Comparisons Between RAM and One-Dimensional Numerical Models 13



Table 3. Differences between model-calculated water levels from RAM and the numerical models at selected sites

Numerical model

Location of withdrawal
well in the unconfined
part of the aquifer

Difference between water levels predicted

by RAM and the numerical model at

different locations in the unconfined part

of the aquifer, in feet 2@

Seaward Inland
extent Middle extent

One-dimensional modelK, = 0.075 feet per da9

One-dimensional modelK, = 0.15 feet per day

One-dimensional modelK, = 15 feet per da§?

Two-dimensional model K, = 0.15 feet per day

50 percent of recharge withdrawn

seaward extent
middle
inland extent

seaward extent

middle
inland extent

seaward extent
middle
inland extent

seaward extent
middle
inland extent

7.3 54 3.6
7.3 7.0 5.0
7.3 7.0 6.7

4.1 1.3 -1.0
4.1 3.6 0.8
4.1 3.6 3.2
-0.1 -3.9 -5.9
0.0 0.0 -3.4
0.0 0.0 0.0
11.5 1.7 -1.0
4.6 9.3 1.3
4.2 4.2 111

One-dimensional modelK, = 0.075 feet per da9

One-dimensional modelK, = 0.15 feet per day

One-dimensional modelK, = 15 feet per da§?

75 percent of recharge withdrawn

seaward extent
middle
inland extent

seaward extent
middle

inland extent
seaward extent
middle

inland extent

9.2 51 14
9.2 8.7 4.3
9.2 8.7 8.2

5.0 -0.6 -4.6
5.0 4.4 -1.2
5.0 4.4 3.9
-0.3 -6.8 -10.2

-0.1 0.0 -6.2
-0.1 0.0 0.0

3Positive differences indicate that the water level predicted by RAM is greater than the water level predicted by the maaheli€alr the two-

dimensional numerical model, differences were computed along a line through the well, and perpendicular to the coast.

bK, is the vertical hydraulic conductivity of the caprock confining unit.

(Mink and others, 1988). Therefore, underestimating also were compared with water levels from RAM. The
numerical code SHARP (Essaid, 1990) also was used
for the two-dimensional models. The geometry of the
two-dimensional ground-water flow system was the
same as the one-dimensional system described previ-
ously, except that the two-dimensional system was dis-
cretized perpendicular to the coastline. The numerical
model grid used to represent the flow system consists of
1,188 square cells, each 2,000 ft long by 2,000 ft wide,
arranged in a rectangular array with 44 rows and 27 col-
steady-state water levels from two-dimensional (areal)umns. As with the one-dimensional system, the hori-
sharp-interface numerical ground-water flow models zontal hydraulic conductivity of the aquifer was

water-level declines by a few feet is significant and
could lead to saltwater intrusion into some wells.

COMPARISONS BETWEEN RAM AND
TWO-DIMENSIONAL NUMERICAL
MODELS

Although RAM is a one-dimensional model,

14 Analytical Versus Numerical Estimates of Water-Level Declines, and a Case Study of the lao Aquifer, Maui, Hawaii



assumed to be a constant value of 1,500 ft/d, and the Although RAM predicts that the ratio of develop-
recharge to the system was assumed to be a constantment heads to predevelopment hedgshg) is 0.707 at
value of 20 Mgal/d per mile of aquifer width and uni- all locations if 50 percent of the recharge is withdrawn,
formly enter the system at the inland extent of the aquiresults from the two-dimensional numerical models
fer. The coastal confining unit in the two-dimensional indicate that for a caprock vertical hydraulic-conductiv-
system was represented using the same geometry asit value of 0.15 ft/d, the ratibi:hy is (1) spatially vari-
the one-dimensional system. The caprock vertical  gp|e, (2) less than 0.5 near the sites of withdrawal,

hydraulic-conductivity value tested with the two- where maintaining higher water levels is generally most
dimensional system was 0.15 ft/d, which is a reasonabléy ortant, (3) less than 0.707 for all locations if water
value for low-permeability coastal sedimentary depos-g yithdrawn at a site that is inland from the middle of

Its. the unconfined part of the aquifer, and (4) equal to
0.707 only along a single line in the aquifer (in plan
Zero Ground-Water Withdrawals view) if water is withdrawn near the seaward extent of
the unconfined part of the aquifer (fig. 7).
For zero ground-water withdrawals, the model-cal-  \jodel results indicate that water levels from RAM

culated water level at the seaward extent of the Uncons,e as much as 11.5 ft higher than water levels from a
fined part of the system was 30.6 ft above sea level for,5_dimensional numerical model at the site of with-
the numerical model. The water level at the seaward y,awval (table 3). Thus, on the basis of the Ghyben-
extent of the unconfined part of the aquifer for the anage;herg relation, RAM predicts that the position of the
lytical equation (equation a4) was assigned the same gropyater-saltwater interface is as much as 460 ft
value of 30.6 ftabove sea level. The water-table pmf”esdeeper than indicated by the two-dimensional numeri-
from the analytical equation and numerical model were 5| model. Spatially, the differences between model-
in close agreement. Although the numerical model is .- lated water levels from RAM and model-calcu-

