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Ground Water and Surface Water in the Haiku Area, East

Maui, Hawaii

By Stephen B. Gingerich

Abstract

The Haiku study area lies on the gently sloping
eastern flank of the East Maui Volcano (Haleakala)
between the drainage basins of Maliko Gulch to the
west and Kakipi Gulch to the east. The study area
lies on the northwest rift zone of East Maui Vol-
cano, a geologic feature 3 to 5 miles wide marked
by surface expressions such as cinder, spatter, and
pumice cones. The study area contains two geo-
logic units, the main shield-building stage Hono-
manu Basalt and the Kula Volcanics. The hydraulic
conductivity of the Honomanu Basalt was esti-
mated to be between 1,000 and 3,600 feet per day
on the basis of aquifer tests and 3,300 feet per day
on the basis of the regional recharge rate and
observed ground-water heads. The hydraulic con-
ductivity of the Kula Volcanics is expected to be
several orders of magnitude lower.

An estimated 191 million gallons per day of
rainfall and 22 million gallons per day of fog drip
reach the study area and about 98 million gallons
per day enters the ground-water system as
recharge. Nearly all of the ground water currently
withdrawn in the study area is from well 5520-01
in Maliko Gulch, where historic withdrawal rates
have averaged about 2.8 million gallons per day.
An additional 18 million gallons per day of ground-
water withdrawal is proposed.

Flow in Waiohiwi Gulich, a tributary to Maliko
Gulch, is perennial between about 2,000 ft and -
4,000 ft altitude. At lower altitudes in Maliko
Gulch, flow is perennial at only a few spots down-
stream of springs and near the coast. The Kuiaha
and Kaupakulua Gulch systems are usually dry from
sea level to an altitude of 350 feet and gain water
from about 350 feet to about 900 feet altitude. The

two main branches of the Kaupakulua Gulch system
alternately gain and lose water as high as 2,400 feet
altitude. Kakipi Gulch has perennial flow over
much of its length but is often dry near the coast
below 400 feet altitude.

Fresh ground water occurs in two main forms:
(1) as perched high-level water held up by relatively
low-permeability geologic layers, and (2) as a fresh-
water lens floating on denser, underlying saltwater.
The rocks beneath the contact between the Kula
Volcanics and the underlying Honomanu Basalt and
above the freshwater lens appear to be unsaturated
on the basis of several observations: (1) streams are
dry or losing water where they are incised into the

Honomanu Basalt, (2) the hydraulic conductivity of

the Honomanu Basalt is too high to support a thick
ground-water lens given the estimated recharge to
the study area, and (3) wells that penetrate through
the contact have encountered conditions of cascad-
ing water from above the contact and dry lava tubes
in the Honomanu Basalt. More than 90 percent of
the recharge to the study area is estimated to flow

" downward through the perched high-level water

body to reach the freshwater lens.

A cross-sectional, steady-state, variably satu-
rated ground-water flow model using the computer
code VS2DT was constructed to evaluate whether a
two-layer, variably saturated ground-water flow
system could exist given the hydrologic and geo-
logic conditions of the Haiku study area. Using 25
inches per year of recharge and hydraulic character-
istics representative of the Kula Volcanics and the
Honomanu Basalt, the model demonstrates that a
13-foot thick geologic layer with a saturated vertical
hydraulic conductivity less than 6.6x1072 feet per
day can impede vertical ground-water flow enough
to produce two separate saturated zones with an
unsaturated zone between them. Subsequent lower

Abstract 1



vertical hydraulic conductivity values for the
impeding layer allow even less water to reach the
lower layer.

INTRODUCTION

A growing population and new agricultural users
have increased demand on the existing water-supply
systems in many areas of the island of Maui, Hawaii.
A potential source of additional water development is
ground water in northeast Maui. The County of Maui
Department of Water Supply has proposed drilling new
wells and using existing wells to ultimately withdraw
16.5 Mgal/d of ground water from the Haiku area
between Maliko and Kakipi Gulches (County of Maui
Department of Water Supply, 1992). An additional
withdrawal of 1.5 Mgal/d from a private well is pro-
posed. There is concern that withdrawing ground water
for domestic and agricultural uses could reduce ground-
water discharge into streams. The State of Hawaii
Water Resources Protection Plan (State of Hawaii,
1990) emphasizes the importance of instream uses of
water and the natural relations between ground-water
and surface-water resources. Sustained streamflow pro-
vides a critical habitat for several endangered and
threatened native animal species. Current knowledge of
the relation between surface water and ground water in
northeast Maui is limited and a better understanding of
the ground-water flow system is needed for water-
resource management purposes.

In cooperation with the State of Hawaii Commis-
sion on Water Resource Management and the County of
Maui Department of Water Supply, the U.S. Geological
Survey (USGS) investigated the interaction between
ground water and surface water on the north flank of
East Maui Volcano. Because additional ground-water
development is projected to first occur in the Haiku
area, a significant part of the study was focused on this
area. Historic and new streamflow and ground-water
data were collected and analyzed to determine gains and
losses of streamflow in selected areas, and a conceptual
model of the ground-water system in the study area was
formulated.

Purpose and Scope

The purpose of this report is to describe (1) the
regional relation between surface water and ground

water, (2) the conceptual model of ground-water
occurrence, and (3) flow characteristics of individual
streams in the Haiku area of northeastern Maui. Exist-
ing streamflow data were analyzed to estimate ground-
water discharge into streams. Reconnaissance-level
observations of geologic features and their relation to
ground-water discharge were done throughout much of
the study area. Streamflow measurements were made
along selected streams in the study area to characterize
the gains and losses along the stream length. Water-
level maps were produced on the basis of water-level
information contained in the drilling records of wells in
the area. A two-dimensional, variably saturated numer-
ical ground-water flow model was constructed to eval-
uate whether the observed geologic and hydrologic
conditions could support a multi-layered variably satu-
rated flow system. An understanding of the dynamics of
the ground-water flow system is important for evaluat-
ing the effects of ground-water withdrawal on streams
in the area.

Surface-Water Gaging Station Numbers

The surface-water gaging stations mentioned in
this report are numbered according to the USGS num-
bering system. For this report, however, the complete
8-digit number is abbreviated to the middle 4 digits; for
example, station 16596200 is referred to as 5962.

Acknowledgments

Garret Hew of East Maui Irrigation Co., Inc. and
many private land owners in the study area provided
cooperation and assistance. Mike Robertson of Wailani
Drilling provided useful information on several wells in
the study area.

DESCRIPTION OF STUDY AREA

The Haiku study area lies on the gently sloping
eastern flank of the East Maui Volcano (Haleakala)
which forms the eastern part of the island of Maui, the
second-largest island in the Hawaiian archipelago (fig.
1). The wedge-shaped study area, covering about 42
mi?, is bounded to the north by about 5 mi of coastline
and lies between Maliko Guich to the west and tributar-
ies of Kakipi Gulch to the east (fig. 1). About 7 mi from
the coast at an altitude of 2,400 ft, these two gulches are

2 Ground Water and Surface Water in the Haiku Area, East Maui, Hawaii



20°55'

20°50'

156°20' 156°15'
[ |
g ; FiEs n w PACIFIC  OCEAN
EREe e ¥ &8 LYY ss 2
07 2 KILOMETERS 1 3 2RI (R Bay
1 8 o Y8 Sl o
\ & =13 JE(%
\ \ 5 T ap s @'@ S pol ¥l
~— . = = &
¢ N e o Sl Diteh S . > \§~‘ PR
{ VO ) ) P & SN AW T g
= gl | h: fah Y S~ s g" Waipio
\ 7= S % i SR aF% N (3 3, B
= /3 /“\. L —rx. .ax: 0= 7 @ 5 L\\@p 5: " \ _}i $ (¢ ay
T @ NUASOMNE o I & S e
s G I e, DL e, ‘ P
\ S T ra\.r /’l \ %) K ! S e N
Ve et Nrepe S o SWA Sy
s e S R \ 2 s o) Q) s L 8%
+ == )\ g * =3 3lele ;o2
= \\_‘ / \ N n 2 z EA NG 1000 &, S =) e ) \
i oS % % \\pl_ i ko R N S e Y N
e vesr \ 3 S B 7]
\\ ; \ A (\ : \ - ~ \ 3 E o S
\ AN NS W e N AEE e
| ///-/ s X \$\\ ,/'_ : & Dich _ N ST =T~
T ; ™ ~ H i §
Fih ) AN D QA wae 3 1) T8 Yol
= / 2 SN = % i L $)¥ )
e / / o ok i, D& z ¢ Xy (8 =3
/71 (\_& 57 S VX $ / N\ 2. S Q EREE R <
', ¢ { Pty AR VAL B >, N, & kS = s
J G e R o s & ]
\ J 6 { i R hY Se\ @ & A
» J G / ] =N, 000
Y= < ) e ! g .
W vk T -\ o &y
\ S 3 /( e 3 2\ \§
\ /5! ~ //{ | Makawao‘!_ o= \ §
g S da P \ o | s
> a_ | = 7 . - K $
. wch ,f \ \ e ] &
N - e X S ¥
& Lavt £ Pukalani ) &. 3000 3T
\\\9/ N f§/ L \ ! \\
Y e 3 %~ \ =
( {i s Kaluapulan; o ! e . -
\ 2 o / ) ’Gv% \ q\f\\/ @ i L
r -~ s N 'é b T
L [ & S : ;
r 14 7 % [ Jk
' » \ g = 400072
7 h/ @@/ . \ J
i) b X e, e T i\/ 2
ipe™
( ,’ Loty \,_ AT : N
| o i s XX ¥
4 w2
£ & g \ 000 %
A\ 3! Y R | §
| S S: g : 3
N Pulehu S X . S
Pacific Ocean o / 3 b {
- 5/ "o i
West Maui % ., 1
H \;eoslcana(l)uI Area ! \’5%@ b ‘
of map - 4 N\
3 $ 4
N East Maui (e / §
Volcano # °
(Haleakala) // / 7000
/
1 | L L
Base modified from U.S. Geological Survey digital data, . . "
1:24,000, 1983, Albers equal area projection, standard 160 158 156
parallels 20°39'30" and 20°57'30", central meridian T T !
156°20'15" 5 S HAWAII
2°F 2 « 7
Niihau
1. Q Molokai
EXPLANATION Gah I kaJM -
aui
—-—w=—  STUDY-AREA BASIN BOUNDARY Lo 2
_ Kahoolawe®
—1000— TOPOGRAPHIC CONTOUR--Interval 20T Pacyzy,. i
1,000 feet Oc, tevai
1 1 1

Figure 1. Haiku study area, east Maui, Hawaii.
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less than 0.5 mi from each other. The upper tributaries
of the gulches are roughly parallel above this altitude to
near an altitude of 5,000 ft where they are no longer dis-
tinguishable on a 1:24,000 scale topographic map. The
area above 5,000 ft to the summit near 9,000 ft lies in
‘the drainage basins of Kailua Gulch to the west or
Waikamoi Stream to the east.

Land use at lower altitudes (below 4,000 ft) in the
study area has changed from primarily livestock grazing
prior to the 1920’s to primarily pineapple cultivation in
the 1920’s and 1930’s and then to pineapple cultivation
mixed with livestock grazing and some residential areas
from the 1940’s to the present (1998) (Territorial Plan-
ning Board, 1939; Economic Planning and Coordina-
tion Authority, 1957; Soil Conservation Service, 1982).
At higher altitudes, much of the land has historically
been forested State conservation land or used for live-
stock grazing.

