g
¥,

LANAI WATER SUPPLY

JOHN F. MINK_
Hydrologist®

October 1, 1983

P
EXHIBTZ-1»

5o 31
R b




Summary and CONClUSIONS 4 e ivivisnsnasrmsnenssssri
Recommendations e % r e m ek e ke b e s b ks s Ak P BN e s h e
IntrOdUCtlon L O AR T TN S O R IS N O B AR B DU RN R I 20 o BT 1

TABLE OF CONTENTS

Summary of Previous Investigations sasesscmcaranse

ThHe
The

Lanai ENVITONMENT ... ..eeeerstosdacssennonans
Water Balance o0f Lanal .....ermerenaovncosany
Aquifer Characteristics and Behaviof ..iiciwseesnsen
Present Groundwater Development .....csceveeiinene
Potenrial High lLevel Groundwater Development v

Comments on Basal Groundwater ...vvevriarnsannnvns

Appendix A: Water BalancCe ...s.ceuver-sssssavansrs
Appendix B: Pumping Tests .....vesevasincorennsoy
Appendix C: Well Specifications +....cassceveaans
REfETeNCES i tswsreosonnvnnseessssonmnasnesnnnss

&

-

Tables
1 Composition of High Level Water .........cevvu.
2 Composition of Water From Well ‘1 (Palawai) ....
¥ Average Rainfall and Draft, Leeward Sector ...
4 Maximum Annual Water Levels, Leeward Sector ...
S Scenarios of Porential High Level Groundwater
Development . ........vistesinasservemarnrnnasan
6 Surplus Sustainable Yielé Over Plantation
Demand ....... S e meE e ace b e At e e
C~-1 Well SpecifiCATIONS wirevsognonrscasoasossanonn
Figures
1 Map of High Level Water .,cuivinauvnrcemecnicans
2 Sustainable Yield CUTVES . ycwinraavaassivennass
B~1 Pump Test Well 3 .4 duisisiniommsesrcsovsnaricoin
B-2 Pump Test Well 4 i iuvivacivantossnsasoivssansm
B'S Pump Test Well § o
C~1 Leeward Wells wiciveeacsosssniibarainvasnnscans

Page

SOt bt < e

12

25

32

41
16-48
49-52

45

43
44
53
54

57



Summary and Conclusions

High level groundwater underlies a totdl area of about

24 square miles in e¢ast central Lanai. In approximately
14 square miles the water table lies higher than 500 fcet
above sea level; in the other ten square miles it drops
to about téen feet above sea level. Except in Palawai

Basin, the high level water is potable,

Basal groundWater underlies the rest of rhe island. It
occurs as 4 thin lens of brackish water floating on salt
water, Yirtwally none of it is potable, but some may be
acceptable for salt-tolerant plants.

The principal rechﬁrge Icne covg{s-?aﬁ square miles of
ghe leeward sector and 2.0 squa;e‘miles of the windward
sector, Essentially all reliable recharge takes place
in this fone. Average prificipal recharge to leeward is
3.8 mgd and to windward is 3.0 mgd. Subsidiary recharge

averages 1.3 mgd and 1.3 mgd, respectively.

The high level aquifers occur in the rift zones and at
the margin of'the caldera of the original volcano
constituting the entire island. Dikes and other poorly
permeable rocks impede the movement of the groundwater.

Transmissivity is low (average 2500 sq. fe./day from



pump tests), and hydraulic cenductivity i§ on the order
of only ten ft./day, These parameters limit allowable

pump rates to less thaty sbour 700 gpm.

Although the high level resource consists of many small
aquiférs, the ctomposité of these aquifers behaves as a
regional aquifer because of hvdraulic connections

between the discrete units.

Groundwater was first devéloped in the windward sectar,
and foy many years a yield averaging nearly 500,000
gallons per day was obtained. Free flowing tunnels at
the head of Maunalei Valley zccounted for 290,000 gpd

of this total, but today less than 20,000 gpd is diverted
from them. The other windwvard source, Shaft 2, yields

an average of 190,000 gpd:. The water table in Shaft 2

is at the same level today as ifgﬁas when pumping started

in 1936.

The leeward system, all of which was constructed after
the second world war, consists 0f five wells and a
horizefital dike-tunnel. The average ¥ield today is

1:41 mgd {1979-82), but an average of 1.83 mgd was

pumped from 1969 through 1978. Since the start of

pumping more than 30 years ago, the average draft has
been 1.26 mgd. Over that period the regional water level

dropped approximately 50 feet.

- ii -



10.

The sustainable yield of the l&cward system as presently
constructed is 1.4 mgd, about equal tvo current drdft.
Combined with the windward contributionm, total present

draft is 1.6 mgd.

Sustainable ¥ields 4t steady state conditions for eight

scenarios of development were calculated to determine

system output in excess of pregent and projected

plantation - Lanai City demand, The sccnari®s range

from the system as it exists today to full development

of both leeward and windward high level water. The

following development opportunities were considered:

a. Improve the Windward svstem to return production
to S00,000 god.

b. Lower the pump settings in the leeward wells to
add 500,000 gpd ta the system yield.

c. Install a larger pump in Shaft 2 (windward) to
increase productioen by 200,000 gpd.

d. Drill a new well at Kaiholena to add 400,000 gpd.

g. Redevelop the windward and leeward systems %o
achieve full pernissible production of 6.0 mgd

(5.3 mgd leeward, 2.7 mgd windwaré).

A decision not to make any change in the Leeward system,
but to returs the windward system to its proven capagity,
would provide a surplus of 300,000 gpd over current

demand but none over the projected ultimate demand of

- 1iii -
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11. The sustainable yields 1isted in the scemarios ave for

steady state ¢onditions rhat will not come about for many
years. Decisions to enhance yield do aot have to be

made immediately.

12, However, the expected evéntual demand of about 1.0 mgd

generated by new ventures will require changes and

additions to the svstem as it now is configured.

3

Recommendations

Although enough high level water can be produced
by the present system t¢ supply plantation - Lani City heeds

plus some new ventures For several vears, eventpally éxpansion

2%

of’tﬁe water supply will be néCeSSai}. The expansion may
be accomplished in the following wavs (listed in order of
éase of implefentation):
I. Improve the diversion systén at the free
flowing Maunalei Tunnels. The yield should
be returnéd to. an average of at least 250,000
gpd.
2. Increase production from Shaft 2 by pumping
more continuously and, later, installing a



5. Contimué to pump the leeward systeém at 1.4
mgd. Higher rates wan be tolcraigé for vears
it a time, buc-ﬁitimately the water table will
reach pump level at an average ¢f 1.4 mgd.

4, Drill a new well at T-6 in Kaiholena. The
well should reach to sea level. Expected yield
would be 400,000 gpd.

5. A5 the water table continues to fall toward
its equilibrium leve)l in the leeward sector,
plan to lower the pumps in those wells where
it is feasible.

6. Should the projected demand for potable water
exceed 1.0 mgd, full developmen: of the leeward
aquifer will have to be undertaken.

©. Over the next five vears, scenario 3 (leéward

system as it exisrts, gghanced windward production)

would be relatively easy to accomplish. ‘The
increase in output over presefit production
would be 500,000 gpd. Over eventual plantation -

Lanai City <emand 1% would be 260,000 gpd.