discretized in two dimensions (areally), the flow field |0 water levels from the numerical models are great-

for tr;s ca;e |s_fone|—d|rr|1en3|(?]nal p:;:]aufsi recha_:cge IS est in the most critical areas, which are near the sites of
Introduced unitormly along the width of the aquiter at | ;ihyrawal. The inability of RAM to adequately

the '_”'?”‘_’ exte_:nt of the systgm. Thus, the Watgr-table account for the spatial distribution of withdrawals (or
profile is identical to the profile from the one-dimen- recharge) is a major limitation of RAM

sional numerical model without withdrawals (fig. 3B).
It should be noted that the simulated water-level

_ decline in a numerical-model cell may be much less
Ground-Water Withdrawals than the actual decline at the withdrawal well because
o ] ) ) ) ~ the simulated water-level decline represents the average

Unlike in & one-dimensional model in which with- yecjine over an entire cell rather than the maximum at a
drawal is implicitly assumed to occur uniformly along giyen point. In addition, the actual water-level decline
the entire width of the aquifer, in a two-dimensional iy, ihe immediate vicinity of partially penetrating with-
(areal) model withdrawal can be nonuniformly distrib- 4.4 wells may be much greater than simulated with
uted at individual sites in the aquifer. Water-table pro-,. . -\ merical model because a single-layer numerical

f”.e;ﬁ(;’vere ﬁ'rrlljtlﬁ te_dlfor deacth OI ﬂ;rﬁ]e d|ffererf\_t sges 0Imodel cannot account for vertical head gradients in the
withdrawal: at the iniand extent ol the uncontined par aquifer. On the other hand, because a single-layer

of the aquifer (f!g. 5)’. near the midde of the unconfined numerical model cannot account for vertical flow, the
part of the aquifer (fig. 6), and near the seaward extent

) _ ; ical I ) he rise i "
of the unconfined part of the aquifer (fig. 7). Each of the numerical model may overe_stlmate the rise in pos_ltlon
o ; ; . of the freshwater-saltwater interface caused by with-
individual withdrawal sites represented in the two-

dimensional system was placed along the centerline drawal from a partially penetrating well, especially for

(perpendicular to the coast) of the aquifer. The numerFigth anisotropic aquifers in which the vertical hydrau-

cal models were used to simulate steady-state water ley~ conductivity is several orders of magnitude less than

els that result from withdrawing 50 percent of the total the horizontal hydraulic conductivity.
ground-water recharge to the aquifer.

Comparisons Between RAM and Two-Dimensional Numerical Models 15
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Figure 5. Model-calculated ratios (from a two-dimensional numerical ground-water flow model) of steady-state
water levels for withdrawal conditions (h,) to steady-state predevelopment water levels (hg) in the unconfined
part of the aquifer for the case of withdrawing, from a well near the inland extent of the aquifer, 50 percent of the
total ground-water recharge. Recharge enters the system uniformly at the inland extent of the aquifer at the rate
of 20 million gallons per day per mile of width. The horizontal hydraulic conductivity of the aquifer is 1,500 feet
per day, and the vertical hydraulic conductivity of the caprock confining unit is 0.15 feet per day.

16 Analytical Versus Numerical Estimates of Water-Level Declines, and a Case Study of the lao Aquifer, Maui, Hawaii



COLUMN
9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

8
ENEEEENEEEEEEEEEEEEN

et e

B
| B
B -
| &
B~
| B

© 0 N O 0 b~ W NP

N
[
EEEEEEEEEEEEEEEEEEEEE e -

[ R e e L i O e
S © ® N O b WN PR O

ROW
NN
w N

NN
o b

- B SRecrion

W W N NN
P O © ® N o

. SEAWARD
DIRECTION

AW W W W W W w w
© © 00 N O g b W N

P
w N

||
[T [ ] [ ] [ ] [ ] |
« IHNEEEEEEEEEEEEEEEEEEEEEEEE

0 2 4 6 x1,000FEET
[ E—

EXPLANATION
[ NO-FLOW BOUNDARY CELL ——  LINE OF EQUAL hghy RATIO

] HEAD-DEPENDENT DISCHARGE CELL ®  WELL THAT WITHDRAWS 50 PERCENT OF THE
TOTAL RECHARGE TO THE AQUIFER
[] UNCONFINED, WATER-TABLE CELL