Rainfall distribution on the northern flank of the
volcano is primarily governed by the orographic effect.
Precipitation is heaviest where the prevailing northeast-
erly trade winds encounter the flank of the volcano,
forcing warm, moist air into the cool, higher altitudes.
The highest rainfall amounts are usually recorded
between 2,000 and 6,000 ft altitude. The study area lies
on the western side of where these effects are most pre-
dominant (fig. 2). Mean annual rainfall increases from
about 60—80 in/yr at the coast to nearly 200 in/yr at an
altitude of 2,500 ft on the eastern side of the study area
and then decreases to about 60-80 in/yr near 5,000 ft
altitude (Giambelluca and others, 1986). Above an alti-
tude of 1,000 ft, rainfall contours are nearly perpendic-
ular to the coast.

Annual rainfall at 7,030 ft altitude (Haleakala
Ranger Station, rain gage 338, fig. 2) ranged from about
18 to 111 inches during 1939-96 (fig. 3). Downslope at
2,520 ft altitude (Kailiili, rain gage 436, fig. 2), annual
rainfall ranged from about 57 to 201 inches during
1925-80 (fig. 3). Nearer the coast at 485 ft altitude
(Pauwela, rain gage 490, fig. 2), rainfall ranged from
about 36 to 94 inches annually during 1919-69.

The rainfall maps of Giambelluca and others
(1986) were digitized and used as an input data set for a
water budget model of east Maui (Shade, in press). On
the basis of Shade’s data, the total volume of average
rainfall in the Haiku study area is estimated to be 191
Mgal/d, or 96 in/yr averaged over the entire study area.

Studies on the islands of Hawaii, Lanai, and Oahu
(Juvik and Nullet, 1995; Giambelluca and Nullet, 1991;
Ekern, 1964; and Ekern, 1983) have shown that, in
addition to measured rainfall, water reaches the ground
surface through cloud-water interception (fog drip).
The fog zone on the windward side of East Maui Vol-
cano extends from about 1,970 ft to the lower limit of
the most frequent temperature inversion base height at
about 6,560 ft (Giambelluca and Nullet, 1991). Using.
digitized rainfall maps of this area and fog-drip/rainfall
ratios estimated from a study on the windward side of
Mauna Loa on the island of Hawaii, the amount of fog
drip in the Haiku study area was estimated to be about
22 Mgal/d in the water-budget study of east Maui
(Shade, in press).

No published pan-evaporation records exist for
any sites in the study area. The nearest site is about 1 mi
to the west of Maliko Gulch (station 485, fig. 2) where
the station altitude was 320 ft. During 1963-70, mea-
sured pan evaporation at this station ranged from 85.15
to 102.62 inches (Ekern and Chang, 1985). Shade used
a one-to-one relation between pan evaporation and
potential evapotranspiration to estimate that about 33
percent of rainfall and fog drip or 70 Mgal/d is
accounted for by evapotranspiration in the Haiku study
area (Shade, in press).

HYDROGEOLOGY

East Maui Volcano is formed primarily by extru-
sive shield- and post-shield-stage lavas and secondarily
by rejuvenated-stage volcanic rocks which cover the
summit and southern and eastern regions (fig. 4). Intru-
sive volcanic rocks in the form of dikes associated with
rift zones and volcanic vents are found along three axes.

Extrusive Volcanic Rocks

Geology

Extrusive volcanic rocks consist mainly of lava
flows that effused from fissures and vents. Most lava
flows emerge from fissures as pahoehoe, characterized
by smooth, ropy surfaces, and can change to aa as they
advance downslope. Pahoehoe flows generally domi-
nate near the rift zones of volcanoes, whereas aa flows
dominate farther down the flanks. Aa flows contain
massive central cores typically sandwiched between
rubbly clinker layers.

4 Ground Water and Surface Water in the Haiku Area, East Maui, Hawaii
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The East Maui Volcano was built by eruptions
principally from three rift zones and a presumed central
vent (Stearns and Macdonald, 1942). Rocks formed
from the main shield-building stage of the volcano are
known as the Honomanu Basalt (fig. 4) and consist of
tholeiitic basalt found as thick accumulations of thin
lava flows and associated intrusive rocks and rare pyro-
clastic deposits (Langenheim and Clague, 1987). The
end of the shield-building stage of the volcano has been
estimated to be between 0.93 and 0.97 million years ago
on the basis of potassium-argon age dating (Chen and
others, 1991). The lavas of the Honomanu Basalt have
typical dips of 2° to 22° with the flatter dips near the

isthmus where flows approached the West Maui Vol-
cano. The basalts were laid down as very vesicular
pahoehoe and aa flows averaging about 15 ft thick
(Stearns and Macdonald, 1942, p. 61). Contrary to typ-
ical observations of shield-stage lava flows in which aa
is typically found in greater abundance than pahoehoe
away from the volcanic vents, pahoehoe flows are abun-
dant throughout the Honomanu Basalt, even at the
periphery of the volcano.

In the study area, exposures of Honomanu Basalt
are found in Maliko Gulch, Kakipi Gulch, and along the
coast between the two gulches (Stearns, 1942). Expo-
sures are easily identified as Honomanu Basalt in the

6 Ground Water and Surface Water in the Haiku Area, East Maui, Hawaii
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field when they are thin bedded, porphyritic, and com-
monly show characteristics typical of pahoehoe flows.
Field reconnaissance has shown that exposures of
Honomanu Basalt can be found nearly 4 mi from the
coast at an altitude of about 600 ft in Maliko Gulch and
almost 1 mi from the coast in Kakipi Gulch at an alti-
tude of about 100 ft. These exposures are much more
extensive than those shown on the map by Stearns
(1942) which shows the Honomanu Basalt exposed in
Maliko Gulch for less than a mile from the coast and no
exposures in Kakipi Gulch.

The Kula Volcanics, which overlies the Hono-
manu Basalt, consists of post-shield-stage lava flows of
hawaiite with some ankaramite and alkalic basalt and
associated intrusive rocks and pyroclastic and sedimen-
tary deposits (Langenheim and Clague, 1987). The Kula
Volcanics is estimated to be 0.36 to 0.93 million years
old with many of the oldest rocks having chemical com-
positions transitional from the shield- to post-shield-
stage lava (Chen and others, 1991). Rocks from this
transitional phase are 50 to 100 ft thick and can be dif-
ficult to characterize as belonging to either the Hono-
manu Basalt or the Kula Volcanics. In some places the
two units are separated by a thin red soil layer that has
undoubtedly been altered by the weight and heat of the
overlying flows. The Kula Volcanics almost completely
covers the underlying Honomanu Basalt and exposures
range from 2,500 ft thick near the summit to 50 to 200
ft thick near the coast. Individual flows average about
20 ft in thickness near the summit and 50 ft near the
periphery, but flows as much as 200 ft thick are not rare
(Stearns and Macdonald, 1942, p. 75). The usual dip of
the flows is about 10 degrees. The flows are generally
thicker and narrower than the Honomanu Basalt and
have more lenticular bedding due to the filling of swales
and valleys eroded into the underlying rocks. Flows of
the Kula Volcanics cover almost all of the study area
(fig. 4).

Rejuvenated-stage lavas of alkalic basalt and
basanite, named the Hana Volcanics, are exposed only
in the southern and eastern areas of east Maui (fig. 4)
and are not found in the study area.

Hydraulic Conductivity

Hydraulic conductivity is a measure of the capac-
ity of a rock to transmit water. The main elements of
lava flows contributing to their high hydraulic conduc-
tivity are (1) clinker zones associated with aa flows,

(2) voids along the contacts between flows, (3) cooling
joints normal to flow surfaces, and (4) lava tubes asso-
ciated with pahoehoe flows. No published estimates are
available of hydraulic conductivity for rocks in the
study area and few are available for Maui in general.

The horizontal hydraulic conductivity of the Hono-
manu Basalt in the study area was estimated to be 3,600
ft/d on the basis of a single-well aquifer test done at well
5419-01 (C.D. Hunt, Jr., hydrologist, USGS, written
commun., 1997). An analysis of a variable-discharge
test at well 5420-01, which is open to the Honomanu
Basalt and located just west of the study area, yielded a
horizontal hydraulic conductivity estimate of greater
than 1,000 ft/d (unpub. data, aquifer-test archive,
USGS, Hawaii District). Stearns and Macdonald (1942)
classify the Honomanu Basalt as extremely permeable
and considered it hydrologically similar to dike-free
shield-building-stage lavas on Oahu which have
reported horizontal hydraulic conductivity values of
500 to 5,000 ft/d (Hunt, 1996).

In the absence of more long-term aquifer tests, a
comparison of specific capacities of wells open to the
Honomanu Basalt can be made to evaluate the relative
yield of the aquifer penetrated by each well. The spe-
cific capacities of nine wells in or near the Haiku study
area, which penetrate below sea level and are therefore
expected to be in the Honomanu Basalt, average about
600 gal/min/ft of drawdown (table 1). The values
decrease toward the east and range from 1,400
gal/min/ft of drawdown at the westernmost well
(5320-01) to 0.67 gal/min/ft of drawdown at the east-
ermmmost well (5514-01).

Hydraulic conductivity can also be estimated using
an equation for a water-table surface in a coastal aquifer
(modified from Marsily, 1986, p. 224):

2 20
S AR 1

where:

h = hydraulic head, in feet;

B = density ratio between freshwater and saltwater,
0.025;

Q = ground-water flow, in cubic feet per day;

K = hydraulic conductivity, in feet per day;

L = width of cross section of ground-water flow, in
feet; and

x = distance from coast, in feet.

8 Ground Water and Surface Water in the Haiku Area, East Maui, Hawaii



Table 1. Specific capacities of selected wells, Haiku study area, east Maui, Hawaii

[All well information is from unpublished data, USGS, Hawaii District well files unless otherwise noted; drawdown values are not corrected for well
loss; --, not measured or no data; datum is mean sea level; <, less than; >, greater than)

Withdrawal rate Specific capacity  Altitude of bottom

State well (gallons per Length of test Drawdown (gallons per minute  of open interval

number Well name minute) (minutes) (feet) per foot of drawdown) (feet)
6-5317-01 Kulamalu 1,400° 5,210 18.3 77 -128
6-5320-01 Hamakuapoko 2 700; 840 6,000; 8,640 0.4;06 1,750; 1,400 -32
6-5413-01 Huelo 1 6 360 180 0.03 230
6-5413-09 Hagar 14 250 0.25 56 -33
6-5419-01 Haiku 350; 500; 700 4,3%8; (;%880; 0.6;0.95; 1.0 583; 526; 700 -43
6-5420-01  Maui High School 150-500 4315 0.2-1.7 750-294 -22
6-5420-02 Hamakuapoko 1 492 6,090 1.5 328 -34
6-5513-01 Tavares 10 130 145 0.07 79
6-5514-01 Marquard 21;25 14; 483 78; 37 0.27; 0.68 -61
6-5516-01 Feehan 1 27 67 0.01 185
6-5519-01 Pauwela 480 3,900 0.46 1,043 -34
6-5519-02 Behnke 7 -- 78 0.09 132
6-5520-01 HC&S 11 AB 2,354 -- 1.9 1,239 -93
6-5616-02 Martin 35 480 <0.1 > 350 -39

3 Austin, Tsutsumi and Associates, Inc. (1998)

Ground-water flow, Q, was set equal to the
1.3x107ft3/d recharge (from the section “Ground-Water
Recharge” later in this report), head in the aquifer was
measured at well 5317-01 located 20,000 ft from the
coast (location shown on fig. 5) so h was set equal to 12
ft (also from the section entitled “Ground-Water
Levels”) and L was set equal to 26,400 ft (5 mi). Using
equation 1 and solving for K yields an estimate for
hydraulic conductivity of about 3,300 ft/d. At well
5519-01, located 5,300 ft from the coast, the head is 5.4
ft and the resulting hydraulic-conductivity estimate
from equation 1 is 4,400 ft/d.