In conclusion, it is worth mentioning that the
boundaries of the high level aquifers are not well known.
A finer resolution of their position could be achieved by

conducting @ resistivity survey in central Lanai.



LANAT WATER SUPPLY

INTRODUCTION

as & major producer 9f pineapple even though carlier attempts
at agriculture failed because of the difficulty of supplying
water. Providing a reliable water supply to sustain plantation
activities Bas not been easy, however; in the beginning fresh
tunnels in Maunalei Gulch and pumped across the mountain

crest to the cultivated and populated areas. Only much later,
about 19350, was water successfully produced from «ells on

the leeward slopes. Today water is obtained from both

Maunalei and the leeward wells. £

The high level groupndigter resources of 1eegard
Lanai have yielded a reliable water supply for the last
three decades. Average apnual average demand has fluctuated
betweén less than 1.0 mgd to about 2.3 mgd, and during the
decade of most intensive use (1968-1978) it averaged 1.83
igd. The water levels in the aquifers have decaye& less than
100 feet from original elevations of 800 to 1600 feet., In
view of the fact that additional water supplies are desirable

to enhance present dperations and will be needed for future



expansion of the economy, the ability of these aquifers to
sustain productidn requires contifuing assesspent. Can

mote water be pumped from ;hé present system configuration
without gausing unacceptable reductions in the water levels?
Can new producing stations be constructed te vield an
additional supply without seériously interfering with the
operating system? {Can more potable water be obtained from
windward Lanai? These questions serve as principal opjectives

of the evaluations presented in this reperr.

‘Emphdsis is placed on potable water, which is
virtually restricted to high level groundwater aquifers of
east céntral Lanai (see Figtre 1), High level xater fills
the pores of normal basaltic lavas between dikes and is
normally beyond the teach of sea water intrusion. Only about
fifteen percent of the islend is underlain with high level
water. Elsewhere the groundwater is “basal", that is,
it occurs as a fresh to brackish lens floating on sea water.
In some areazs the basal water 24y be acceptizble for salt-
enough ynder the stfess of pimping to be usable as a potable

supply.

Although the 804l of this report is to assess the
probability of successfully expanding the fresh water supply,

summaries of the hy&rﬁlogicﬁl and geological Factors controlling



the accurrence and developability of the groundwater resources
and their current exploitation are included. In passing, it
should be mentioned that surface water 1s not a téasible

alternative to groundwater on Lanai.

Inevitably, parts of the evaluatiomns overlap and
even repeat the work of Anderson, who recently (April, 1983)
submitted a review of the present water supply system as
a follow on to an original investigation done in 1961.
This report may be viewed as complementary to Anderson's
work, but-differences exist that are significant enough to
affect final conclusions about the toral high level water

supply and how it might be developed.

SUMMARY OF PREVIOUS INVESTIGATIONS

- =

Shortly after Hawaiian Pineapple Company purchased
most of Lanail, Harold S. Palmer of the University of Hawaii
and Chester K. Wentworth of the Bishop Museum nade geological
and hydrolegical survevs of the island. Palmer (1924) was
specifically interested in groundwater conditions and
Wentworth (1923) directed most of his attention to geology.
Palmer noted the presence .of a remnant volcanic caldera in
Palawai Basin and the faulting associated with it. He also

mapped dikes in upper Maunalei Gulch.




Wentworth (1915) recognized that Lanul consists of
the remainder of a single volcano with its caldera in
Palawai and & major rvift zone extending to the northwest.
He called the volcdnic formavion the Linai basalt. He
reported exteénsive faulting but observed only a few dikes,
Like Palmer, hé did not believe that high level aquifers
exist and, in fact, assignhed no importance to dikes as
controls oh groundwwater movement. Wentworth recommended thé
construction of a basal infiltration gallery reaching to
sea Ieve; from the northeast corner of Palakai Basin, Had
this project been implemented, the leeward high level vater
would have been encountered at an elevation above 1000 feet,
about 500 feet below ground level. ile estimated o potential

freshwater yield of €.5 mgd from the island.

The rost extensive and complete study of the geology
and water resources of Lanai was made by H. T. Stearhs (1940).

Stearns did field work in the suammer of 1936, and his

~invéstigation was expanded te include a resistivity surveéy by

Joel Swartz, also of the U.§. Sealogiﬁai Survey: The survey
was designed to detect depth to salt water galong a transect
across the island from Xaumalapau on the sotth to the mouth

of Maunalei on the north, The approximate western boundary

of the high level aquifers was identified. The survey was ong
of the first successful applications of this varicty of

geophysics in water exploration in the United States,




Stearns elaborated on Palmer's and Wentworth's
observations and refined the relatienship among the caldera,
faulting and the rift zones; He ideatified a singlé caldeéra
and three rifts, one each to the northwest, southwest and
south., He noted the absence of sgecondary eruptions and
concluded that the Lanai volcano ceased activity in its
most primitive stage. He mapped more than 100 faults and at
least 275 dikes. In contrast to Palmer and Wentworth, he
stated that the dikes effectively hold groundwater at high
elevations. On Kis recommendatiom, an inclined shaft
(Shaft 2) was driven in the middle part of Maunalei £rom
elevation 831 feet., The water table was struck at elevation
735 feet; and construction yas verminated. The groundwater
was subsequently developed by reans of s well drilled below

an excavated chamber at the base 6f£ the shaft. Stearns

A
-

continued to contribute advice about water developméent on

Lanai for many vears aftervards,

Water developnent enmploying wells located leeward
of the crest started after the end of the second world war.
Five wells wvere drilled and a shaft-high level tunnel was
compléted by 1953. The results of these activities were
monitored by Hawailan Pineapple Company personnel, in
particular J. T. Munro and ¥, T. Thalman who, in addition
to maintaining a data file, made numerous hvdrological

analyses. Tht? attempted to determine rates of infilttdtion



by relating head changes to Jdraft and rainfall, but variations
in drawdown afid recovery were too small to‘perﬁit agturate
calculations. In addition, thcir analvses lagked a variable

for natural leakage from the high level groundwater system.

In 1861, K. E. Anderson reéviewed the water development
activities of the preceding 15 years ‘and subaitted his
contlusions concerning yields based on field observations
and analyses of the head-draft-rainfall measurements that had
been cpllected. He allocated an area of 11.% sgudre niles
to high level water occCurrence. Anderson estimated the
ultimate available supply @f high lewvel water to be 4.85 mgd,
equivalent to the infiltratién rate he compuzed in a water
balance. This value applies to the combined windward and
leeward high level systems. Of the ultinmdte ¥ield, he stated
that 5.65 mgd was recoverable at cgnrtemporary costs, but
placed the safe vield at 2,34 mgd, of which }.85 mgd was

available on the leeward side.

Anderson's mosti receat review (1983) concludes that
2.07 mgd is availabie on a sustained basis from the present
system im leeward Lznai and in excess of 0.39 mgd from Shaft 2
and the free flowing tunnels of the windvard side for a total
vield in excess of 2.56 mgd. These values relate to the
operating system; He believes the entire high level water

resource i§ capable of suppdying 4.1 to 5.5 mgd, To achieve




'this production, the present s¥stem would hive to be revised

and new wells drilled.