Figure 6. Model-calculated ratios (from a two-dimensional numerical ground-water flow model) of
steady-state water levels for withdrawal conditions (h,) to steady-state predevelopment water levels (hg)
in the unconfined part of the aquifer for the case of withdrawing, from a well near the middle of the
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The horizontal hydraulic conductivity of the aquifer is 1,500 feet per day, and the vertical hydraulic con-
ductivity of the caprock confining unit is 0.15 feet per day.
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width. The horizontal hydraulic conductivity of the aquifer is 1,500 feet per day, and the vertical hydraulic
conductivity of the caprock confining unit is 0.15 feet per day.
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CASE STUDY OF THE IAO AQUIFER, MAUI Ground-Water Withdrawals

The lao aquifer lies on the northeastern flank of the Four major well fields (shaft 33, Mokuhau,
West Maui Volcano. As delineated by CWRM, the  Waiehu Heights, and Waihee) are in the part of the lao
aquifer system extends from the mountainous crest ofaquifer containing a freshwater lens, and the Kepaniwai
the volcano to the ocean (fig. 8). The aquifer system isvell field is in the upgradient area containing dike-
the main source of domestic water for Maui, accountingimpounded water (fig. 8; table 4). The freshwater lens is
for about 76 percent of the water supplied by the Mauthe main source of water from the lao aquifer. Major
County Department of Water Supply (DWS) on the  withdrawal of ground water from the part of the aquifer
island in 1998 (Meyer and Presley, 2000). containing a freshwater lens began in 1948 at shaft 33
(fig. 8). Water from shaft 33 was originally used for
agricultural purposes. The Mokuhau well field was con-
structed in 1953 for domestic supply. Two additional
This section describes the major features of the Well fields were constructed in the late 1970’s (Waiehu

geohydrologic setting of the lao aquifer area. Meyer andeights in 1977 and Waihee in 1979) and the remaining

Presley (2000) provide a more detailed description. Well field, Kepaniwai, was first used in 1977. Water
from all of these well fields is presently (1999) used for

The West Maui Volcano has a central caldera and . :
domestic supply. Nearly all of the water presently with-

two main rift zones that trend in northwestern and drawn from the aquifer is from these five well fields
southeastern directions from the caldera (fig. 9). Thou- d

sands of dikes exist within the rift zones of West MauiOper""te(j by the Maui DWS.

Volcano, with the number of dikes increasing toward In 1990, the sustainable yield of the lao aquifer
the caldera and with depth. Additional dikes exist out-was set at 20 Mgal/d by CWRM (State of Hawaii,

side the general trends of the rift zones, creating a radial 990). The sustainable-yield valu)(was derived
pattern of dikes emanating from the caldera (Macdonaldhssuming a predevelopment recharge fatef(31.57

and others, 1983). Thousands of lava flows emanatedwvgal/d and a ratio ob:l equal to 0.64 (Mink, 1995).
from vents in and near the caldera and rift zones. VolcaThe D:| ratio is obtained from table 1 with a predevel-
nic rocks in the lao aquifer consist mainly of the shield-gpment headhg) of 25 ft. Average annual withdrawal
stage Wailuku Basalt, which is overlain in places by thej, 1990 was 17.31 Mgal/d, a value that was approached
Honolua Volcanics (Stearns and Macdonald, 1942, 4nce pefore in 1975 (table 5). Average withdrawal rates

Langenheim and Clague, 1987). The dike-free flank jcre45ed steadily between 1985 and 1990, however,
flows of the Wailuku Basalt are generally thin-bedded and this increase continued through 1995 when with-

and highly permeable and extend to depths far beIOWdrawal peaked at 20.50 Mgal/d. The average rate of

Eeasleea/iié\éct);arélg rggil: ':etgftﬁo;q;;ﬁ;iar%;) Verlamincrease from 1985 through 1995 was 0.86 Mgal/d per
y ydep 9 o year. Average 1996 withdrawal was 20.35 Mgal/d,
The general movement of ground water in the laoabout equal to the 1995 rate. Withdrawal was reduced to

aquifer is from the dike-impounded ground-water sys-19.10 Mgal/d in 1997 and to 17.90 Mgal/d in 1998
tem near the mountainous interior toward the ocean (figtaple 5).

1). Dike-impounded ground water occurs at levels as

high as 2,000 ft above sea level. A freshwater-lens sys-

tem exists within the dike-free volcanic rocks that Measured Water Levels and Comparisons with

extend beyond the dike-impounded system. Water levRAM-Predicted Equilibrium Heads

els measured in wells in the freshwater-lens system of

the dike-free volcanic rocks have been as high as 37 ft ~ The use of RAM by CWRM for estimating

above sea level (Meyer and Presley, 2000). In the laosustainable-yield values for the State’s aquifers is rela-
aquifer, the less-permeable sedimentary deposits thattively recent (1990). Data from the lao aquifer are now
overlie the Wailuku Basalt near the shoreline form a available that allow an evaluation of the model’s predic-
confining unit that impedes the discharge of water fromtive capability for the aquifer.

the volcanic-rock aquifer into the ocean.