No estimates are available for the hydraulic con-
ductivity of the Kula Volcanics in the study area. An
aquifer test was done on well 4806-48, near Nahiku,
Maui which penetrates about 350 ft of the transitional
rocks of the lower Kula Volcanics and the upper Hono-
manu Basalt and the resulting horizontal hydraulic con-
ductivity estimate was 0.83 ft/d (unpub. data, aquifer-
test archive, USGS, Hawaii District). The specific
capacities of four wells that presumably are open to the
Kula Volcanics range from 0.01 to 0.09 gal/min/ft of
drawdown. The average specific capacity of these four
wells is about four orders of magnitude lower than the
average specific capacity of the wells that penetrate into
the Honomanu Basalt.

Intrusive Volcanic Rocks

Geology

Intrusive volcanic rocks include those rocks, such
as dikes that formed when magma cooled below the
ground surface. Dikes associated with rift zones are the
dominant intrusive rocks in Hawaiian volcanoes. The
East Maui Volcano has three primary rift zones (Stearns
and Macdonald, 1942; Langenheim and Clague, 1987)
and the study area lies on one of these, the northwest rift
zone (fig. 4). Because of the relative youth of East Maui
Volcano, exposures of dikes are scarce and limited to

the walls of the summit and the larger valleys (Stearns, -

1942) (fig. 4). But positive gravity anomalies extending
from the summit to the northwest, southwest, and east,
indicate the presence of dense, intrusive dikes beneath
the ground surface (Kinoshita and Okamura, 1965).
These gravity anomalies correspond to the locations of
typical rift-zone surface features: cinder, spatter, and
pumice cones.

The dikes and the rocks they intrude are commonly
referred to as dike complexes. In Hawaiian volcanoes,
dike complexes range in width from 1.5 to 3 mi and
average about 1.9 mi (Macdonald and others, 1983).
The dike complex associated with the northwest rift
zone of East Maui Volcano appears to be about 3 mi
wide near the coast and could be greater than 5 mi wide

Hydrogeology 9
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at an altitude of 4,000 ft on the basis of the locations of

. the cinder and spatter cones which are in two parallel
and roughly linear patterns (fig. 4). The entire study
area lies within this dike complex. On Oahu, the dike
complexes near the ancient caldera are marked by
swarms of closely spaced, nearly vertical, and nearly
parallel dikes (Takasaki and Mink, 1985). Dikes in a
dike complex average about 100 to 200 per mile of
width (Macdonald and others, 1983) and compose 10
percent or more of the rock volume (Takasaki and
Mink, 1985). The number of dikes in the dike complex
is expected to increase with increasing depth and could
average 500 to 600 per mile of width of the complex
(Macdonald and others, 1983). The dike complexes are

“hydrologically important because dikes have low per-
meability and tend to impound ground water to high
altitudes between dikes.

Hydraulic Conductivity

In general, the average hydraulic conductivity of a
dike complex decreases as the number of dike intru-
sions within the dike complex increases. In addition,
hydraulic conductivity is expected to be higher in the
direction parallel to the strike of the dikes rather than
perpendicular to the strike. On the basis of a numerical
model, Meyer and Souza (1995) estimated that dikes
have a hydraulic conductivity of 10 to 102 f/d and
that the dikes reduce the average, effective hydraulic
conductivity of the dike complex to about 0.01 to 0.1
ft/d. In a summary of aquifer-test analyses for wells on
Oahu, Hunt (1996) shows that estimates of hydraulic
conductivity for dike-intruded shield-building-stage
lava flows are about 10 to 100 times lower than for dike-
free, shield-building-stage lava flows.

HYDROLOGY
Ground-Water Recharge

Ground-water recharge in the Haiku study area
was estimated to be 98 Mgal/d on the basis of a monthly
water budget for all of east Maui calculated for natural
vegetation conditions (Shade, in press) (fig. 6). This
estimate represents an average recharge of about 49
in/yr over the 42 mi? study area. However, recharge var-
ies areally from a minimum of less than 10 in/yr in some
areas near the coast to a maximum of almost 150 in/yr
in the areas of highest rainfall and fog drip between alti-

tudes of 2,000 and 6,000 ft. The recharge estimate rep-
resents the average of two different monthly water-
budget computation methods which differ by the order
in which recharge and evapotranspiration are taken into
account. Each water-budget computation method pro-
duced a recharge estimate that differed from the average

~ value by about 21 percent. The 98 Mgal/d of estimated

recharge is about 46 percent of the rainfall and fog drip
in the study area.

Compared with natural vegetation, pineapple culti-
vation can increase recharge to an area because evapo-
transpiration from unirrigated pineapple fields is less
than evapotranspiration from areas of natural vegeta-
tion. Potential evapotranspiration from pineapple fields
is estimated to be about 20 percent of measured pan
evaporation whereas potential evapotranspiration from
sugarcane fields and areas of natural vegetation is equal

to pan evaporation (Giambelluca, 1983). The-Haiku

study area has had areas of pineapple cultivation that
have been, in the 1960’s, as large as about 9 mi’, or 21
percent of the study area (University of Hawaii Land
Study Bureau, 1967). Therefore, the estimate of
recharge calculated on the basis of natural vegetation
conditions is probably slightly low when the effects of
pineapple cultivation are considered. Also, a small
amount of water probably recharges the aquifer by infil-
tration from the surface-water diversion ditches and
tunnels and from associated surface reservoirs, but this
amount is unknown.

Ground-Water Withdrawal

Nearly all of the ground water currently withdrawn
in the study area is from well 5520-01 in Maliko Gulch
(fig. 5). The well, which consists of ten vertical borings
as deep as 90 ft below sea level connected with two lat-
eral tunnels and two pumps (pumps 11A and 11B), was
drilled during 1897-99 into Honomanu Basalt (Stearns
and Macdonald, 1942, p. 217), although one account
suggests that the well draws water from the gravel in the
base of Maliko Gulch (K.N. Vaksvik, 1929, unpub-
lished note in files of the USGS, Hawaii District). Water
from this system is pumped to the Haiku Ditch for irri-
gation. The records of yearly or monthly pumpage show
that the annual ground-water withdrawal averaged 2.8
Mgal/d during 1913-96, which includes the period
1954-60 when the pumps in the well were not in oper-
ation (fig. 7). Monthly pumpage from the well has

Hydrology 11
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Figure 7. Monthly or annual withdrawal, selected water levels, and chloride concentrations of ground water
from selected wells, Haiku study area, east Maui, Hawaii.

varied seasonally from zero to as much as 17 Mgal/d.
Unreported withdrawals from domestic wells in the area
probably total less than 0.2 Mgal/d on the basis of well-
installation specifications listed on various well-permit
applications (Department of Land and Natural
Resources). A well (5318-01) presently being con-
structed (1998) near Kaupakulua (fig. 5) is proposed for
withdrawal of about 1.5 Mgal/d from the Honomanu
Basalt (Department of Land and Natural Resources
pump installation permit, 1998).

Attempts have been made to enhance discharge
from several small springs in the area by tunneling to
obtain water for domestic supplies. Waihou Spring
(wells 4817-01, -02; fig. 5) supplied about 15,000 gal/d
to Haleakala Ranch from three short tunnels in a lava-
covered cinder cone in the Kula Volcanics at an altitude
of 3,350 ft (Stearns and Macdonald, 1942, p. 213) but
the water-supply system is now abandoned. Kawaikoa
tunnel is reported to be a 100-ft long tunnel at an alti-
tude of 10 ft in Maliko Gulch that intercepts about 5,000
gal/d of water from a soil and gravel layer between the

Hydrology 13



Table 2. Summary of influence of surface-water diversions on streams, Haiku study area, east Maui, Hawaii

[Datum is mean sea level]

Kuiaha Gulch
system: includes Maliko Guich
- Kaupakulua Guich Kuiaha, Ohia, system:
Approximate Kakipi Gulch system: system: includes Huluhulunui, includes
altitude of includes Kakipi, Kaupakulua, Kapuaahoohui, Waiohiwi and
system Halehaku, and Opana  Opaepilau, Kalakohi, Pauwela, and Kahakapao
Diversion system (feet) Gulches and Awalau Guiches Lilikoi Gulches Gulches
Upper Kula Pipeline 4,200 takes water does not cross does not cross no effect
Lower Kula Pipeline 2,800 no effect does not cross does not cross no effect
Opana Tunnel 2,200 takes water adds then takes water does not cross no effect
Kaluanui Ditch 1,600 does not cross takes water adds water abandoned
Wailoa Ditch 1,200 takes water no effect no effect no effect
Kauhikoa/New 1,000 adds then takes water takes water takes water no effect
Hamakua Ditch
Lowrie Ditch 600 takes water takes water takes water no effect
Haiku Ditch 400 takes water takes water takes water no effect

- Kula Volcanics and the Honomanu Basalt (tunnel 24,
Stearns and Macdonald, 1942, p. 213). But the geologic
map (Stearns, 1942) shows tunnel 24 at an altitude of
about 1,110 ft on the east side of Maliko Gulch. This
site matches the location of well 5319-01 (fig. 5) in the
State records named Silveno Spring (Department of
Land and Natural Resources, 1991) so there appears to
be a discrepancy in the naming of this tunnel. Silveno
Spring could be the same spring that is called both
Pukalani Spring and spring 17 by Stearns and Mac-
donald (1942, p. 212). This spring is located about 200
ft upstream of the Wailoa Ditch siphon on the floor of
Maliko Gulch at an altitude of about 840 ft and dis-
charges from an interbedded ash and soil layer in the
Kula Volcanics. Both the tunnel] and the spring lie well
above the contact between the Honomanu Basalt and
the Kula Volcanics. Well 5620-01 (fig. 5) is a 130-ft
long tunnel that also intercepts water from a soil and
gravel layer between the Kula Volcanics and the Hono-
manu Basalt at an altitude of 50 ft near the mouth of
Maliko Gulch (tunnel 23, Stearns and Macdonald,
1942, p. 213). According to Stearns and Macdonald
(1942), well 5620-01 supplies about 10,000 gal/d of
water, some of which is currently used as a domestic
supply for several homes in the area.

Streamflow

The drainage pattern of the stream valleys on east
Maut is radial from the summit of East Maui Volcano to
the ocean. The streams in the study area drain to the

north. Valley development is in a youthful stage as
streams are eroding downward into the original volcano
slope, forming steep-sided valleys and leaving nearly
uneroded upland areas (planezes) between the stream
valleys. Streamflow consists of direct runoff, base flow,
and flow added to some streams from the network of
irrigation ditches that cross the study area. Base flow
represents ground-water discharge to the stream.
Maliko and Kakipi Gulches are the major drainage fea-
tures of the study area (fig. 1). Twelve minor stream
valleys (not all shown on fig. 1) enter the ocean between
these two gulches and the largest of these minor streams
are the Kuiaha and Kaupakulua Gulch drainages. Eight
surface-water diversion systems carry water across the
study area from east to west and all of these systems
either remove water from or add water to at least one
stream in the study area (fig. 1, table 2). Currently, the
USGS maintains one surface-water gaging station on an
upper tributary of Kaupakulua Gulch to measure
streamflow-diversion from Kakipi Gulch. The USGS
has also historically maintained gaging stations on trib-
utaries of Kakipi Gulch (Fontaine, 1996).