Anderson's water balance model assumes maintenance
of a high water table without permanent loss of head, In
this ¥espect it resemble ‘the Munro-Thalman models in ignoring
natural leakage. Once leakage is admitted inte the model,
the equations become non-linear. An inescapable conclusion
of the non-linearity is that a steady state cannot be achieved

if draft equals or exceeds recharge,

Follawing Anderson's initial work, S. P. Boules
conducted investigations aimed at establishing a management

plan for water production om Lanai. His conclusion about

sustainable yield was more optinmistic than Anderson's. In

his water balance, infiltration amounts to 6.5 mgd in

- e
centrast to Anderson's.d.l to 5.3 mgd. By implication he
assumed ultimate sustdinable yield to be the same as average

infiltration, ignoring natural leakage as had Anderson.

A gravity survey w33 made on Lanai by H. L. Krivoy
and M. P, Lane (1963) ia which closure of the gravity contours
confirmed the existence of the caldera in Palawai. The
gravity high is¢ 250 milligals, and the closure gradient is
50 milligals. In 1973; W. H. Adams and R. D. Huber studied
groundwater conditions on the merth and northeast coasts
of the island. Only basal water, highly brackish to saline,

occu¥s theore.




A very important aspect of the ceatinuing evaluation
of the behavior of the Wigh level groundwater‘rcsources of
Lanai has becn the gﬂrcfﬁl collection and maingéndnce of
hydrologic data by the Dole Company. Without these data-
rainfall, draft, water levels- no sensible hydrologic models

could be fashioned.

LANAT ENVIRONMENT

Lanai rises as the remnant of a volcanic shicld
from an arid, dramati¢ ¢odstline to cool, verdant, highlands.
At Xaumalapau Harbor the average annual temperature is 76°F
but in Lanai City, 1620 feet nigher, it is oaly 68.3°F. On
the maximum €levation of the island, Lanaihalé at 3770 feet,
the average i§ probabiy-ﬁ@”F. The moderate temperdture on
the'plateau, and the even cooler ti%perature in the small
nountain range, signficantly depresses evapordtion and

transpiration rates.

As portrayed on the isohyetal map, all of Lanai
should be dry to the point of desclation, yet in the east
central part of the island about 20 square wiles of forest
and humid se¢rys land exist. Here the meager rainfall of 35
to 40 inches per year is augmented by frequent fogs, providing
a total moisturc flux that in combination Wwith the moderately

cool temperaturc engdurages vegetative growth. The maximum

average annual rainfall is only 40 inches, but a forest




characteristic of 60 inches ¢r more drapes the inland mountains.
At the leeward coast the annual average is less than 20 inches.
About 85 percent of the island's area of 141 square miles

is a semi arid to drid terrain.

The rain gage site having the highest long term
average 1s on Hii Bench, approximately ¢ne mile leeward of
the c¢rest of the island at an elevation of 183§ feet (Gage
540)s The average annual rainfall is 40.9 inches, though the
median is smaller, 36.7 inches. If annual Tainfall followed
a normal distribution, as it tyvpically does in Hawaii, the
mean and median would be identical. A site on Soule's
Bench (Gage 533), similarly located and at the same elevation,
has an annual average of 0.1 inches. A gage on Lanaihale,
the peak of the island, has averaged 39.3 inches per year.

On a ridge of Hauola Gulch on the yindward slope of the crest

the annual average is 40.1 inches (Gage R-12).

A very long rainfall record exists for Lanai City,
which at elevation 1620 feer lies about on the margin of the
moistiure emvelope covering the central mountzins. At Lanai
City the average for the period 1930 through 1982 was 37.2
inches and the median, 33.4 inches, Annual rainfall at Lanai
City has ranged from a minimum of 16.0 inches (1953) to a
maximum of 66.9 inches {(1968). The most phenomenal run of
wet years took place over theo seven vear perijod from 1962

through 1968 during which 360.4 inches of rain fell, an



@ @
average of 51.5 inches per y@d¥; nearly JOfggthnﬁ abowve
nermal. In contrast, the next seven vcar period (1869 through
1975) averaged only 32.8 inchcs per vear. In 1982, @ wet
yéar throughout the S$fate, Lanati City recorded 37.4 imches
of rain. Thus far in-IQBB, rainfall is c¢onsiderably below
average. The most técently «drawn isohyetal mdip of Lanai 1is
given in the publication, "Median Rainfall, State of Hawvaii:
Circular €88, Department of Land and Natural Resourges State

of Hawaii, 1982."

" The geology of Lanai was effectively described by
Stearns (1940}; and all subsequent geological discussions
have leaned heavily on his work. The i$land is a wvolcanic
dome whose focus of eruptive activity, the caldera, ¢ollapsed
to form.Palawai Basin, Volcanic activity was restricted to
the effusion of primitive basalt, the first stage in an
,éruptive history. o sécondary flows followed, and pyroclastic
activity leading to cinder, ash and tuff dejosition was
neither extensive nor voluminous. The only sajor geological
rock bnit i3 the Lapgi basalt. Sedimentary accumitlations
produced By erosion 6f the dorzant volcsng lie gﬁiefly'ia the
lower reaches of valleys and in the Palawai depression.
Marine sands in protected locations along the coast form

attractive beaches.,

Three tift zones radiate from the caldera, the

principal one to the northwest and subsididry ones te the
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south and southwest. Dikes are associarved with rift zoncs
and Stearns identificd at least 275 of them. TFaulting
occurred along the margin ¢f the caldera, but most traces
are difficult, if'noﬁ impossible, to dectect. Suggestions
have been offered that the faults may be responsible for
impounding water at high elevation$. Nowhere else in Hawaii
has this been demonstrated, however; the 1likely cause of the
high watetr tables is containment of groundwater in small

aquifers bounded by dikes.

"The surface and subsurface rocks of the island are
permeable to infiltration from rainfall to the extent that
surface runorf iﬂfrequentiy reaches the sea. XNo perennial
sStreams exist on Lamai, nor did any when Hawvaiian Pineapple
Company secured the island in 1922 (see Palmer. 1924; and
Wentworth, 1925). Weak- springs caused by local perching
conditions &xist in gulches leeward of the crest and perhaps
at one time were more pfoductive than now, but they vwere never
reliable enough to serve as a water supply. In windward
Lanai in upper Maunalei Gulch, perennial‘springs flowed
but eventually were diverted by tunnels. Under pre-development
¢onditions, Maunalel Stréam may have reached the sea for

appreciable periods eath wear.