Geohydrologic Setting

Case Study of the lao Aquifer, Maui 19



156°34"

156°32' 156°30'

20°56' -

—

20°54° x

20°52

T T

/ Waiehu deep
. monitor well and
1 Test hole D

Sream

Waiehu
__Heights
\

ITest &

~  {holeE &
\

Mokuhay/

ZuD N N
7/ Wailuku/
<

120~z === / I .
--”“-'—a-"-"~—\‘2'{e/, @ '\?haft 33\\ /,/ |
oo VA
FRESHWATER- | | AN
LENS SYSTEM * \ NN
N NN N \
TN
\
\
\
\
\
\
\
\
AY
\
\
\
\
\\
\
1
\
\
\
1
I
|
Base modified from U.S. Geological Survey 0 1 2 MILES
digital data, 1:24,000, 1983, Albers equal area | | |
projection, standard parallels 20°35' and 21°00, EXPLANATION I I I
central meridian 156°20" 0 1 2 KILOMETERS

Pacific OCQ%

Shaft 33
aSe

Test
hole B o)

484
&

IAO AQUIFER STUDY-AREA BOUNDARY
DITCH OR TUNNEL

INFERRED BOUNDARY BETWEEN DIKE-IMPOUNDED GROUND
WATER AND FRESHWATER-LENS SYSTEM (modified from Yamanaga and Huxel, 1970)

WITHDRAWAL WELL OR WELL FIELD AND NAME

WELL FIELD WITH WITHDRAWAL AND WATER-LEVEL OBSERVATION WELLS
AND NAME

WATER-LEVEL OBSERVATION WELL AND NAME

RAIN GAGE AND STATE NUMBER
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Table 4. State numbers and names of selected wells in the lao aquifer, Maui, Hawaii

State well
number Well name Use of well

5330-05 Shaft 33 withdrawal and water-level observation
5330-07 Test hole 15D water-level observation
5330-09 to -11 Mokuhau withdrawal and water-level observation
5332-05 Kepaniwai withdrawal
5430-01, -02 Waiehu Heights withdrawal
5430-03 Test hole E water-level observation
5430-04 Test hole D water-level observation
5430-05 Waiehu deep monitor water-level observétion
5431-01 Test hole B water-level observation
5431-02 to -04 Waihee withdrawal

a\ell also used for vertical salinity-profile information.

Water-level data of most interest for this discus- tively. In addition, because of changes in irrigation
sion are from the 1990'’s, when total withdrawal practices, changes in types of crops grown, and reduc-
increased and reached (in 1995 and 1996) the sustairtion in agricultural acreage, estimated recharge from
able-yield value used by CWRM. Water levels near irrigation decreased from 17 Mgal/d during 1926-79, to
shaft 33 were measured intermittently from 1940 6 Mgal/d during 1980-85, to 2 Mgal/d during 1986-95
through 1970. After 1970, water levels were not mea- (Shade, 1997). The water-level declines (fig. 12) were
sured until 1996 when measurements were made in oneot continuous, however, indicating that water levels
of the unused wells at shaft 33 (fig. 10). Water levels atare influenced by a factor or factors in addition to
and near Mokuhau well field were measured from 1951increased withdrawals from the Waiehu Heights and
to 1979. After 1979, water levels were not measured Waihee well fields and decreased recharge from irriga-
until 1998 when measurements were made in one of th&éon. During the 1980’s, water levels rose above 1977
unused wells in the Mokuhau well field (fig. 11) (Meyer and 1979 water levels because of reduced withdrawals
and Presley, 2000). Water levels near Waihee and  from the Mokuhau well field and shaft 33 and variations
Waiehu Heights well fields can be inferred from water-in rainfall. Between 1977 and 1991, trends in water lev-
level measurements made at the nearby Waiehu deegels in the vicinity of the two well fields correlate closely
monitor well and at test holes B, D, and E (fig. 12)  to the 12-month departure of rainfall from mean rainfall
(Meyer and Presley, 2000). Given their locations (fig. (Meyer and Presley, 2000) (fig. 12). From 1992
8), water levels in the Waiehu deep monitor well and onward, however, there is little correlation between
test holes B and D can be considered representative ainfall and water levels. Average water levels declined
water levels at Waihee well field, and water levels at from 1990 through 1996, in apparent response to
test holes B and E can be considered representative dfcreased withdrawals from the aquifer between 1990
those at Waiehu Heights well field. and 1996. Although withdrawal was reduced in 1997,
water levels continued to decline through 1997. Further

Changes in water levels in observation wells in the _ ¢ with i lted i liah
area of Waiehu Heights and Waihee well fields indicate"€duction of withdrawal in 1998 resulted in a slight

that water levels in the lao aquifer respond to changeéncre""sedIn wafifter levels. IChalng%s mhraln;fall WOfUIO! Ee
in withdrawals, rainfall, and recharge from irrigation. expected to affect water levels, but the effect of with-