The rate at which a stream is observed to gain
water is dependent on hydrogeologic conditions and on
the spacing of streamflow measurements made along
the stream channel. Ideally, streamflow should be mea-
sured at sites spaced at equal distances along the entire
length of the channel, but because of the large size of the
study area, the rugged terrain, and the presence of
surface-water diversion systems, this approach was
impractical. Therefore, stream measurements were

14 Ground Water and Surface Water in the Haiku Area, East Maui, Hawaii
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Figure 8. Topographic profile of Maliko Guich, east Maui, Hawaii.

made at sites determined by accessibility and the loca-
tion of the streamflow diversions.

Maliko Guich

Maliko Gulch is the most deeply incised stream
valley in the study area with some sections of the valley
floor more than 400 ft below the upland surface (fig. 8).
The floor of the gulch gradually rises from sea level to
about 600 ft altitude at a distance of about 3.4 mi from
the coast. Along this entire length, the valley is eroded
through the Kula Volcanics into the Honomanu Basalt.
Above 600 ft altitude the valley floor lies on the thick
flows of the Kula Volcanics, which provide more resis-
tance to erosion. Here the valley profile has a more
stairlike configuration with numerous small waterfalls
and a steeper gradient; the altitude of the base of the
gulch increases from 600 ft to 1,200 ft after only another

mile of length inland. The gulch splits into two main
tributaries, Kahakapao and Waiohiwi Gulches, at about
1,800 ft altitude and these gulches rise at a gradient of
about 840 ft/mi to about 5,400 and 4,000 ft altitude,
respectively. None of the eight surface-water diversion
systems that cross Maliko Gulch are built to take water
from the gulch. Occasionally, water is added to Maliko
Gulch at the Wailoa Ditch crossing.

Flow is perennial in Waiohiwi Gulch between
2,000 ft and 4,000 ft altitude. At lower altitudes in
Maliko Gulch, flow is perennial at only a few spots
downstream of springs and near the coast (fig. 9, table
3). Near the coast, a few feet above sea level, ground
water discharges into the streambed from below, but at
higher altitudes, streamflow is fed by springs issuing
from the walls of the gulch. At sites Maliko 2 through
Maliko 6, the springs seem to be associated with an ashy

Hydrology 15



15615’
]

PACIFIC OCEAN 0 0.5 1 MILE

0 05 1KILOMETER

(Kanemoeala * Kulaha 1

Spnng
Maliko 2.1 g . *f(uizaha

*Kaupakulua 1

N O\Maliko 2 ;tl_ Kuiaha 3'*_
- | Maliko 3 # % Kuiaha , 7N
o R §kuiaha 5 %( Kaupaga 2 4 N
i . s viaha 19, 7~ Kaupakulua k-
! LN Evaios -7 & Kunaha K uisha 18,7 % e
Z == % ) KUIaha 1327 ,’ .
P Kuiaha
Kuiaha 7.2 ‘* Kulaha 14 E3 /TN N
% Kaupakulua 4
( (
2 1 Mallko 6) ‘ K/ :h ?{Kul ha 20
. y = a S
20i55 ! & Kulaha 8 * '5 % ‘aupakulua
: uiaha 21 )] Reservoir

ngaha Kunaha 16.1

Kuiaha 16.2 uiaha 22
7 Kaupaku)lua 513

Kuiaha 17
*

° upakulua15|
) *ﬁ(-KaupakulualS

' aukulan

Kuiaha 237%

Kulaha
Kuiaha 24/ &

s W ‘ *Kau%a‘:(ulua
X . )
¥ . 9 B Malkos  Kuaha 123
PiAas R £ "N Malko 8.1
z \ Q 7 RO Kunaha
. S & i Kuiaha ze
Nt AL " 3
i Kaupakulua 1.2
) Kaupakulua 1
Kaupa ulua 1118 2000
@\
o e, N %
7 % aupakulua 12 5,
|
/‘ % Maliko \\ //t\\ AT ..\
™ A . 5%, ;
: 3K N ahko 93  Kaupakul == 1
// ::, Maliko 9. hE ;auk%g* o o up1a3u ua’ ‘5995 \
3 5962 ,
- o —— -/:- T
_ i 3
Pukalani £ %, . \ 3009
| | % x
k 5990 \
20i50" (— | X =
Base modified from U.S. Geological Survey digital data,
1:24,000, 1983, Albers equal area projection, standard Pac iﬁc Oceah
parallels 20;39'30" and 20i57'30", central meridian
et ' EXPLANATION
e — STUDY-AREA BOUNDARY Maliko 5 o FLOW-MEASUREMENT SITE M AUI
ss====== GAINING STREAM SECTION LKP Spring o SPRING O?:Te!gp
LOSING STREAM SECTION 5962, SURFACE-WATER GAGING
STATION AND ABBREVIATED
DEY STREAM SHCTION NUMBER--Complete number is
16596200

—2000— TOPOGRAPHIC CONTOUR--Interval
1,000 feet

Figure 9. Surface-water gaging stations; springs; and dry, losing, and gaining sections of selected streams, Haiku
study area, east Maui, Hawaii.

16 Ground Water and Surface Water in the Haiku Area, East Maui, Hawaii



T TLl 6T Sutures 610 L6/6T/01 09¢ yaIno oIy I°L eyeIny|
%4 631 12T Sutues €20 L6/6T/01 01¢ yono o1 9 eyeiny
Y01 NY1eH Aq PoUSAIP 197eM [[B - - - UOISIOAIP 0 L6/62/01 S0 yo[nn 1ox1{ry S eyRIY|
-- -- - Aip 0 L6/6Z/01 00z yo[no eyenyy p eyeIny
-- - - Aip 0 L6/62/01 081 ya[no eyeiny € ByeIny
- - - Aip 0 L6/6T/01 o1t yo[no eyeiny| T eyemny
- - - Lp 0 L6/62/01 S Yoo eyetny 1 eyeiny
paquieans ojut syuis moy [[e - - - 3ursol 0 86/9/7 080'C yaIno imiyorep 01 oIfeN
3 096°1 1e Sundg Imiyorepm 6 8¢ 1'€C Lip - £6/62/6 096°1 yaInD ONIEeN £°6 OqIEIN
- 08 Tz Supured £00 £6/62/6 068°1 yd[nD oNIEN T'6 ONI[EIN
- L LT Buisol 100 £6/62/6 ovL'l Yoo oI 16 OB
- 8L 1'€C Susoy 100 £6/67/6 089°1 ya1nD oYIeIN 6 ONIEIN
1 081 38 3unds oyiEN - 981 1'ze Surso] 100> £6/S/01 08¢l ya[no oyiey 1'8 oI
- €Tl 94T Lp - £6/5/01 0SI'1 Yoo oyifeN 8 O)I[e]N
yo[n3 Jo 100} UO PIAIISQO SEM MOY --
Jo unowe Jounw ‘3undg [uefexnd - - - Aip - L6/LT/01 ov8 yano oyl "L O1BIN
174 9p1 vic - L6/LT/O1
- - - S0°0 L6/0T/8
1 008 e Sundg oxIfeN - 861 961 Lip - €6/S1/11 008 yaInD oNieN L oNIe
PaqUIBINIS OJUE SYULS MO [[B - - - Bursoj 0 £6/32/6 00S yo[nD OYIEN 19 oNl[eIN
- x4 60T 010 €6/T1/11
3 00z e Suudg oxIfe - 74! 94T Lip $0°0 £6/0£/6 002 Yoo OYHEW 9 o)I[ey
paquieal)s Ojul SYUIS MOy [[e - - - 3ursoj 0 £6/82/6 OLI yano oNIe 1°S oyIBN
-- 187 (R74 L1p €00 £6/37/6 ovl yoInD ONIEN S oIey
- LLT L€z 900 £6/11/11 (AreinqLn pawreuun)
3 g€l 1 Suudg oIEN - 8LT 99z Lip $0°0 £6/82/6 Sel yo[nD oW ¥ oqIe
- SLT $°6T Jusof 700 £6/32/6 09 yo[nD oNIEN € ONIieIN
1 06 ¥e Suudg oyt - S09 9¢T Lip 100> €6/L/01 0S Yoo oI [T oMtleN
-- 86T 1'€T $00 £6/11/11 _
10-029S 1PM - ¥6T €€ Sutsoy SO0 £6/37/6 0s yoInD ONIEN T OYI[EN
- €01 (A4 Suiso| $0°0 £6/11/11 € ya(no oNIeN 1 oxtiew
sjuswwo) (1/Bw) (woygr) (2.) aus (p/1eBN) ajeq (W) aweu weang laqunu uoneis
uoljeNIUAZUOD  adueaNpuod  aAinjesadwsy  jo weansdn Mmoi4 apnmny
apuo|yd oy10ads sarem FET-TTY Bw._uw_%mn«m

[uep ssa] “> {[oAo] Bas ueaw s1 winyep ((sajSuespenb vreg pue nyrey) sdew oydesSodoy a[eds-000vZ: 1 SOSN

€861 Wo1j pajewnsd sopninfe ojdues ou o ‘sjqeotjdde jou ‘sjqereae 1ou ‘-- 1oy 3ad sureidijpuw “IBw 1910WNUID 19d sudWSISOION ‘W/ST SNIS[3)) 530139p 4D, Aep 3ad suof[e3 uoryu ‘p/eS 139 ‘Y]
lemeH ‘Inepy 1Ses ‘eale Apnis MyieH ‘SWealls pajoa|as Ul SjuawaInNseaw Jo S)Nsay "¢ a|qel

Hydrology 17



Yol SUMOT AQ PILIGAID JajeMm e - - - UOISIDAIP 0 L6/LT/TT 08v yo[no ennyedney]  p enpnyedney
1z 671 812 Sutured cL0°0-900  L6/LI/II 0s¢ yono enpnedney] ¢ ennyedney
Yo nyfeH Aq PaLGAIp 1ajem [[e - - - UOISIDAIP 0 L6/LL/TI ove yoino enpnyedney;  z enjnyedney
Moy ou yim jood 8 €S (At Aip 0 L6/LL/TT S yano enpnyedney] | eninyedney
- - - £p 0 L6/8T/01 ovl‘l Yoy munnyn[ny 8¢ eyeInyj
ureal)s 0) pappe Jajem I I8 L6l - 0Tl L6/82/01 0Ts'l yNIp mueney LT eyeIny|
- - - kip 0 L6/8T/01 0Z¥'l  YdInD Inyooyeendey 9 eyemny
zl €68 114 Suiured 62’1 L6/82/01 0971 ydIno tnyooyeendey §T eyeIny|
4! L8 X4 Sutured ve'l L6/8T/01 096 Yo[no eyo ¥ eyemy

youqg
eONIYNEY] Aq PALAAIP Iajem Isouw - - - UOISIDAIP 100 L6/8T/01 0£6 Yo[no eIyQ £2 eyEIny|
44 sl T Suiured 010 L6/82/01 SLS ya[no Byo TT eyeny
Y2[ND) B[omNEJ O) PIUAAID I3JEM [[E - - - UOISIAAIP 0 L6/8T/01 06¥ y2[nnH eIYQ 1T eyeImy
- - - kip 0 L6/82/01 00v Yo By 0 eyemny|
- - - Aip 0 L6/6T/01 ove ya[nn ewyQ 61 eyemny
- - - Aip 0 L6/8T/01 096 yo[no emned 81 eyemny
- - - Ap 0 L6/8T/01 ov8 yaIno e[amned L1 eyeIny|

yd[no
BIY( WIOJJ PAMSAID 1oJBM S3pN[oUL - - - Suured 12°0 L6/8T/01 09§ yo[ny e[dmned 791 eyeiny
Y9[ND) BIYQO WOLJ PIUIAIP Iojem £ Sel (A4 UOISISAIP ¥0'0 L6/8T/01 09S y2InD eemned 191 eyeiny
X4 651 T Surured §T0 L6/82/01 SLy yo[nn efomned S1 eyeiny
¥T L91 62T Surured 920 L6/8T/01 SLE y2Ino eEmned 1 eyemy
Yoy Myrey AQ paULAIp 12jeM Jsow - SLI 6T UOISIGAIP €00 L6/82/01 0ge yo[ny e[amned T'el eyeny
- 881 v Sursol 100 L6/82/01 00€ yaInD eppmned €1 eyeIny]
- - - Kip 0 L6/8T/01 00%'1 Yoo 1011 1 eyeiny]
(174 ovl $°0C Sutured LTO L6/6T/01 096 yano 1oy 11 eyemnd|

youa v
BONIYNEY £Q PALISAIP J3JEM JSOW - - - UOISISAIP 10°0 L6/6Z/01 0£6 Yoo 1011} 01 eyein}y
Il ¥8 60 Supured 010 L6/62/01 0€S yaIno 1011y 6 Eyemy
Y93I 2UMO'] AQ PAUIDAID Jajem [[e - - - - UOISIAAID 0 L6/62/01 06¥ 4o oIy 8 eyeINYy
(114 Lyl 8'€T 3utured 600 L6/6T/01 08¢ yong 1oy T'L eyeiny
sjuawwon (1/Bw) (ways) (2.) ajs {(pnebw) aleq ) aweu weans Jaquinu uoneis
uonBAUIOUOD  3JUBPNPUOD  ainjesadwa)  jo weansdn Mmol4 apmiy
apuo|yd oy1oads sarep 191eM Bwa_uw_%m_.«m