The simple geology of Lanai is reflected im the
occurrence of its water pesources. Potential surface water

supplies are esscntially absent becausc of the pervicusness
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of the rocks, while fresh to brackish groundvatcr underlies
the entire island. Fortunately, the subsurface complexities
of the caldera and the rift zones provide an environment for
the accumulation of high level groundwater. Aquifers of
normal basaltic lava lyving between nearly impermeable dikes
and other equally dense caldera rocks sontain fresh watéer
to elevations in excess of 1500 feet. The extent of thé
favorable conditions is limited to less than 25 square miles,
however. Under the remainder of the izland basal water
occurs, virtually all of it brackish except adjacent to the

high level boundaries,

THE WATER BALANCE OF LANAIL

The yield ¢f the fresh groundwater resources of
Lanai depend on the volume of wate?fin the high level aquifers,
the rate of which these aquifers are replenished, and the rate
of leakage from them, The area underlain by high levél water
has been estimated to be 11.3 square nmiles by Anderson and
15.5 square miles by Stearns, and later by Bowles. A
recalculétion for this study sets the maximum area at 24
square miles with 3 prisdry inner area of 14 square miles
equally apportioned to the windward ind leeward sides of the
crest (see Figure 1), The primary area is comparabie>te-che
earlier estimates. In the @rimary-afeﬁ the water table is

higher than $00 fcet above sca levely in the secondary arca



of tén square miles it descends to a low of 25 feet above sca

level and approaches being basal at its boundaries,

Stearns (1940) computed a wa~er baladce which

allocated total average daily infiltration of 6$.4f mgd to the

high level aquifers. Anderson (1961) was more censervative,
assigning an average infiltration of 4.3%5 mgd. The smaller
high ls:vel area of Anderson was mainly responsible for the
lowver infiltration estimate. Bowles (1973) agreed with
Stearns. An obviéusly understated guess of oniy 1.55 mgd was
proffered by Adams and Huber (1973) vho emploved am unrealistic
evapotranspiration rate‘fer the high region of the island,

For the basal sector, Stedrns estipated total infiltration

to average only  14.81 mgd over 127 square miles. This value,
even if doubled or tripled, is insufficient to maintain a

fresh water lens having a signficadAt developnent potential.

In the viater balance computations noted above
consideration was not given to the moisture contribution of
fog: Ekern (1963) proved that fog drip incieases the total
noisture flugx by a substantial margin in central Lanai. Three
vears of moisture collection at elevation 2750 feet (rain
Gage R-10) yielded a rainfall catch tetalling 104 inches and
fog drip, cdlibrated to ¢orrcspond to dircct catch, of 71
inches, or 68 percent of direct rainfzll, The fog and the
moisture it brings to the principal recharge zonc cxplaing

why 4 montan¢ fain forest 1% sble to thrive on Lanai.



The favorable moisturc environacnt also explains
why measured evaporation is low in the mountain area. The
results of 19 months of pan evaporation nmeuasurcments from
January, 1957, through July, 1958, indicatc annual evaporation
at 2750 feet elevation to be slightly more than 25 inches.
The year 1957 had below average rainfall while 1938 was
about average. This modest evaporation loss is a third of
what it is below an elevation of 1000 fect in most other

regions of Hawaii.

" The principal recharge :zone in the high level
groundwater region is an envelope of 4.5 square miles about
equally divided between the windward and leeward slopes.

The subsidiary recharge :one includes the remaining 9.5

square miles of the primary high level groundwater area

(see Figure 1). 1In the water balapee equation, enmployving
annual averages of 38 inches for rainfall, 60 percent of

that for fog drip, 20 inches for evapotranspiration (which

is based on the evapotranspiration/evaporation ratio of 0.8
that is characteristic of mature sugar and grasses in Hawaii),
and direct surfzce runoff out of the recharge zone as 1%
percent of rainfall, the average infiltration to the principal
recharge zone becomes 5.8 mgd to the lceward slope and 3.0

mgd to the windward slope, a total of 6.8 mgd. In the
subsidiary recharge’ zone, assigning a value of 32 inches for

rainfall, fog drip at 30 percent of rainfall, direct surface

———
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tunoff at ten percent of rainfall; 4&nd evapotranspiration

as 33 inches, infiltration to the leewawd secror is 1.Z mgd
and td the windwvard scctor;;i;s mgd. Thus total dverage
fecharge to the combined primary and secondary high level
aquifers on the leeward side is 5.0 mgd, and on the windward
side it is 4.3 mgd, & grand total of 9.3 mgd. In Appendix A

details of the water balance computations are given.

A ‘water balance i§ éareay—accurame because the
hfdrologic cycle 1s too complex to portray with simple linear
equatiané in which the variables are long period averages.
Nevertheless, a balance is a necessary first step in creating
groundwater flow models. The total ‘infiltration value given
above is nearly twice as great as Anderson's estimate and
almost one and a half time more than the Stearns-Bowles
guess. However it is still the safie order of magnitude as

the lower estimates. A groundwater flow model, which is

giscussed later, suggests that the higher infiltration value

i5 more realistic,

AQUIFER CHARACTERISTICS AND BEHAVIOR

Groundwater is developed on both sides of the crestline
of the island, bur about 73 percent of the total supply is
taken from the leeward aguifers. The high level résource is

continuows from leewurd to wiﬂﬁxard;:YQt'it_ig convenient to

N,
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differentviate botween the sectors becauge ef Jiffercnces in

topography, feasibility of developmént, and tost of producing

and transporting watér. In both sectors the groundwater
is trapped in the dike+¢aldera compleéx, and rechniques for

gxploiting the resource arc essentially the same. Windward

high level groundwater was developed first, starting as far

back as 1910-1911 when the upper Maunalei tunnels were driven,
but after 1945 every mew ventureg took place in the leéward
sector within more favorable reach of the plantation and

its population.

High level groundwateér is contained in aquifers
that over the short ter:a behave as discrete units but which
are hvdraulically ¢ontinhubus with each other through fracturés
and other structural imperiections ia the dike barriers:

The maximum known water table eléwvation is approximately
1600 feet above sea level. On the leeward side the water
table descends from i&ﬁﬁ to 800 recet 2bove sea level along

a northeast-southwest direction @ver a distance of one mile.
A similar descent occurs in Mzunalei on the xindward side.
The minizumd width of the zcne nkare the water table exceeds
elevation 1000 fcet is appreximately two miles, equally
apportioned to either side of the crest. The maximum length

of this zZone along the c¢rest line is about three miles.

The :ﬁﬁiétivity survey included in Stearns fndicates

that on the northwest the water table falls to basal conditions



PR

where the Maunalei Road starts its slope to the north coast

(see Figure 1). This boundary is about .one mile from the

watetr table lying at elevarion 1000 feet. Basal conditions

also prevail about one mile southeast of WNgiakeskua. In
Maunalei the basal aquifer likely starts less than a mile
north of Shaft Z. On the southern leeward slopes the
resistivity survey suggested the presence of basal water at

the southwestern edge of the Palawal depression.

Groundwater seeps from aquifers with higher heads
to those '‘with lower heads, and ultimately it seeps through
the last Testraining structure into the basal lehs. Dver
a long time period, therefore, the high level aquiférs behave
Too great a fall in head in one aquifer will induce leakage
from an adjacent aquifer with a higher head until eventually
équilibrium is approached. This dependency smong aquifers
is suggested by linear correiations of annual mpaximum heads
between pairs of the leéward wells over the historical range
of head changes ¢f 40 to 80 Feet. In all cases the correlation
coefficients are .66 ur greater and in most they exgeed 7§,
The Tinear gorrelations are not extrapolatable bevond the
head range considered, however; non-linecar equations deéscribe

behavior over the full range.

Becausec the aquifers are not homogencously continuous,.

the intrinsic characteristics of each formation composing them



are not &§ important as in monolithologic cxtemsive aquifers.
In cilderas and rift :ones a variety of rock tvpes hold and
transmit water, How theé combination of rocks affect hydraulic

flow is more pertinent than the characteristics of individual

units. Nofmal basaltic lavas are extremely permcable, but

where they are inrersccted by dikes or are lavered with
impermeable breccias and similar c¢aldera roé%¥s; their high
hydraulic conductivity 1is subsumed into a nuch less permeable
mass, The usual way to asscss aguifer characteristics is

by means of pumping tests.