Between April 1977 and April 1997, water levels drawal on water levels is more significant than the
declined by about 6 ft near these wells (from about 15effect of recent (1990-98) changes in rainfall. Average

to 16 ft above sea level in April 1977 to about 9 to 10 ft 1998 water levels are about 10 ft above sea level at all

above sea level in April 1997) (fig. 13). During this  ©f the well fields.

period, withdrawals from the Waiehu Heights and The RAM-predicted equilibrium heads,, associ-
Waihee well fields increased and recharge from irriga-ated with the 20 Mgal/d value of sustainable yield used
tion decreased. Withdrawals at the Waiehu Heights andby CWRM can be determined in two ways: (1) by using
Waihee well fields started in 1977 and 1979, respec-
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Table 5. Annual ground-water withdrawal from the lao aquifer, Maui, Hawaii

[Values in million gallons per day, or percentage where noted; --, not applicable; data from Maui Department of WaterdSupplpished data from
Wailuku Sugar Co. in U.S. Geological Survey well files, Honolulu]

Well field .
Domestic
Waiehu (percentage
Year Heights Waihee Kepaniwai Mokuhau Shaft 33 Total Domestic of total)
1948 -- -- -- -- 2.00 2.00 0.00 0.0
1949 - - - -- 1.99 1.99 0.00 0.0
1950 - - - -- 1.77 1.77 0.00 0.0
1951 - - - -- 3.70 3.70 0.00 0.0
1952 -- -- -- -- 3.05 3.05 0.00 0.0
1953 - - - -- 9.77 9.77 0.00 0.0
1954 - - - -- 6.11 6.11 0.00 0.0
1955 - - - 1.10 1.31 2.41 1.10 45.6
1956 -- -- -- 0.66 0.83 1.49 0.66 44.3
1957 - - - 1.19 6.12 7.31 1.19 16.3
1958 - - - 1.22 0.67 1.89 1.22 64.6
1959 - - - 1.43 4.15 5.58 1.43 25.6
1960 -- -- -- 1.59 5.65 7.24 1.59 22.0
1961 - - - 2.25 5.64 7.89 2.25 28.5
1962 - - - 2.04 7.97 10.01 2.04 20.4
1963 - - - 2.06 0.85 2.91 2.06 70.8
1964 -- -- -- 2.79 6.00 8.79 2.79 31.7
1965 - - - 2.67 4.68 7.35 2.67 36.3
1966 - - - 3.12 4.69 7.81 3.12 39.9
1967 - - - 2.91 3.08 5.99 2.91 48.6
1968 -- -- -- 2.88 6.28 9.16 2.88 314
1969 - - - 3.61 1.18 4.79 3.61 75.4
1970 - - - 3.98 5.08 9.06 3.98 43.9
1971 - - - 4.34 11.65 15.99 4.34 27.1
1972 -- -- -- 4.66 9.45 14.11 4.66 33.0
1973 - - -- 5.16 8.11 13.27 5.16 38.9
1974 -- - -- 5.44 9.11 14.55 5.44 37.4
1975 - - - 6.40 10.56 16.96 6.40 37.7
1976 -- -- -- 6.69 6.37 13.06 6.69 51.2
1977 0.38 - 0.04 8.10 6.39 14.91 8.52 57.1
1978 0.46 - 0.01 8.29 3.14 11.90 8.76 73.6
1979 0.48 1.37 0.02 6.51 3.29 11.67 8.38 71.8
1980 0.48 6.15 0.02 3.05 0.00 9.70 9.70 100.0
1981 0.59 4.87 0.03 5.80 1.18 12.47 11.29 90.5
1982 0.49 5.20 0.007 4.60 0.00 10.30 10.30 100.0
1983 0.34 5.39 0.14 5.82 0.00 11.69 11.69 100.0
1984 0.29 541 0.11 6.39 0.37 12.57 12.20 97.1
1985 0.18 5.12 0.03 6.52 0.00 11.85 11.85 100.0
1986 0.27 6.63 0.003 6.42 0.00 13.32 13.32 100.0
1987 0.34 8.53 0.003 511 0.00 13.98 13.98 100.0
1988 0.35 8.06 0.00 6.71 0.00 15.12 15.12 100.0
1989 0.51 7.34 0.00 7.49 0.00 15.34 15.34 100.0
1990 0.92 8.66 0.07 7.66 0.00 17.31 17.31 100.0
1991 1.96 8.22 1.03 5.72 1.90 18.83 18.83 100.0
1992 1.08 7.96 0.82 3.17 5.10 18.13 18.13 100.0
1993 1.51 7.24 0.49 3.60 5.56 18.40 18.40 100.0
1994 1.20 8.15 0.45 6.49 2.91 19.20 19.20 100.0
1995 1.71 7.92 0.49 4.92 5.46 20.50 20.50 100.0
1996 1.56 8.22 0.28 5.13 5.16 20.35 20.35 100.0
1997 1.23 8.94 0.80 6.29 1.84 19.10 19.10 100.0
1998 0.23 9.11 0.51 3.21 4.84 17.90 17.90 100.0
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Figure 10. Water levels at shaft 33 during 1996-98, lao aquifer, Maui, Hawaii.
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Figure 11. Water levels at Mokuhau well field, lao aquifer, Maui, Hawaii.
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Figure 12. Water levels at Waiehu deep monitor well and test holes B and E, departure of back-
ward-looking 12-month moving average rainfall from the long-term average rainfall for Waiehu
Camp rain gage, and monthly mean total withdrawal from the lao aquifer prior to 1999, Maui,
Hawaii. (Unpublished rainfall data from Commission on Water Resource Management.)
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equation 3, or (2) by using ratiostgfhy from table 1.  below RAM-predicted equilibrium heads for Waihee
Using equation 3 and assumibgandl values of 20 and Waiehu Heights well fields, and about 5 ft below
Mgal/d and 31.57 Mgal/d (Mink, 1995), respectively, the 14-ft RAM-predicted equilibrium head for shaft 33.
the ratioha:hg is computed to be 0.6 for the lao aquifer. Water-level data for Mokuhau well field were not avail-
Predevelopment heads averaged 28.5 ft above sea levable until 1998 when the average water level was about
near shaft 33 and 24 ft above sea level near the Moku4 ft below the RAM-predicted equilibrium head for this
hau well field. Thus, using a ratio fbghg of 0.6, the  well field (table 6).