[uweyy ssaf *> {[9A9] ©as ueatu ST winjep {(saj3ucipenb ered pue nyreH) sdew syderdodol a[eas-000‘vz: 1 SOSN
£861 woyy pajeuwrnss sapmnye ‘ofdures ou Jo ‘s[qesiidde jou ‘sjqejreae jou ‘-- Lranj Jad swesdijjiu “J/Bw Layewnuod Jad SUIWNSOIdNW ‘WH/ST SNIS[A)) $39133p D, iAep Jod suojje3 uorjiw ‘p/leS ‘193 ‘Y]
panuiguod--iemeH ‘inejy 1sea ‘eale Apnis N)jieH ‘Sweslls pajod|es Ul SjUSWaINSeaW Jo S)insay "¢ a|qel

18 Ground Water and Surface Water in the Haiku Area, East Maui, Hawaii



L661 ‘6T 1390150 P129[[0d S[dures apuoy) ¢

MOy pajewtisy

Y2 eoryney] AQ PIUSAIP 1ojem |[e - - - UOISIAAIP 0 L6/S1/TT 0Z0°1 YoInD woxe[ey ['S| enjnyedney
- - - Buiso] 100 L6/S/TT 0€0°1 yo[no 1yoyejey S| ennyedney
11 09 681 Surured 920 L6/81/11 00¥‘1 yoIngD oyeey ¢ enjnyedney
[uung], euedQ
WO} Weans 0) POPPE 13jeM SWOS L Ly £81 UOISIDAIP €71 L6/1/11 0S2'T Yoo nejesmy ¢ enjnyedney
L ¥S S8l Surured 90T L6/81/1T 0£0'C yono nefemy  z[ ennyedney
3 00L‘1 Je Sundg neremy - 18 88l Sutures $00 L6/81/11T 00L‘1 yo[no nejemy g'[[ ennyedney
98edass paquieans
snid uots1aatp 1sed oFexes] Jourwu - 89 638l UOISIAID 200 L6/BI/TT 08L°I yano nefemy [ ennyedney
L S 9Ll Sursop S8l L6/81/1T1 08L°1 yo[no nefemy [ enjnyedney
3 0Zp'1 18 Bundg nejemy - SL (A4 Lp 700 L6/8L/I1] oTr'l Areinguy psweuun Q] ennyedney
- - - Suiso] 0 L6/ILI/TT 0£Z°1 yo[nD nefemy O] en[nyedney
3 Ov6 Ie Suuds nefemy - €6 102 ‘Suured 800 L6/81/11 ov6 yoino neprdoedg  ['6 eninyedney
- - - Aip 0 L6/8T/TT 0€0°1 o nepidoedg 6 ennyyedney
-- - - Buso| 0 L6/LL/TT 06L yono nepidoedo g ennyedney
Suudg sojueg 81 6C1 TIT Lp - L6/31/11 081°1 Kieingu) poweuun  [°f eapnyedney
-- 18 60T Sumued 110 L6ILIITT S10°1 Areingu poweuun £ enjnyedney
Yo eoqyney] Aq poUsAIp 10jEM [[B - - - UOISISAIP 0 . LeILUII 010°1 Areinquy poweuun 9 enjnyedney
- - - Aip 0 L6/ILI/TT 0£9 Areinqui paweuun |-G enjnyedney
01 €9 8.4 Butured 2S00 LOILL/LL 0€£9 yo[no nepidoedy ¢ enjnyedney
sjuswwo) (bw) (woys) (20) aus (pnebw) aeg W) sweu weang Jaquinu uopers
uonenuUacuod  adsuednpuod  ainjesadway o weadisdn Mmoj4 apmiy .
apuoIyd oy19ads iajem 193)eM BM._%M_%MH%

[ueyy ssaf > {[oAa] eas ueaw st wnjep ((saj3ueipenb ered pue nyreH) sdew smydesSodoy afeos-000 vz 1 SOSN
€861 wolj porewnss sapninfe ‘ojdures ou Jo ‘sjqesijdde 10u ‘sjqejreae 1ou ‘-- 1o sod swreaBiu /8w Loyowinuad 12d suswalsosow ‘wd/gT snisja) saaI8ap ), ‘Aep Jad suojed uorjjuw ‘p/eSN 199) ‘Y]
panuluod--llemey ‘INepy 1Sed ‘ease Apnis NYyjleH ‘sweal)s pajos|as Ul Sjuawainseaul Jo SYNSaY °E dlqel

Hydrology 19



soil layer at the contact between the Honomanu Basalt
and the Kula Volcanics. The springs at higher altitudes
issue from between layers of the Kula Volcanics. At all
of the springs located above 100 ft in altitude, flow was
observed-to continue downstream for a few tens of feet
to about 1,000 ft before seeping into the floor of the
gulch. The site where perennial flow in Waiohiwi Gulch
begins was not visited but no flow was observed at
about 4,200 ft altitude. Perennial flow stops at about
2,080 ft (Maliko 10) where all the flow sinks into the
valley bottom upstream of Waiohiwi Falls (Maliko 9.3
on figure 9).

The total measured discharge below 2,000 ft
altitude in the Maliko Gulch drainage system is about
0.4 Mgal/d, nearly all of which issues from the Kula
Volcanics (site Maliko 1 through Maliko 9.3, table 3).
Because much of the measured discharge in the gulch
eventually seeps back into the ground, this value is
possibly an overestimate of the total amount of ground-
water discharge because the same flow may be reap-

* pearing farther downstream.

Kuiaha Guich

The next important drainage system to the east of
Maliko Gulch is the Kuiaha Gulch drainage system.
Kuiaha Gulch splits into three gulches at about 200 ft
altitude—Lilikoi Gulch to the west, Pauwela Gulch in
the middle, and to the east, the longest and deepest,
Ohia Gulch, which splits into Kapuahoohui and Hulu-
hulunui Gulches (fig. 1). Huluhulunui Gulch can be
traced to a maximum altitude of about 2,000 ft on the
1983 USGS 1:24,000-scale topographic map (Haiku
quadrangle). The Kuiaha Gulch system is incised as
much as 180 ft below the upland surface and the valley
bottoms are eroded only into the Kula Volcanics.

The Kuiaha system is usually dry from sea level to
an altitude of about 300 ft in Lilikoi and Pauwela
Gulches (fig. 9). At altitudes of about 300, 480, and
1,000 ft respectively, the Haiku, Lowrie, and Kauhikoa
Ditches, cross Lilikoi Gulch and remove nearly all base
flow gained between the ditches (table 3). Stream mea-
surements made during October 28-29, 1997 show that
sections of the stream in Lilikoi Gulch gained about 0.5

Mgal/d between 1,400 ft and 310 ft altitude. The most

substantial gain was measured where a landowner
pointed out a 1,000-ft long section of the stream
between sites Kuiaha 7.1 and Kuiaha 7.2 that gained
water noticeably throughout the year.

Pauwela Gulch, the shortest branch of the Kuiaha
Gulch system, is intersected by two surface-water
diversion systems. Haiku Ditch, at about 330 ft, inter-
cepts almost all base flow, and a tunnel which diverts
water from Ohia Gulch at about 540 ft adds water to
Pauwela Gulch. Lowrie Ditch does not intercept any
flow in Pauwela Gulch. The amount of streamflow gain
measured in Pauwela Gulch on October 28, 1997 was
about 0.2 Mgal/d between 840 and 375 ft altitude. The
small amount of flow in the gulch bypassing the Haiku
Ditch was observed to seep into the floor of the gulch
within about 600 ft downstream of the diversion.

Ohia Gulch is usually dry downstream of about

520 ft altitude where a tunnel diverts all base flow to
Pauwela Gulch. Upstream of this tunnel to about 1,400
ft altitude the stream gained about 0.2 Mgal/d on Octo-
ber 28, 1997. Upstream of Kauhikoa Ditch, the gulch
carries water put-into the stream at an altitude of about
1,430 ft from the Kaluanui Ditch but also gained nearly
0.1 Mgal/d on the day of measurement.

The total amount of ground-water discharge mea-
sured in the Kuiaha Gulch drainage system is about 1.0
Mgal/d, all of which is discharged from the Kula
Volcanics.

Kaupakulua Guich

The Kaupakulua Gulch drainage system (fig. 1)
lies to the east of the Kuiaha Gulch drainage system and
the geomorphology of the systems is similar. Base flow
is taken from the Kaupakulua Gulch system by surface-
water diversion systems at about 350 ft, 550 ft, 1,000 ft,
and 1,800 ft altitude, and the gulch carries excess water
from the Opana Tunnel for a distance of about 7,000 ft
between about 2,400 and 1,800 ft altitude. Kaupakulua
Gulch is usually dry from the ocean upstream to about
350 ft altitude where the Haiku Ditch takes all of the
base flow of the stream. On November 17, 1997, base
flow at an altitude of 350 ft (Kaupakulua 3) was about
0.06 Mgal/d, all of which was gained in a section of the
stream below an altitude of 480 ft (Kaupakulua 4) (table
3). At about 640 ft altitude, upstream of the Kaupakulua
Reservoir, the gulch splits into two branches, the west
branch is unnamed and the east branch is the Opaepilau
Gulch, which splits into the Awalau and Kalakohi
Gulches farther upstream. Flow in the unnamed tribu-
tary, which originates from a spring at an altitude of
about 1,180 ft (Kaupakulua 7.1), was 0.11 Mgal/d and
all of the flow was diverted to the Kauhikoa Ditch. This
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tributary was dry downstream between this diversion
and the intersection with Opaepilau Gulch. In both
Awalau and Kalakohi Gulches, the stream has gaining,
losing, and dry reaches at altitudes between 2,400 ft
(Kaupakulua 13) and 630 ft (Kaupakulua 5.1) (fig. 9).
The highest seepage rates measured during the study
were for the reach between 2,250 and 2,030 ft altitude
in Awalau Gulch where the stream gained about 0.75
Mgal/d over a 3,000-ft long section.

Ground-water discharge measured in the Kaupa-
kulua Gulch system totaled about 1.4 Mgal/d. Because
this system had both gaining and losing reaches, the
total discharge estimate possibly includes ground water
that discharged in more than one place along the stream
channel.