A record exists of lengthy pumping tests conducted
on Wells 3, 3 and 5 in 1239 before they were fitted with
permanent pemps. The results of the tests indicaté the nature
of the aquifers serving each wéll, The tests are described,
the results graphed, and reievant-égdrologit parameters are
derived in Appendix B. Alsc included in the appendix are
specific capacities of the wells as obtained from both old

data and examination of recent pumping chkarts.

Transmissivitlies of the aquifers as théy currently
are being exploited averagé about 2300 sq, fr./day, only
one hundredth of that of an extensive basal lens with a
moderate head. In ne test &vas a transmissivity of more than
6500 sq. fr./ddy indicaved. Transmissivity is converted to
hy&fﬂﬂliC*;nnducti?ity’tﬁrough divisiqﬁ-by the depth of water

flowing to the well. Assuming depth of flow to be equal te

iy



depth of penetration of the bore below the watcr table,
hydraulie conductivity ranges from 6 to 11l fr./dav, quite

low in comparison with theitypicay value of basaltic rocks
free of dikes. Because drawdown is inversely proportional

to transmissivity or hydraulic condugtivity and directly

- proportional to pumping rate, heéad can be 1ost rapidly when
pumping rates are high and transmissivity is meager. In the
high level aquifers the low hydraulic conductivity values
confifm what has been learned through experience, tRat the
rate of pumping at each well should not be greater than about

one mgd {654 gpm).

Transmissivity is the fundasental charactéristic
of an aquifer, specific gapacity of the well itself. For the
Lanai wells, specific capacity is defined as the rate of’
pumpage per footr ©f drawdewn due tg-head losses caused by
change in the flow pattern from laminar in the aquifer to
turbulent at the well face. It wvaries logarithmically with
the log of the pumping rate. Each well has a unique specific
capacity curve. The head loss suffered at the well face must
be adéed to aquifey drawdown to give tora) drawdown at a

given pumping rate.

Specific capacity due omly to well cffects ranges
from 16 gpm to 35 gpm per {oot of drawdown (sec Appendix B).
These vdlues are considergably poorer than in a good basal

well for which a common value might be 1000 gpm/ft. Dividing
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the specific capacity by the length of penerration of the

well below the water table gives the unit specifi¢ capacivy.

This parameter is% an indicator of the kind of aquifer being
pumped. Unit specific cdpacities associated with aquifer

types are as follows (Mink, J. F,, 1878):

Aquifer _ Unit Specific Achacity (gom/fr./fr.}
Caldera . .001
Dike complex .01
Marginal dike :one 1
Unit specific capacities in the central Lanai aquifers vary
from .02 to .06, ¢orresponding to <ike complex-ma¥ginal dike
zone conditions, In the dike complex the close spacing of
dikes reduces well efficiency; in the marginal dike zene the

dikes are farther apart and have lesy effeoct on wéll Behavior.

. In Appendix 3 the value for the average specific
vield (effective porosity) of the aquifers is given as ten
perceat. This value is based on the drawdown curve generated
at Test Hole T-Z while Well 3, 40 feet away, was being pumped.
It is typical of Hawaiian basalts but may be on the high side
for aquifers in the caldera-rift zone environment. A conservative
value of five percent will be crmployed in predicting aquifer

behavior,

The volume of groundwater stored in the aquifers :
before development commenced can be roughly calculated by

assigning a specific yicld of .05 to the primary high level
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zone. For the scvén square miles of the leeward portion over
an average depth of 1000 feet fo sca level, xﬁe ariginal
volume of wgter was 73 billion gallons, The same quantity
occurred in the windard sector. This compares with the
value of 50 billion gallons suggested by Bowles. Anderson
estimated a usable volume of seven billion gallons at present
pump settings, which awvérageé about 220 feer below the water
table. Adjusted for dopth of saturatidn of 1000 feet to sea
level, his value would be 32 billion gallens. Although the
above storage volumes are approximate, they are¢ of an order
of magnitude which centers around 30 billion gallons iR cach

of the leeward and windward sectors. This total volume,

however, would be available for exploitation oniy if the pumps

were set at about sea level. Since 1950 when pumping 6n the
leeward side started in earnest, thg‘average reduction in
the water table has beeﬁ about 30 g;et, representing a loss
of original groundwater volume of five percent, or 2.5

billion gallons.

At all of the groundwater extraction sites except
Well 1 (Palawai}, the water qualit) is exccllent as expected
of high level aquifers. In both the leeward and windward
sectors the normal groundwater has a chloride content of
less than 30 mg/1 and a ¥irtually neutral pil., Nitrate is less

solids less than 140 mg/1. All of these concentrations are

-



considerably below the potable limits (¢.g. the limit for

chloride is 250 mg/l, and for nitrate 45 mg/l). The following

- table summarizes chemical dnalyses in accessible records for

watér peints other than Well 1.

TABLE 1

Composition of High Level Water
Concentrations in mg/i':(”-
Source Date Eﬁ N0, Si0,

| &
6

O, N, k(1 HO; H TS

Windward : ;
Shaft 2  11/13/63 6.8
Shaft 2 1712749 7.2
Lower Tunnel 9/11/36 7.3 36

Combined
Tunnels 4717 /80 2 F

Leeward
Well 2 - 3712748 157 21 32
well . 4/17/80 - 2.2 ‘
Well 3/17/80 3.0
Well 4/17/80 2.6

{1} pH = acidity; e
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‘nitrate; 5i0, = silica; Ca = calcium Mg - magnesium;

S0, = sulfatei N, = sodium; Kk = potassium; Cl = chloride; HCOy = bicarbonate;

i

‘a
H = hardness; TOS = totzl dissolved sclids

Well I on the northérn margin of Palawai Basin has
yielded dnomalously high chloride water siance first tésted in
1948. The concentration has fallen from an initial value of

about 80¢ mg/l to stabilize at about 330 mg/1l. Obviously a

source of salinity external to normal rechurge affects the well,

A swsmary of available analyses for the well is given below.




TABLE 2
Composition of Water from Well 1 (Palawai)

Concentrations im mg/1(1)

Date pH o5 cL 0 H DS
1948 7.5 to 7,7 517 to 816 291 to 534 993 to 14
1949 7.3 to 7.9 334 to 35§ 31 to 76 312 to 365 1007 teo 1T
1975 328 ’

1977 340

1978 310

1980 19.5

1983 . 332 546

(1) See Table 1 for footnote explanation.

The salinity=¢f the Palawai water could be attributable
to one of the following causes:

1. Residual sea water (suggested bv Stearns)

2. Modern sea water inCrufzon-(also suggested by Stearns)
3. (Concentration of salts in rainfall

4, Dissolved fertilizers

5. Geothermal convection of deep saline water
Stearns identified ancient sea levels as high as about 1100
feer above the présent datum, and spetulated that pockets of
residual sea water might contribute salt to modern recharge.
This is unlikely because any ancient wvater would have been
cleared by subsurface infiltrvation by now. The intrusion of
modern sea water is a possibility because Well 1 reaches to .

below sea level, but in no other instance in Hawaii has high
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level water at an eclevation of more than SU0 feet been known

to have been affected by sed water contamination.