RAM-predicted equilibrium heads are about 17 ftand \yater jevels in the lao aquifer continued to decline

14 1t for the shaft 33 and Mokuhau well fields, respec-;, o withdrawal was at the sustainable-yield value

tively (table 6). No information exists for predevelop-  jatarmined from RAM. The ultimate decline that would

ment heads at the Waiehu Heights and Waihee well have occurred if withdrawal was permitted to remain at
fields, although Yamanaga and Huxel (1970) suggest 5 y1qa1/d cannot be estimated from available data. The

that they might have been about 25 ft above sea IeveIrise in the position of the brackish-water transition zone
For a predevelopment head of 25 ft above sea level, anaenerally will not occur immediately following a

a ratio offie:ho Of.0'6’ the_ RAM-predlc'Fed equmb_rlum . decline in water level. Rather, the change in position of
head for the Waiehu Heights and Waihee well fields iy ¢ransition zone will generally lag behind the change
15 ft above sea level. in water level (see, for example, Essaid, 1986). Thus,
For a predevelopment head of 28.5 ft above sea the ultimate rise in the transition zone that would have
level at shaft 33, the ratio bf:hy from table 1is 0.5.  occurred if withdrawal was permitted to remain at 20
Thus, on the basis of ratios lpfhy from table 1, the Mgal/d also cannot be estimated from available data.
equilibrium head for shaft 33 is estimated to be about 14However, even with average 1998 withdrawal at about
ft, which is lower than the 17-ft value previously calcu- 18 Mgal/d, water levels were probably still below
lated using equation 3. At the Mokuhau, Waiehu acceptable long-term values to preclude saltwater intru-
Heights, and Waihee well fields, predevelopment headsion at some of the well fields (Meyer and Presley,
ranged from about 24 to 25 ft above sea level. Thus, th&000).
ratio of ha:hg from table 1 for these well sites is 0.6,

o : s Although uncertainty associated with the recharge
which is the same value calculated using equation 3.

estimate and predevelopment water levels contributes
In 1995 and 1996, withdrawal from the lao aquifer to uncertainty in the equilibrium heads predicted by
reached the sustainable-yield value derived using RAM, the decline of water levels below those predicted
RAM. However, by 1996 or earlier, water levels at shaft by RAM in the vicinity of the well fields in the lao aqui-
33 and Waiehu Heights (represented with water levelder is consistent with the results of the preceding numer-
from test holes B and E) were below RAM-predicted ical model analysis that demonstrate (1) the effect of a
equilibrium heads. Water levels at Waihee well field caprock on water-level declines caused by withdrawals,
(represented with water levels from the Waiehu deep and (2) the importance of representing the distribution
monitor well and test hole B) also were below the of withdrawals in an aquifer. The field setting for the
RAM-predicted equilibrium head and were at an alti- lao aquifer is similar to that shown in figure 7, and
tude that potentially could have resulted in saltwater although the model does not simulate the lao aquifer,
intrusion. No water-level data were available for Moku-model results provide insight to why water levels in the
hau well field in 1996. CWRM held hearings on the sta-lao aquifer fell below equilibrium heads predicted by
tus of the aquifer and in April 1997 concluded that RAM. Water availability in the lao aquifer can be best
“current pumpage rates in current locations cannot beunderstood by constructing a numerical model of the
sustained inthe long term” (State of Hawaii, 1997, p. 4).ground-water flow system. The data needs, required