Kakipi Gulch

The Kakipi Gulch drainage system, which lies near
the eastern edge of the study area, receives the most
rainfall of any system in the study area (fig. 2). There-
fore, the Kakipi Gulch system has more tributaries and
more perennial streamflow than the Maliko Gulch sys-
tem. Two small tributaries enter the gulch from the east,
downstream of the site about 2 mi from the coast where
Kakipi Gulch splits into Opana and Halehaku Gulches
at about 600 ft altitude. Opana Gulch can be traced
upstream to about 4,800 ft altitude and Halehaku Gulch
to about 2,600 ft altitude on the 1983 USGS 1:24,000-
scale topographic map (Haiku quadrangle). Base flow
in this system is captured by the surface-water diversion
systems at altitudes of about 400, 600, 1,000, 1,200, and
2,400 ft, and a part of runoff is captured at 4,200 ft for
the Upper Kula Pipeline (fig. 1).

The lower section of Kakipi Gulch is incised as
much as 340 ft below the original land surface, similar
to the lower section of Maliko Gulch, but the valley
floor rises on a much steeper gradient, reaching an alti-
tude of 600 ft within about 1.5 mi from the coast. This
steeper gradient occurs because the floor of the gulch
lies mainly in the Kula Volcanics and has not eroded
deeply into the Honomanu Basalt. The geologic map
(Stearns, 1942) shows no outcrops of Honomanu Basalt
in Kakipi Gulch but during this study, the contact with
the Kula Volcanics was observed to be about 3,500 ft
from the shore in the gulch at an altitude of about 100 ft.
The gradient of Kakipi Guich is similar to the gradient
of Maliko Gulch above 600 ft altitude where Maliko
Gulch lies on the Kula Volcanics.

Kakipi Gulch has perennial flow over much of its
length but is often dry near the coast below 400 ft alti-
tude. A small spring at about 10 to 20 ft altitude can be
found on the east side of the bay into which the stream
valley empties. This spring issues from above a red ash
and soil layer, presumably the contact between the
Honomanu Basalt and the overlying Kula Volcanics.
On December 17, 1997, Kakipi Gulch was dry for at
least 4,500 ft from the coast upstream to an altitude of
about 120 ft, with the exception of one section. Water
was observed to flow into Kakipi Gulch from Papalua
Stream at an altitude of about 40 ft and seep into the
floor of the gulch within 500 ft downstream of the con-
fluence. The floor of Papalua Stream valley changes
from thick lava flows presumably of the Kula Volcanics
to thin-bedded pahoehoe flows indicative of the Hono-
manu Basalt about 200 to 300 ft upstream of the conflu-
ence. Therefore, flow that was maintained on the
surface of the thick flows of the Kula Volcanics could
not be supported for more than 700 to 800 ft down-
stream by the more permeable thin-bedded rocks of the
lower Honomanu Basalt.

Five surface-water gaging stations (fig. 9) have
been operated for various lengths of time on Opana and
Halehaku Gulches above 1,200 ft altitude to record
daily streamflow (Fontaine, 1996). In addition, gaging
station 5995 in Awalau Gulch measures water diverted
through the Opana Tunnel from Opana Gulch. To esti-
mate the base-flow component of streamflow for two of
the records with sufficient length, a computerized base-
flow separation method, known as the BFI program
(Wahl and Wahl, 1995), was used. Two variables, N
(number of days) and f (turning-point test factor) must
be assigned values in the method. The method divides
the daily streamflow record into nonoverlapping N-day
periods and determines the minimum flow within each
N-day window. If the minimum flow within a given N-
day window is less than f times the adjacent minimums,
then the central window minimum is made a turning
point on the base-flow hydrograph. Wahl and Wahl
(1995) recommend a value of 0.9 for the turning-point
test factor for most applications.

Gaging station 5990 was operated during the
period July 1932 through January 1933 (Grover and
Carson, 1935) on Opana Gulch at an altitude of about
3,100 ft (fig. 9). The records, which were not analyzed
to determine the base-flow component, show that peak
flows were between 13 and 32 Mgal/d several times
during the gaging period (fig. 10). The stream did not go
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Figure 10. Measured discharge and calculated base flow at selected surface-water gaging stations,
Haiku study area, east Maui, Hawaii.
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dry at the gaging station during the gaging period,
which was one of above average rainfall (fig. 3). Further
downstream at an altitude of about 2,400 ft, gaging
station 5995 has recorded the amount of water diverted
from the gulch through the Opana Tunnel and into a
local domestic water-distribution system (fig. 1). The
gaging station record covers the period from 1965 to the
present and shows all but the peak flows that bypass the
diversion to the Opana Tunnel (fig. 1). During the
period 1966 to 1996, estimated base flow at gaging sta-
tion 5995 averaged 1.1 Mgal/d and yearly averages
ranged from 0.3 Mgal/d in 1981 to 2.3 Mgal/d in 1969.
The stream did not go dry any time during the period of
record indicating that ground water was probably con-
tinuously discharging to the stream upstream of the gag-
ing station.

Gaging station 6000, at an altitude of about 1,200
ft (fig. 9), recorded the amount of diversion of all low
and medium flows from Opana Gulch to the New
Hamakua/Kauhikoa Ditch from 1910 to 1912 (Martin
and Pierce, 1913; Pierce and Larrison, 1914). Gaging
station 6010, located at least 400 ft downstream of the
diversion was reported to record only flood flows that
bypassed the diversion but the records of gage height
indicate that there was almost always flow at the gaging
station, even when the channel at gaging station 6000
was reported dry (Pierce and Larrison, 1914, p. 196).
Therefore, either the diversion did not divert all of the
water, even at low flow conditions, or Opana Gulch was
gaining water between the diversion and gaging station
6010. The site descriptions and data are insufficient to
determine which possibility was most likely.

On Halehaku Gulch, two surface-water gaging
stations were operated, one at 2,340 ft altitude (gaging
station 5962) and one at about 1,200 ft altitude (gaging
station 5980) (fig. 9). Estimated base flow at gaging sta-
tion 5962 during the period 1966 to 1971 averaged 0.3
Mgal/d and yearly averages ranged from 0.2 to 0.5
Mgal/d (fig. 10). The stream did not go dry during the
7-year period of record. Flow was also continuous at the
lower gaging station for the period 1910 to 1912 but the
record was not sufficient for analysis using the BFI pro-
gram (fig. 10). Total flow at the lower gaging station
ranged from 0.3 to 13 Mgal/d, the upper limit of the
recording instrumentation at the gaging station (Martin
and Pierce, 1913).

Ground-Water Levels

Ground-water flow rates and directions are diffi-
cult to measure directly, and are usually inferred from
water levels. Changes in ground-water levels can also
be indicators of changes in recharge or withdrawals
from the ground-water system, and can be an indicator
of freshwater-lens thickness.

Spatial Distribution

Water levels from wells in and around the study
area have been separated into two groups, one contain-
ing water levels measured in wells that did not penetrate
to sea level at the time of measurement and one contain-
ing water levels measured in wells that are open to the
aquifer at or below sea level (table 4). Water levels mea-
sured during drilling in seven wells (5320-01, 5414-01,
5420-01, 5420-02, 5514-01, 5518-03, and 5519-01)
which eventually penetrated below sea level are
included in the first group because the base of each well
was above sea level at the time of measurement. Water
levels measured in these same wells after their comple-
tion below sea level are included in the second group.
Two water-level maps were constructed on the basis of
the water-level information, one for the wells above sea
level (fig. 11) and one for the wells at or below sea level
(fig. 12). Because these water levels were measured
over several decades, short-term variations caused by
factors such as ground-water development, irrigation,
or reservoir seepage cannot be adequately identified.
The short-term effects are probably localized and small
because ground-water withdrawal is limited and land
use has been relatively stable for decades; thus,
although the water-level maps do not represent any
instant in time, they provide a view of the region gener-
alized over time. In addition to the well data, the alti-
tudes of springs and gaining sections of streams were
used to construct the water-level map of the Kula Vol-
canics upper rock unit. These areas of ground-water dis-
charge indicate places where the upper water table
intersects the ground surface.

The upper water-level surface generally mimics
topography but an abrupt increase in water levels from
west to east across Maliko Gulch, the western boundary
of the assumed dike complex, is apparent. In the middle
of the study area, the water table rises away from the
coastline with a slope of about 340 ft/mi. Farther to the
east, the water-table gradient is steeper (about 500
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ft/mi) which may be attributed to higher recharge and/or
lower permeability of the aquifer.

The water-level map for the lower rock units
shows a surface that has a much flatter water-level gra-
dient throughout the study area but still includes the rise
in water levels across the western boundary of the dike
complex. In the Haiku area, the gradient of the lower
water-level surface is about 3 ft/mi away from the coast-
line within the dike complex. To the west of Maliko
Gulch, the slope of the'water-level surface is about 1 to
2 ft/mi. Farther to the east, the water-level data are
sparse but indicate that the gradient of the lower surface
is much steeper than 3 ft/mi.

Temporal Variation

At most wells, only single water-level measure-
ments are available. At three wells, water-level mea-
surements are available over several-year periods (fig.
7). Water levels in well 5520-01 were collected occa-
sionally during 1946-53, sometimes when water was
being withdrawn. Water levels measured during pump
operation were about 2 ft lower than water levels mea-
sured when the pump was off. During July 19-24, 1946,
total tidal fluctuations in the well were about 0.2 to 0.4
ft. Occasional water-level measurements were made in
well 5519-01 during 1970-86 and in well 5419-01 dur-
ing 1979-95. The water level in both wells appear to
mimic the rainfall variations recorded at rain gage 338.
The highest measured water levels in well 5519-01
were during 1980-83, a period when the two wettest
years (1980 and 1982) were recorded at the rain gage.
Water levels in well 5419-01 show a similar rise in

response to the two above-average rainfall years of
1989 and 1990.

Chloride Concentration

Chloride concentration is used as an indicator of
saltwater intrusion into the ground-water system. The
only long-term record of chloride concentration avail-
able is for well 5520-01 in Maliko Gulch (fig. 7 and
table 4). Between 1925 and 1996, chloride concentra-
tion ranged from 270 to 1,668 mg/L. The fluctuation in
concentration appears to have been caused by changes
in the amount of water withdrawal from the well. Gen-
erally, greater withdrawal from a well in a coastal aqui-
fer will cause an increase in the chloride concentration
of the pumped water as more saline water is induced to

flow towards the well. Much of the chloride-concentra-
tion data is reported annually with no indication if the
value represents a single sample at the end of the year
or a composite of more than one sample collected
throughout the year. In most cases, the value probably
represents the chloride concentration as the well is
being pumped. Overall, the existing data do not indicate
any significant long-term change in chloride concentra-
tion. Chloride-concentration values from other wells in
or east of the Haiku study area that penetrate to below
sea level range from 49 to 200 mg/L (table 4). The high-
est concentrations were in samples from wells located
nearest the coast where the freshwater lens is thinnest.
All of the chloride concentrations are from samples col-
lected after each well was completed. Water from well
5021-01, west of the study area, has an unexplained
high chloride concentration of 550 mg/L.

Chloride concentrations averaged about 20 mg/L
in water from well 5413-08, which does not penetrate to
sea level; from the Maliko Tunnel, and from streams
consisting of only base flow (tables 3 and 4). For com-
parison, the chloride concentration of rainfall is typi-
cally less than 20 mg/L (Swain, 1973). One shallow
well (5513-01) has a chloride concentration of 96 mg/L.