Because the Palawai Basin has no drainage outler,
all soluble salts accompanying rain water must pergolate to
the zone of saturation, but this is an effecrive way of
increasing salinity onlv if the proportion of infiltratien to
rainfall is very small, The simple equation, I/P = C(P)/C(I1),
in which I is infiltration, P is rainfall, C(P) is concentration
in rainfdll, and C{I) is concentration in the infiltrate,
suggests fhat infiltration would have to amount to just three
vercent of rainfall to produce groundwater of 330 mg/l1 chloride,
given average rainfall chloride as 10 mg/l. This rate¢e is much
lower than is likely to gCcur.

Dissolved fertilizer can't be the source of salinity
because chloride is not used as a carrier for nutrients; sulfate
in the past was the carvier for nitrogén and is still used
for potassium:. Some dissolved fertilizer does escape below
the root zone, however, because the nitrate concentration in
Well 1 is 19.3 mg/l, nore than six times the tackground count

of 3 mg/l.

The last possibility, upward convection of salt water
caused by geothermal heating, is suggested by the uncxpectedly
high temperature of the groundwater from Well 1. Recharge from

rainfall at clcvatidons of 1000 to 15060 feex ghould result in

hhars
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groundwater temperatures averaging about T0°F; the measured
temperature of discharge at Well 1 is 81°F, The difference
is not extraordinary, but it offers an alternatitve te the
other proposed mechanisms for adding an extyineous saline

component to high level recharge.

On April 17, 1980, samples were collected for DBCP
and EDB analyses from the Maunalei Pump House, the Maunalei
Tunnels, and Wells 1, 2, 5 and 4. At detection limits of
50 ppt for DBCP and 100 ppt for EDB, ncither of these compounds
were deteéted. More recent analvses ©®f the drinking water

sources failed to show the fumicants at lower detection levels.

PRESENT GROUNDWATER DEVELCPMENT

On Lanai a water supply wéS never easy to lécate or
develop. Meager seeps at the heads of leeward gulches were
exploited by Hawaiians, and im windward Maunalei the stream
was perennial and utilized chiefly above an elevation of about
1000 feet only because of high level springs. An attempt early
in the century to pump basal water on the northeast coast
for irrigation of sugar quickly failed because of salinitv.
'Thetfi;s% successful effort to establish a controlled water
guppiy was the excavation of tunfiels in upper Maunalei at the
sites of the springs and $sepages. Fiurther succes was achieved
lower in the walley, but not until after the sccond world war

was exploration extended to the lgewnrd slopes.

-
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In 1911 a tuanel; called the Lower Maudnalei Tunnel,
was excavated over 3 length of 1000 feet at elevation 1103
feet ncar the floor of the fulch at the head of Maunalel.
It successfully yielded & good supply of water and is still
in wse te&ny. Another tusnel (Upper Maunalei Tunnel) further
upstream at elevation 1500 feet was constructed soon aftervard,
and it also provided water, though less than the lower tunnel.
The combined yield of thése tunncls is diverted to a4 pumping
station in the mid portion of the valleyv, then pumped over
the divide to the leeward sector. Between 1326 and 1939 the
lower tunnel provided an average of 260,000 gallons per day
{181 gpm) and the upper tunnel 63,000 gallons per day (45 gpm)
for a total of 325,000 gpd (226 gpm). In later years somevhat
less water was captured, probably because afiér Shaft 2 and
the leevward wells came on Strean the systen was not maintained
as rigbrousiy as earlie;¢ 3e;ween-§;48 and 1974 average
production was 197,000 gpd (137 gpm). By repairing the
tunnel svstem, the yield <¢an be increased by about 100 gpm,
This quantity pay sound modest, but it is sufficient to supply

the needs of 500 to 1000 people.

The vield of the tunnels was insufficient for
plantation nceds, and in the summer of 1936 an infiltratien
gallery (Shaft 1) was driven in the lower portion of Mdunalei
from an elevation of- 294 feet. Basal water was encountered,

but pumping had to be restricted to less than 300 gpm to
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insure salinity of 330 to 400 mg/l c¢hloride. The unacceptable
quality of the water for domestic purposes and the low
permissible production rnteipromptcd Hawaiian Pinecapple Co. to
seek high level water further up the gulch. In December of

the same year a shaft was driven from elevation 851 feet and
struck water at elevation 735 fcet. A well 261 feet deep

was drilled below the chamber at the bottom of the shaft to
exploit the resource. This station, Shaft 2, has been producing

S

high quality water for transfer to the leeward side ever since.
From 1948 until 1967, when Shaft 2 ceased operating
for a number of vears, its average draft was 139,300 gpd
{97 gpm). It lay idle between November, 1967, and September,
1978. Additionally, from March, 1974, until August, 1978,
the free flowing Maunalei tunnels were abandoned so that over
a four year period, during which ra#ifall was below normal,
no windward water was pumped to the plantation side. In 1979
both the tunnels and Shaft 2 were on line again, the shaft
producing about 127 gpm but the tunnels less than ten gpm.
Only a fraction of the potential vield of these resources
is being taken. Production of windward high level water, in

particular that in Maunalei, can be expanded significantly,

The initial water table at Shaft 2 was 735 feet
above sca level and the maximum recorded has been 747 feect, .

A minimum of 716 feet has been reported. The volume of water '

-
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stored i the aquifer is the same todav (water table elevation
738 feet) as it wa% in 1936, The station is capable of
appreciably greater yield. ‘Water production and maximum

heads by months and wears, starting with 1947, arec tabulated

in Anderson (1983).

In the leeward sector the first producer, Well 1,
was dril@&ﬁ in 1945, and four others - Wells 2, 53, 4 and § -
were completed by the end of 1950. Locations of the wells are
shown on Figure 1. All were successful. Each was preceded

by an expioratory boring, but a sixth test hole (T-6) in

Kaiholena was not followed up with a well even though the water

table lay 1067 feet above sea lcevel. The greatest depth of
drilling, 1270 feet, was at well 1; the shallowest, 903 feet,
in Well 2, The bottoms of Wells 4 and 5 are at the highest
elevations (1149 and 1174 feet, resPectively) and these wells
penetrate below the water table. Basic specifications of the
wells are given in Appendix C. Also included in the appendix
is a diagram relating elevation, depth and location of each
well, along with available information on casing and pump

settings.

Well 1 penetrates 8§23 feet below the original water
table and Well 2 about 660 feer. In the others, penctration
of the saturated zone ranges from 389 fcet at Well § to 473
feet at Well 3. The shallow depth of penetration, except at

Well 1, coupled with the high elevations of the pump scttings
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(see Appendix C) are restrictions on manipulating grfoundwater

storage to provide maximum aquifer vields.