Although the decline in water levels ceased priortoeXpertise’ and development time are much greater for

1999, average 1998 water levels were still below RAM-CONStructing a numerical model than for using RAM.

predicted equilibrium heads for shaft 33, Mokuhau, Although cor_lstructio_n of a numerical model is more
Waihee, and Waiehu Heights well fields. At their low- €Sty than simply using RAM, a numerical model will

est altitudes prior to 1999, water levels were 5 to 7 ft lead to an improved understanding of the ground-water
system and better management decisions.
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Table 6. Measured water levels and RAM-predicted equilibrium head (h,) at selected wells, lao aquifer, Maui, Hawaii

RAM-predicted equilibrium head, h,

(feet) Total

Average withdrawal
hg estimated from measured from lao
hg hg ratios in he estimated from water level aquifer
Well table 1 equation 3 (feet) Year (Mgal/d)
Waiehu monitor 15 15 13 1992 18.12
12 1994 19.2
10 1997 19.12
10.5 1998 17.89
Test hole B 15 15 13 1992 18.12
12 1993 18.41
9 1997 19.12
10 1998 17.89
Test hole E 15 15 13 1994 19.2
12 1996 20.4
10.5 1997 19.12
12,5 1998 17.89
Shaft 33 14 17 10 1996 20.4
10.5 1998 17.89
Mokuhau 14 14 10.5 1998 17.89
SUMMARY known as caprock. A caprock impedes the discharge of
freshwater from the aquifer to the ocean and is an
Sustainable yield, as defined by the State of important control on the ultimate water-level decline

Hawaii, refers to “the maximum rate at which water caused by ground-water withdrawals from the aquifer.
may be withdrawn from a water source without impair-For areas where a caprock exists, water-level declines
ing the utility or quality of the water source...” (State of predicted by RAM generally are less than those indi-
Hawaii, 1987). In Hawaii, sustainable-yield values for a cated by numerical ground-water flow models that
given aquifer system are commonly determined from aincorporate this boundary condition. This, in turn, indi-
one-dimensional analytical model of ground-water flow cates that management of these ground-water systems
known as the Robust Analytical Model (RAM). The  using a sustainable-yield value determined from RAM
analytical model incorporates the horizontal-flow could result in some existing or future well fields ulti-
assumption and the Ghyben-Herzberg relation to repranately being intruded by saltwater.

sent flow in an unconfined aquifer that contains a body

i In addition to its inability to represent a caprock,
of freshwater floating on saltwater.

RAM cannot account for spatially distributed with-

RAM does not account for aquifer-system bound-drawals from wells, which is significant because water-
ary conditions that commonly exist in Hawaii, nor for level declines are greatest in the vicinity of withdrawal
the spatial distribution of ground-water withdrawals  wells. The one-dimensional RAM invariably predicts
from wells (RAM is one dimensional). Therefore RAM the greatest water-level declines at the inland extent of
cannot accurately predict water-level declines associ-the aquifer where the freshwater lens is thickest and the
ated with withdrawals except under the most restrictivepotential for saltwater intrusion is lowest.

situations. The use of RAM by the Hawaii Commission on

Two of the State’s most important aquifers, the Water Resource Management (CWRM) for establish-
Pearl Harbor aquifer on Oahu and the lao aquifer on ing the sustainable yield of the State’s aquifers is rela-
Maui, are overlain by coastal sedimentary deposits tively recent. Data from the lao aquifer, which lies on
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the northeastern flank of the West Maui Volcano and systems: U.S. Geological Survey Water-Resources
which is confined near the coast by a caprock, are now  Investigations Report 90-4130, 181 p.

available to evaluate the predictive capability of RAM Eyre, Paul, Ewart, Charles, and Shade, Patricia, 1986,

for this aquifer. In 1995 and 1996, withdrawal reached = Hydrology of the leeward aquifers, southeast Oahu,
the sustainable-yield value derived using RAM (State of ~ Hawaii: U.S. Geological Survey Water-Resources Inves-
Hawaii, 1990). However, even before 1996, water lev-  tigations Report 85-4270, 75 p.

els in the aquifer had declined significantly below those Giambelluca, T.W., 1986, Land-use effects on the water bal-
predicted by RAM and were still declining in 1997. As ance of a tropical island: National Geographic Research,
a result, it was necessary to reduce withdrawal from the V- 2> N0- 2, p- 125-151. _ _

aquifer below the sustainable-yield value derived using®"9e"ich. S.B., 1998, Numerical modelling of vertically
RAM in order to halt the continuing decline of water extensive groundwater bodies in Maui, Hawaii: an alter-
levels and to preclude the ultimate intrusion of saltwater ﬂ?/tg;glg;s: Z:ngzr?cqeus'fgrjbl:zgeﬂrgﬁtr']?E;'é;?;?i'ggii?;

into the four major well fields in the aquifer. Gingerich, S.B., 1999, Estimating transmissivity and storage
Although uncertainty associated with the recharge  properties from aquifer tests in the Southern Lihue

estimate and predevelopment water levels contributes  Basin, Kauai, Hawaii: U.S. Geological Survey Water-

to uncertainty in the equilibrium heads predicted by Resources Investigations Report 99-4066, 33 p.