CONCEPTUAL MODEL OF GROUND-
WATER OCCURRENCE AND MOVEMENT

Ground water is recharged by direct infiltration of
rainfall over the entire study area. The area of greatest
recharge (near 150 in/yr) lies between 2,000 and 6,000
ft altitude where rainfall and fog drip are greatest. Fresh
ground water is found in two main forms: (1) as perched
high-level water held up by relatively low-permeability
geologic layers, and (2) as a freshwater lens floating on
denser, underlying saltwater.

Perched High-Level Ground Water

The water levels measured in shallow wells and the
presence of springs indicate that a water table lies sev-
eral tens of feet below the ground surface in the thick
lava flows and interbedded soils of the Kula Volcanics.
Where the ground surface is incised into the high-level
water table, ground water discharges at springs or
directly into streambeds. Conversely, streamflow infil-
trates into the aquifer in several places where a stream
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bottom lies above the high-level water table and is suf-
ficiently permeable. Perennial discharge of ground
water to streams has been measured at altitudes greater
than 2,400 ft in the Kakipi Gulch system. Total ground-
water discharge from the Kula Volcanics to streams in
the study area is about 3 to 6 Mgal/d, all of which is
either removed from the streams by surface-water
diversion systems or which infiltrates back into the
ground. This ground-water discharge is only about 3 to
6 percent of the estimated recharge to the study area,
therefore more than 90 percent of the recharge must
flow downward to the freshwater lens. Because most
ground-water flow is vertically downward through the
perched high-level water body, ground-water heads
should decrease with depth in the high-level water body
but no water-level data exist to support this conclusion.

The high-level water-table surface mimics topog-
raphy and its location depends on the presence of the
rocks of the Kula Volcanics. The base of the perched
high-level water body is defined by the transition from
the lower permeability Kula Volcanics and associated
weathered soil and ash beds to the underlying higher
permeability Honomanu Basalt. The thickness of the
high-level water body is therefore controlled by the
thickness of the Kula Volcanics, which is about 100 to
400 ft thick where exposed in the walls of Maliko Gulch

(fig. 8).

Volcanic dikes, which commonly impound water
because of their low permeability, do not appear to be a

‘major factor in controlling the shape of the high-level

water table below about 2,000 ft in the study area. Too
few data exist from areas above this altitude to draw any
conclusions about the presence or effect of volcanic
dikes. Ground-water flow, from south to north, in the
high-level water body appears to be mainly controlled
by the layered nature of the aquifer. The presence of
dikes appears to have little effect on ground-water flow.
However, the high-level water-table map (fig. 11) indi-
cates that ground-water flow may be impeded more
from east to west in a direction perpendicular to the pre-
ferred orientation of the dikes in the dike complex.

Freshwater Lens

Within the high-permeability rocks of the Hono-
manu Basalt, a lens of freshwater floats on denser
underlying saltwater. The freshwater lens system is
often referred to as “basal ground water” in Hawaii. The
source of freshwater in the lens is ground-water

recharge from overlying high-level ground-water areas
and infiltration of rainfall. It appears that more than 90
percent of the recharge reaching the high-level water
body flows vertically through unsaturated rocks below
the high-level water body to recharge the freshwater
lens. Fresh ground water flows from inland recharge
areas to the coast where it discharges at springs and by
diffuse seepage at and below sea level. In coastal aqui-
fers, a saltwater-circulation system exists beneath the
lens (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
freshwater-saltwater transition zone. No wells in the
study area penetrate the transition zone or underlying
saltwater.

For hydrostatic conditions, the thickness of the
freshwater lens can be estimated by the Ghyben-
Herzberg principle. If the specific gravities of fresh-
water and saltwater are assumed to be 1.000 and 1.025,
respectively, than the Ghyben-Herzberg principle pre-
dicts that every foot of freshwater above sea level must
be balanced by 40 ft of freshwater below sea level. For
dynamic conditions, the Ghyben-Herzberg principle
tends to overestimate the freshwater lens thickness in
the recharge zone and underestimate the freshwater lens
thickness near the discharge zone.

Although the study area is in a dike complex where
dike-impounded water is expected, water levels in the
freshwater lens form a hydraulic gradient of about 3
ft/mi inland, which is in the range of 1 to 5 ft/mi found
in coastal aquifers formed by flank lava flows on other
Hawaiian islands (Stearns and Macdonald, 1946; Hunt,
1996). The hydraulic gradient immediately to the west
of the dike complex in flank lava flows is about 1 to 2
ft/mi. Because the principal direction of ground-water
flow is parallel to the dike complex, it appears that vol-
canic dikes are not numerous enough or oriented in such
a way as to impound ground water to a significant
extent. A low ground-water gradient has been observed
in the East Rift Zone of Kilauea Volcano on the island
of Hawaii where ground-water flow is oriented parallel
to the emplacement orientation of volcanic dikes. The
reported hydraulic gradient is about 1.7 ft/mi within
about 4 mi from the coast in an area where recharge and
hydraulic conductivity estimates are similar to those of
the Haiku study area (Sorey and Colvard, 1994).

In addition to similar hydraulic gradients, the
water-table configuration in the Kilauea’s East Rift
Zone and in the Haiku area are similar; showing a
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convex pattern of water-level contours inside the dike
complex. This similarity or pattern indicates that volca-
nic dikes do affect the flow of water perpendicular to
the dike orientation and that the preferred ground-water
flow direction is downrift rather than across the dike
complex. Therefore, the effects of ground-water with-
drawal from wells drilled in the dike complex would
tend to be more noticeable along the dike complex to
the north and south and less noticeable across the dike
complex to the east and west.

Variably Saturated Flow System

The rocks beneath the contact between the Kula
Volcanics and the underlying Honomanu Basalt and
above the freshwater lens appear to be unsaturated on
the basis of several observations.

1. Stream channels incised into the Honomanu
Basalt (Maliko and Kakipi Gulch) are dry or
losing streamflow during base-flow conditions.
All streamflow seeps into the Honomanu Basalt
as it travels downstream from the Kula Volcanics.

2. The hydraulic conductivity of the Honomanu
Basalt, on the basis of aquifer tests, is too high to
support a thick ground-water lens given the
estimated recharge to the study area. Kanemoeala
Spring is a perennial spring about 700 ft from the
coast at an altitude of 50 ft in Kanemoeala Gulch
(fig. 9). If the spring, which is located at the Kula
Volcanics/Honomanu Basalt contact, were to be
discharging ground water from a vertically
extensive freshwater lens, the hydraulic
conductivity of the aquifer would have to be 7 ft/d
on the basis of equation 1:

6 ft

2x0.025x13x10 d—x700ft

K=
(50 ft) > x 1.025 x 26400 ft

ft
=75 )

Estimates of the hydraulic conductivity of the
aquifer based on aquifer tests are about three
orders of magnitude higher. Therefore, it is likely
that the freshwater lens is not thick enough to be
discharging at this spring.

3. From discussions with several drillers and
geologists working in the area, it is apparent that
wells that penetrate through the contact have
encountered conditions of cascading water from

above the Kula Volcanics/Honomanu Basalt
contact and dry lava tubes in the Honomanu
- Basalt.

The existence of an unsaturated zone between the
high-level water body and the freshwater lens has
important implications for ground-water development
and the effect of ground-water withdrawal on streams.
Unsaturated hydraulic conductivity values of shield-
building lavas are not available but can be estimated
from values estimated for coarse gravel. A layer of
gravel can be considered analogous to a layer of rubble
in an aa interflow zone. The hydraulic conductivity of
gravel drops by about 14 orders of magnitude almost
immediately after the water content of the gravel drops
below saturation (Johnson and others, 1983). Therefore,
the effects of pumping from the freshwater lens will be
immeasurable at streams that are separated from the
freshwater lens by more than 100 ft of the unsaturated
basalt because of the very low hydraulic conductivity
expected.

Development of Variably Saturated Ground-
Water Flow Model

To evaluate the likelihood that a variably saturated
system could develop in the Haiku study area, a two-
dimensional, cross-sectional ground-water flow model
using the computer code VS2DT (Healy, 1990) was
developed to simulate steady-state movement of ground
water in a variably saturated vertical section. The verti-
cal section was designed to be representative of the geo-
logic and hydrologic properties observed in the Haiku
study area. VS2DT is a finite-difference code that sim-
ulates the transport of solutes and the flow of water by
solving the nonlinear water-flow equation for unsatur-
ated and saturated porous media, and the code can
incorporate infiltration, evapotranspiration, and seep-
age faces. In the version of the code used, the moisture-
characteristic curve for the porous media is represented
by the van Genuchten (1980) algebraic equation. The
VS2DT code is a supplemental version of VS2D
described in Lappala and others (1987). Solute transport
was not simulated in this study.

Representation of the Physical System

The model was designed to represent a vertical
section of a layered aquifer system, about 60 ft high and
3.5 ft wide, with thick-bedded lava flows overlying
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thin-bedded, highly permeable lava flows and separated
by a layer of weathered saprolite about 13-ft thick (fig.
13). The finite-difference grid used to represent this sec-
tion consists of 7,560 square grid blocks, each 0.164 ft
on a side, arranged in a rectangular array with 21 col-
umns and 360 rows (fig. 13). Recharge, varying from 25
to 100 in/yr, was modeled using a specified-flow
boundary at the top of the grid. Discharge was allowed
along the entire left side of the grid using a specified-
head boundary of zero pressure head with the require-
ment that water leaves the system (Lappala and others,
1987). This type of boundary simulates a seepage face
and only allows water to flow out of the system where
the aquifer is saturated. The right and bottom sides of
the grid are no-flow boundaries. All of the simulations
started with the initial conditions of no water in the sys-
tem and were completed to steady-state conditions.

Hydraulic Characteristics

The hydraulic characteristics of the three layers in
the model are shown in table 5. Because there were no
data available describing the unsaturated flow charac-
teristics of highly permeable basalt and because no new
data were collected, it was necessary to choose charac-
teristics of a rock with similar permeability for which
moisture-characteristic parameters have been experi-
mentally determined. Lappala and others (1987, table 1)
present hydraulic characteristics for a coarse sand with
a saturated hydraulic conductivity of 23,000 ft/d. These
unadjusted values were used for the scaling length and
pore-size distribution parameter for the upper and lower
basalt layers. For the compressed weathered soil layer,
the moisture-characteristic values for a clay sample
were used (Lappala and others, 1987, table 1) and the
saturated hydraulic conductivity was varied for the dif-
ferent simulations.

The model does not include exact representations
of unsaturated basalt or weathered soil moisture charac-
teristics, but ultimately the goal of the simulation was to
show whether or not a variably saturated system was
possible. The possibility of this configuration depends
mainly on the saturated hydraulic conductivity of the
middle layer and to a lesser degree on the saturated
hydraulic conductivity of the upper and lower layers.

Results of the Model Simulations

The series of simulations, in which the hydraulic
conductivity of the middle layer was varied, shows that
it is possible, using realistic hydraulic properties and

hydrogeologic conditions, to create a steady-state vari-
ably saturated system with a relatively low permeability
weathered soil or clay layer perching water in and above
it (table 6, simulations 1-7). Using 25 in/yr of recharge
and a saturated vertical hydraulic conductivity value of
1.0x107! f/d, the model simulation shows that all of the
recharge reaches the bottom layer. The middle layer
will perch water in and above it when the saturated ver-
tical hydraulic conductivity is less than 6.6x1072 ft/d
and only 1 percent of the recharge will reach the bottom
layer when the saturated vertical hydraulic conductivity
of the middle layer is reduced to 3.3x10™ fv/d (fig. 14)."
When the saturated vertical hydraulic conductivity is
between 3.3x10°* and 6.6x1072 ft/d, the amount of
recharge that reaches the lower layer decreases roughly
linearly as the hydraulic conductivity of the middle
layer is decreased (fig. 14). The values of hydraulic con-
ductivity for the middle layer used in the simulations
fall at the lower end of the range of measurements of
saturated hydraulic conductivity of near-surface,
uncompressed soils weathered from basalt in central
Oahu, which range from 1x1072 to 3x10? fv/d (Miller
and others, 1988).