Shaft 3 was constructed in 19553 at the site of NWell 2,
An inclined shaft was dug from ground elevation 1815 feet to
a chamber at 1515‘feet, then a horizontal tunnel was driven
into a dike compartment having a water table about 10 feeg
above the invert. A bulkhead across the key dike was emplaced
to control the escape of stored water. Pressure recovered to
a high of 32 psi (74 feet) after bulkheading, but sincc June,
1976, it ﬁés never reached ten psi (23.1 feet) again. The
current difference in heads between Well 2 and Shaft § is
approximately 60 feet even though the bulkhead and the vertical
boring are within 200 feet of each other. Nevertheless, on a
regicnal scale the behavior of individual aquifer units is

subsumed in changes affecting all of the high level resource,

Production from leeward wells and Shaft 5 as the
major water supply for plantation operations started in earnest
in 1950, From 1949 thrcugh 1938 leeward productios averaged
0.962 mgd, then jumped to 1;63-mgd in the period 1959 - 1962,
It fell to 0.673 mgd from 1963 through 198% because of good
rainfall, but in the interval 1969 - 1978 increased sharply
to 1.853 mgd as rainfall averaged les$ tham normal. Since 1979
production has averaged 1.41 mgd. Monthly and annual productiem

from cach source is tabulated in Anderson {1983). E
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average annual pumpage previiled illustrate the decay and

- recoverability of the water table level as a function of

draft. 1In 1963+«1968 the lowest averageésdraft over five or

more coniseccutive ‘years was experienced. At a total yield of
0.676 mgd the wvater gable in each well reccvered to its original
level or even higher. In the following decade (1969-1978) ~
the greatest average pumping g€ record was experienced. @At
average t6tal outpur of 1.83 mgd, the water table dropped up

to 74 féer from maximum highs. The rate of descent sppsared

to be decreasing toward the end of the decade, which suggests
that at some lower elevation an equilibrium water level would
become established. An equilibriem model of head as a functrion

of draft and recharge is discussed ip a later section. .

; Table 3 lists-average annilal draft (calculated to
a daily basis) at each station for the low and high productien
periods, as well as for the entire\;enght of record (1947-
1982) and for the most receat four vears (1979 - 1982). -@nﬁy
those vears with reported productib%fWQrc;igcluded in the
averages. The unusualiy high dverage rainfall for 1963 - 1968
accounts for the small pumpage in that period. Th& low rainfall
of 1969 - 1978 combined with loss of production from Shaft 2
in Maunalei, and later in the interval from the Maﬁnalci

tunnels, explains the high average draftfrcquired.f
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TABLE 3
Average Rainfall and Sveruge Drafr, Leeward Sector
Selected Periods
{Rainfall in inches; draft in mgd)

Period
Source 1947-82 1963-68 196¢-78 1672-8§

Rainfall (Lanai City) 38.1 55.3 31.4 42,4
Well 1 091 .020 137 o1
Well 2 .328 L2492 418 .2
Shaft 3 L136 270 433 3
Well 3 L2158 . 059 .297 .2
Well 4 L1953 .052 512 .1

157 1

Well S . 033 __,236

R
A

Total Drafe 1.26 L6768 1.853 1.41

Table 4 summarizes maximum heéad <ata for the same
periods given im Table 3. Maximum annual head is used as an
indé% of change because it is presumed to be a static head
that has recovered from pumping. From 1950 te the end of 1982
head losses averaged sbout 40 feet, less than five percent of
the thickness of rhe saturated zon€ above sea level. Head loss
inevitably takes piace whea an aquifer is exploited, but for
each average draft - 5o long as drafc is less than infiltration

raté - an equilibriunm head will bé attained.

The ability of the leeward sources to produce water
at acceptable heuad losses was tested only once, in the 1969 -
1978 decade. The average draft of 1,83 mgd was half the
infilrration rate assigned to the principal recharge zone of

the leeward sector. When drafer deécrciased in 1979, heads
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had net yet redghed an equilibrium level and werg still fulling,

bur an equilibrium would haye s$et in becduse the high rate

of draft was less than leng term avcrﬁgg-ﬁnfiitratian.

TABLE 4

Maximum Annual Water Levels, Lleeward Scctor

(Draft in mgd; head in feet above sea level)

(e)

= gstimated

POTENTIAL HIGH LEVEL GROUNDWATZR DEVELCPMEXNT

As shown in Figure 1, the high level groundwater

resource lies on either side of the mountain crest and its

exploitation takes plage in both sectors, but dc?elﬁpmcnt is

more practical in the leeward portion wherce the plantition and

povulation are located. Now, and probably over the usual

1947 - §2 1963 - 63 1969 - 78 1079 - 82

Av.  Initial 198 Av. 1953 1868 Av. 1960 1978 . 1979 109

Source Diaft Head Head  Drafr Head fend  Dradt iead  fHead Draft Head Feas

Well 1 .091 818 7§27 .020 823 846 .13T  8IA  FT2 144 TTT 182

(e)

wWell 2,328 1302 436,232 1380 1495 413 1485 1d56 .286 1456 1436

‘Shaft 3 .436 1553 1515 ,27Q 1335 1577 L3133 1589 1315 .368 1521 1318

well 3 .215 1124 1045 ,059 1034 1113 297 1113 1031 2700 1080 146

(e) fe) {e) (e) (e}

Well 4 .195 1530 1365 052 1366 1389 .312 1595 1551 .17B 1885 1565

well 5 .157 1363 1514 035 1345 1586 .236 1388 1516 .163 1518 1314
Fodtnote:



planning horizons, uJevelopment of the resource on the wipdward
side will be restvicted to Maunaléei Gulch, slrheush addivional
opportunitics exist In Hauola and other valleyrs, In the
lzeward seetor at least oné new start is worth considering,
and retonstruction of the present wells to increase yicld may

be Feasible.

The sustainable vield of the dquifers may be examined
ffom two perspectives, ofie concerned with the produttion
system as it now exists and the other with the potential
yield of the resourceé as a whole, The evaluations of Andérson
in place. This report deals with the prescnt svstem as well
is the entire resource, and Ras its main focus on the leeward
sector because of the greater feasibility of expanding

sustainable y»ield there.

Sustainable vield refers to the peraissible average
production that could go oa indefinitely for selected water
table elevations. A sumdy'high wargf table is accompanicd
b a smaller sustainable yield than a lower water table, Any
draft will depress the water table, though at low rates the

¢hgnge may be obscured by natural perturbagieéns.

The system confisuration of the leeward sector is
shown in Appendix C. The immediste constraint determining

attainablc sustainable vield is the pump sctting, below which



the water table must not descend, Becouse a pump can be

reget to a lower level if it lies above the well bYottom, the
vltimate comstraint is the hepnh of the well, A well mad be
ceepened to accommodate a lower pump sctting, thereby increasing

potential sustainable yield.

The sustainable vield ¢f the present leeward system
given by Anderson in his 1983 review is 2.0 ogd, somewhat
greater than the 1.85 mgd proposed in his 1961 report, Combined
with the Miunalei contriburion, he lists the toral operating
sustainable yield as 2.36 mgd. Bowles (1973) proposed a
sustainable vield for the existing leeward systew as 2.19 mgd
and for Maunalei as 1.22 mgd, a toral of 3.41 mgd. Anderson’s
1983 estimate reépresents 43 percent of the tetal leeward -
windward récharge (4.85 mgd) he computed in a water balance,
while Bowles' estinuate dmounts to 53 percen: af the total
recharge (6.5 mgd) he dssured.

In this study a modeling approach has been taken
in evaluating susStainable vield. A model aimed at assigning
& value for susrainable vield must take into consideévation

racharge (infiltration) and natural leakage. The change in
the svstem as expressed by the movement of the water tuble
{head)} during adjustment toward the equilibrium state is

affected by the imitial volume of water in the aquifers in

addition to recharge and leakage. This is called the
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transjent intetval because the head moves. dﬁunwnfﬁ,.or upward ,
toward its equilibrium position: When the head stabilizes
the systom i$ i equilibrium, which is called the steady

state ¢onditien.