RAM, the decline of water levels below those predictedHunt, C.D., Jr., 1996, Geohydrology of the island of Oahu,

by RAM in the lao aquifer is consistent with the results ~ Hawaii: U.S. Geological Survey Professional Paper

of the numerical model analysis that demonstrate (1) the ~ 1412-B, 54 p.

effect of a Caprock on water-level declines caused by Izuka, S.K., and Gingerich, S.B., 1998, Ground water in the

withdrawals, and (2) the importance of representingthe ~ Southern Lihue Basin, Kauai, Hawaii: U.S. Geological

distribution of withdrawals in an aquifer. Water avail- Survey Water-Resources Investigations Report 98-4031,

ability in the lao aquifer can be best understood by con- Lp.

structing a numerical model of the ground-water flow -angenheim, V.A.M., and Clague, D.A., 1987, The Hawal-
system. ian-Emperor volcanic chain, part Il, stratigraphic frame-

work of volcanic rocks of the Hawaiian Islands, chap. 1

of Decker, R.W., Wright, T.L., and Stauffer, P.H., eds.,
Volcanism in Hawaii: U.S. Geological Survey Profes-
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for hydrostatic conditions. For dynamic conditions, the If hy = 0 atx; = 0, then from equation (a4)as a
Ghyben-Herzberg relation tends to underestimate frestiunction ofx can be written as:
water-lens thickness near the discharge zone and over-

2 _
estimate lens thickness near the recharge zone. h® = —[2Q/(41Kw)] x. (ad)
Equation (a5) forms the basis of RAM. Equation
One-Dimensional Analytical Equation (a5) can be rearranged as:
The flow rate in a porous medium is proportional h2/Q = —2¢(41Kw). (a6)
to the cross-sectional area of flow and the hydraulic gra-
dient, and can be described by Darcy’s law. For one- For any given locatiorx, the right hand side of
dimensional steady-state flow, Darcy’s law can be writ-equation (a6) is a constant and, thus, the ratie?t® is
ten as: a constant:
Q=KiA, (a1) ho?/Qo = heZ/Qe, (a7)

where, Q = rate of flow [L¥/T],

) . where, hy = hydraulic head [L] at locatioxfor
K = hydraulic conductivity [L/T],

flow rateQg,

I = hydraulic gradient [L/L], and Q, = steady-state rate of flow through
A = cross-sectional area of flowiL aquifer for predevelopment
The constant of proportionality in Darcy’s law is conditions [13/T],
the hydraulic conductivity, which is related to the he = hydraulic head [L] at locatiorfor
properties of the porous medium and the fluid. The flow rateQ,, and
hydraulic conductivity is a quantitative measure of the Q. = steady-state rate of flow (less

capacity of a rock to transmit water. For one-dimen- withdrawals from wells or shafts)
sional flow, the hydraulic gradient is given by: through aquifer for development
i =dhdx, conditions [L3/T].

For some desired equilibrium hedd, CWRM
defines the sustainable yiel, as the difference
between the predevelopment rate of flow through the
aquifer minus the reduced rate of flow through the aqui-
fer following development:

Flow is in the direction of decreasing hydraulic - _
head, which accounts for the negative sign in equation D=Qo~ Qe (a8)
al. The cross-sectional area of flow at any section is

where, h = hydraulic head [L] measured relative to
mean sea level,
x = Cartesian coordinate [L], and
dh/dx = derivative ot with respect tox.

Combining equations (a7) and (a8), and letting

given by: Qo =1 yields:
A = 41hw,
D/l = 1- (hghg)>. (a9)
where, w = width of section [L], and _
41h = height of section from the Ghyben- Equation (a9) represents the model (RAM) used by
Herzberg relation [L]. CWRM to set sustainable yield in Hawaii. To apply this

equation, predevelopment values ligrandl must be

Thus, Darcy’s law can be expressed as: known. After establishing some desired minimum equi-

Q =K (dWdx) (41hw). (@2) librium headhe, equation (a9) is used by CWRM to
estimate the sustainable yield of an aquifer. For exam-
Rearranging terms yields: ple, if the desired equilibrium head is 60 percent of the
—[QI(41Kw)] dx = h dh (a3) predevelopment heati{hy = 0.6), therD/l =1 —

(0.6Y, orD/I = 0.64. Thus, RAM estimates that the
sustainable yield), is 64 percent of the predevelop-

Integration of equation (a3) yields: ment flow rate], in the aquifer for this case.

—[QI(41KW)] (xz%g) = 0.50° —hy?).  (a4)
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