In another set of simulations (table 6, simulations
8, 9), when the recharge to the system, in which the sat-
urated vertical hydraulic conductivity of the middle
layer is 4.9x10‘2, is doubled and doubled again, the
additional water is all perched by the top and middle
layers. The amount of recharge reaching the lower layer
stays the same but it is a smaller percentage of the total
recharge to the system.

The limitation of this vertical model is that it is not
wide enough to simulate the buildup of head in the lay-
ers far away from the seepage face boundary. Higher
heads in the upper and middle layers would increase the
vertical gradient, forcing more water to move down-
ward through the middle layer. Also, the model does not
include the flux of water that would travel through the
system along the sloping surface of the layers from
upgradient areas. To avoid this problem, the upgradient
flux could be added to the right side of the grid or the
grid could be extended to represent an actual no-flow
boundary of the Haiku system. The first solution is
unacceptable because the upgradient flux is difficult to
determine and the distribution of this flux to the upper
and lower layers cannot be known at the start of the sim-
ulation but must be determined as part of the solution.
The second solution is also unacceptable because the
physical upgradient boundary of the Haiku flow system
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Table 5. Summary of VS2DT parameter values held constant in the
Hawaii

ground-water flow model, Haiku study area, east Maui,

Saturated
horizontal
hydraulic Ratio of vertical Van Genuchten  Residual Van Genuchten
conductivity, to horizontal (1995) scaling  moisture (1995) pore-size
Ksat hydraulic length, o’ content, distribution
Geologic feature (feet per day) conductivity  Porosity (feet) O, parameter, '
Top layer thick-bedded lava flows 1 0.1 0.1 -0.466 0.025 6.3
Middle layer saprolite varied 1.0 0.495 -1.316 0.175 1.6
Bottom layer thin-bedded lava flows 1,000 0.1 0.1 -0.466 0.025 6.3

Table 6. Summary of VS2DT parameter values varied in the ground-water flow model, Haiku area, east Maui, Hawaii

Saturated horizontal and vertical
hydraulic conductivity of

Amount of recharge

Model simulation middle layer, Kgq4 Recharge, reaching lower layer,
number (feet per day) (inches per year) (percent of total recharge)
1 1.0x10°! 25 100
2 6.6x1072 25 97
3 5.7x10°2 25 92
4 4.9x107? 25 83
5 3.3x1072 25 55
6 1.0x10°2 25 17
7 3.3x10* 25 1
8 4.9x1072 50 41
9 4.9x1072 100 21

is unknown and may very well be the flow divide at the
center of East Maui Volcano 10 to 15 miles inland.

DATA NEEDS

Additional data are needed to improve and confirm
the understanding of the ground-water flow system in
the study area. A few specific data needs are briefly
described below.

1. Data from exploratory wells could confirm the
existence of an unsaturated layer between the
upper and lower water tables. The wells would be
open only to a small part of the aquifer (a few tens
of feet) above the freshwater lens but still in the
Honomanu Basalt. Unsaturated conditions would
be confirmed if the well remains dry or negative

pressures can be measured in the well.

Continuous monitoring of selected springs and
streamflow in the area is needed to measure
baseline ground-water discharge before the start
of proposed additional ground-water withdrawal.
Comparisons can then be made to determine if the
additional withdrawal is affecting ground-water
discharge at the high-level streams or springs.

An aquifer test in the Honomanu Basalt with
multiple observation wells arranged both parallel
and perpendicular to the preferred volcanic-dike
orientation is needed to determine if the dike
complex does indeed have higher conductivity in
the north-south direction compared to the east-
west direction. In addition, an observation well
open only to the upper water body could be used
to monitor any hydrologic effects felt there.
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4. Geologic logging of all additional wells drilled in
the area could provide more information on the
relation of the upper water body to the
stratigraphy. Water levels in the wells need to be
monitored daily during drilling to determine the

vertical-flow gradient in the ground-water system.

SUMMARY AND CONCLUSIONS

The Haiku study area lies on the gently sloping
eastern flank of the East Maui Volcano (Haleakala).
The wedge-shaped study area, covering about 42 mi?, is
bounded to the north by about 6 mi of coastline and lies
between the drainage basins of Maliko Gulch to the
west and Kakipi Gulch to the east. About 7 mi from the

coast at an altitude of 2,400 ft, these two gulches are less
than 0.5 mi apart. Land use is currently dominated by
pineapple cultivation, some residential areas, and at
higher altitudes by livestock grazing and forested state
conservation land.

The study area lies on the northwest rift zone of
East Maui Volcano, a geologic feature 3 to 5 mi wide
marked by surface expressions such as cinder, spatter,
and pumice cones and by a positive gravity anomaly.
Rift zones are intruded by magma that cools to form
volcanic dikes—hydrologically significant features that
can impede the flow of water as a result of their low
hydraulic conductivity. The study area contains two
geologic units, the main shield-building stage Hono-
manu Basalt, a thick accumulation of thin lava flows,
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and above that the Kula Volcanics, which consist
mainly of lava flows that are many tens to hundreds of
feet thick. The two units may be separated by a transi-
tional phase lava and a red layer of weathered soil and
ash.

The hydraulic conductivity of the Honomanu
Basalt in the study area was estimated to be between
1,000 and 3,600 ft/d on the basis of aquifer tests and
between 3,300 and 4,400 ft/d on the basis of the
regional recharge rates and observed freshwater heads.
No estimates are available for the hydraulic conductiv-
ity of the Kula Volcanics but estimates of specific
capacity range from 0.01 to 0.09 gal/min per ft of draw-
down. These estimates are about four orders of magni-
tude lower than the average specific capacity of the
wells that penetrate into the Honomanu Basalt.

About 191 Mgal/d of rainfall and 22 Mgal/d of fog
drip enters the study area with the highest amounts
occurring between 2,000 and 6,000 ft altitude. Of the
total precipitation, about 98 Mgal/d enters the ground-
water system as recharge. Nearly all of the ground water
currently withdrawn in the study area is from well 5520-
01 in Maliko Gulch. Historic withdrawal rates have
averaged about 2.8 Mgal/d at this site. Total withdrawal
at all other wells in the study area is probably about 10
percent of the withdrawal from well 5520-01. An addi-
tional 18 Mgal/d of ground-water withdrawal is pro-
posed.

The drainage pattern of the stream valleys on East
Maui is radial and the streams in the study area drain
north to the ocean. The two most deeply incised stream
valleys in the study area, Maliko Gulch and Kakipi
Gulch, have floors formed near the coast by the Hono-
manu Basalt. The upper parts of these valleys and all of
the other stream valleys in the study area lie in the Kula
Volcanics. Flow in Waiohiwi Gulch, a tributary to
Maliko Gulch, is perennial between about 2,000 ft and
4,000 ft altitude. At lower altitudes in Maliko Gulch,
flow is perennial at only a few spots downstream of
springs and near the coast. The total measured discharge
from springs in Maliko Gulch is about 0.4 Mgal/d,
nearly all of which occurs from the Kula Volcanics.

The Kuiaha and Kaupakulua Gulch systems are
usually dry from sea level to an altitude of about 350 ft.
The three branches of the Kuiaha Gulch system gain
water from about 900 ft to about 350 ft altitude. The two
main branches of the Kaupakulua Gulch system

alternately gain and lose water from 2,400 ft to 900 ft
altitude. The total amount of ground-water discharge
measured in the Kuiaha Gulch and Kaupakulua Gulch
systems is about 1.0 Mgal/d and 1.4 Mgal/d, respec-
tively, all of which is discharged from the Kula
Volcanics.

Kakipi Gulch has perennial flow over much of its
length but is often dry near the coast below 400 ft alti-
tude. Five surface-water gaging stations have been
operated for various lengths of time on branches of
Kakipi Gulch above 1,200 ft altitude to record daily
streamflow. A gaging station at 3,100 ft altitude shows
that the stream has gone dry after periods of low rain-
fall, but at 2,400 ft altitude, streamflow has been contin-
uous from 1966 to the present (1998) and has averaged
about 1.1 Mgal/d. In all of the drainage systems of the
study area, all of the ground-water discharge from the
Kula Volcanics not captured by surface-water diver-
stons eventually returns to the ground-water system
through streambed seepage.

Measured water levels in wells completed above
sea level and the altitudes of springs and gaining sec-
tions of streams were used to construct a map of an
upper (high-level) water table. The upper water table
generally mimics topography and lies several tens of
feet below the ground surface outside of the stream val-
leys. The upper water body lies entirely in the Kula Vol-
canics and exists because the relatively low
permeability of the interbedded and underlying soil and
ash layers impedes the downward movement of the
ground water.

Measured water levels in wells that penetrate
below sea level were used to construct a map of the
fresh ground-water lens. The hydraulic gradient of the
lens surface rises away from the coast with a slope of
about 3 ft/mi within the dike complex. Although the
hydraulic gradient in the dike complex is steeper than
the gradient outside the complex, it is still relatively flat
and suggests that because ground-water flow is gener-
ally in the same direction as the dike orientation, signif-
icant impoundment of ground water is not occurring.
Temporal variations in water levels show the influence
of the ocean tides but seasonal and interannual varia-
tions appear to be less than a foot. No long-term trends
are apparent in the water levels.

Chloride concentration is used as an indicator of
saltwater intrusion into the ground-water system. The
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only long-term record of chloride concentration avail-
able is for well 5520-01 in Maliko Gulch, where
between 1925 and 1996, chloride concentration ranged
from 270 to 1,668 mg/L and fluctuated in response to
changes in the amount of withdrawal from the well.
Chloride-concentration values for samples from other
wells that penetrate to below sea level range from 49 to
200 mg/L, the highest concentrations were in samples
from wells nearest the coast where the freshwater lens
is thinnest. Chloride concentrations averaged about 20
mg/L in water from well 5413-08, which does not pen-
etrate sea level, from the Maliko Tunnel, and from
streams consisting of only base flow.

Fresh ground water in the study area is found in
two main forms: (1) as perched high-level water held up
by relatively low-permeability geologic layers, and (2)
as a freshwater lens floating on denser, underlying salt-
water. The rocks beneath the contact between the Kula
Volcanics and the underlying Honomanu Basalt and
above the freshwater lens appear to be unsaturated on
the basis of several observations: (1) streams are dry or
losing water where they are incised into the Honomanu
Basalt, (2) the hydraulic conductivity of the Honomanu
Basalt is too high to support a thick ground-water lens
given the estimated recharge to the study area, and (3)
wells that penetrate through the contact have encoun-
tered conditions of cascading water from above the con-
tact and dry lava tubes in the Honomanu Basalt.

A cross-sectional, steady-state, variably saturated
ground-water flow model using the computer code
VS2DT (Healy, 1990) was developed to evaluate
whether a two-layer, variably saturated ground-water
flow system could develop given the hydrologic and
geologic conditions of the Haiku study area. Using 25
in/yr of recharge and hydraulic characteristics represen-
tative of the Kula Volcanics and the Honomanu Basalt,
the model demonstrates that a 13-ft thick geologic layer
with a saturated vertical hydraulic conductivity below
6.6x102 ft/d can impede vertical ground-water flow
enough to produce two saturated water bodies with an
unsaturated zone between them. Subsequent lower ver-
tical hydraulic conductivity values for the impeding
layer allow even less water to reach the lower layer.
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