Modeling the leeward sector as a regional aquifer
réquires valueés for average infiltratign and initial head in
order to determine ady steady state position of the watér table
and Ity accompanying sustainable vield. The transient state
is considerably more difficult to model because wvariable draft,
ifitial volume in storage and time are also included in the
equatfons. The crransient #odel shows how and oveér whar period
of time adjustmeént to equilibrium occurs, whereas the steadyv
state model is concerned only with the condition that will
prevail once the adiusiments are made. The transieat model is
not ¢ritical to asseéssing permissible sustajinable vield, and
for this reasoh and because svstem changes have not varied
over a sufiitient range for practical transient sipulation,

emphasis has been placed on the steady state approach.

Steady state can be achisved onlv if draft is less
than infiltration. ZEquilibrium is impossibie If draft is
greater than recharge of if it equals récharge. It is plain
why a steady head will not be established when draft excecds
rechurge {all of the storage eventually is used), but not as
evident when dyraft §$ cqual te- infiltration. But in this casc

all of the storage also is cventually dissipated: what ever




isn't taken in draft is lost by leakage. CanaequanIY@

zllowable draft should never be equil Lo =@chuarge.

Befare settling oa the stcady state model, an attempt
was made to simulate decay in head for the dceade of hlghgst
average draft (1969 - 1978) using the transient equations.
Decliming head 4s a function of time was best simulated
employing lecward sector infiltration values of 3.0 to 4.0 mgd
and an initial volume of 100 t6 200 bitlion tallens. The
simulation was not accurate enough to justifxr further exploration

of the transient approach.

The steady state eguation for dverage sustainable

vield and infiltration is expressed as follows:

)
w5

in which.ho i§ initial head, 1 is infiltration, and h-e 15 the
equilibrium head for given sustainable vield, D. It is
convenicnt to consider sustdainazble yiéld zs a fraction of

infiltration when plotting the steady state relationship,

2}

igure ¥ is a graph of equilibrium head at each of the wells

25 a function of the rFatio of sustajmable vield to infiltration.
Included in the plot arc the elevation positiéns of the pump
settings and bottoms of the wells. It is ¢lcar from the graph
that sgstainable yield of the present Sﬁgtom is constrained

by thesc paramgters. For instance, thq,prcgcnt pumé settings

restrict poteontial sustainable vield to less than one half




the average infiltration,

By imserting in the sustainable vield equation
known values of initial head and computed values of infiltration
(Appendix A) a sustaindble vield can be assigned to any
selected equilibrium head, For the leeward sécror the average
infiltration rate in the principal recharge :one is 3.8 mgd
and in the subsidiary recharge zonc, 1.2 mgd, for a total of
5.0 mgd., Rother than employing 3.0 mged For infileration,
the mean of 3.0 and 3.8, or 4.4 mgd, is uscd as the average
in calculating sustainable vields for scenarios of potential
water production. This is consistent with the Anderson and

Bowles estimates and also the transient simulation,

Scenarios ¢f potential production for the high level
watér resource, varving fyos the current in-place svstem
configuration to full optinal development, are given below
in Table 5. Full development is arbitrarily defired as
siﬁbili;ing_the water table at half its original Keight.
FProduction from the windward sector is limited to Maunalei
except in the full develepnent seéenario. The first four
scénarios assune that all produciion will bé derived fronm
stations now in cxis;éncc;'scenarios five and six incorporate
zn additidnal lecward well; and scenarios scven and eight refer
to full development and, therefere, system re-configutation.
In ¢very scenario the available depth of fresh water-is

assumed to be the saturuted zone standing above sea level.



TABLE 5
Scenarios of Potential High Level Groundwazer Develepment
Steady State Sustainable Yields (8Y)

{values in mgd)

Leeward Windward Total
Skenariﬁg Description SY $¥ SY

1 Present leeward wells, as )
existing. Improved Niﬂdﬁirﬂ.{lj
Present leeward wells,

pumps set on botioa.

Improved windward 2.4 0.5 2.9
Present leeward wells, as

existing. Enhanced

windiard, (2 1.4 0.7 2.1

1.4 0.% 1.9

[ 8

Wi

4 Present leeward wells,

pumps set on bottom.

Enhanced windward. 1.4 0.7 3.1
Present leeward wells, as

existing. Add 1 lecward

well. Improved windward. 1.8 0.s 2.3

ut

6 Present leeward wells, puaps
set on bottom. Add 1
leeward well. Enhanced
windvard. 28 0.7 3.5
Full development leeward.
Enhanced windward., 3.3 0.7 1.0
g Full development leeward,
Full devclopment windward.

ik
tor
[t
~3
[}
(=3

(1) 'Upgrading=e£ windward system to achiceve production attdined

1976 - 39.
(1) Enhancing windward yicld by putting larger pump in Shaft 2

.

in additiofn to upgrade.



Sustginable ¥leld at esch sccnario réquifes a reduction
ir head from its imitial positieon., Thisg is. natural and
Irévitable. GCiven the pretgent configuration, for instance,

a sustainable ¥ield of 1.3 mgd will eventuplly stabilize

head at about 1300 feer elevation in Wells 2, 4 and S, about
9cO feet in Well 3, and about 700 feetr in Well 1. Adjustment
will take a very long time and will be accelerated or delaved
by dry and wev years. Full developrent {5 based on allowing
the head to be reduced vo one half its original ¥alue. Further

reduction would yield a greater sustainable vield.

Anderson (1983) states thut plantation itrigation
demand «ill average 1.3 mgd following readjustzent of pineapple
acreage and gonversion té drip irrigation, and that the Lanai
City plantation demand will be 0.J mgd, resuiting ia a total
plantation demand of 1.9 mgg. Current production from all
sources 1Is 1.6 mgd (average 1979 - 1982). Assuming plantation

demands will haveé first priority on supply, increases in

to be sarisfied £rom surpluses geonerated in the scenarios
listed above. A summary of the surpluses is given in Table 6,
For comparison, surpluses arg computed for the prevailing
average draft of 1.& mgd and Anderson's projected total

plantation demand of 1.9 mgd.



TABLE 6
Surplus Sustainable Yields Over Plantation Demand
Scenarios From Table 5
(values in mgd)

A}

Plantation Flantation

TOTAL Demand Demand
Scenario SY 1.6 med 1.9 med
1 1.9 0.3 0
2 2.9 1.3 1.0
3 2.1 0.5 0.2
4 3.1 1.3 1.2
5 2.5 0.7 0.3
6 3.5 1.9 1.6
7 1.0 2.4 2.1
8 6.0 1.4 3.1

Plans are under considcration to develop residential
lots at a rate of about 30 units per year over the next 20
vears and to construct two hotels, cach with 100 to 150 rooms,
Assigning four people to a lot and equatiag one hotel room
to a lot, the equivalent new resident pdbulation will total
about 3000 people at the end of 20 veors. The average water
demand at 150 gallens per persen per dav will total 0.73 mgd.
Allowing a contingency of 0.23 mgd, twenty years from now,
say about the veuar 2000, another 1.0 mgd of potable water will

be requircd for non-plantation ventures.

The water production svstem as it now exists and

is operated will yield little or no surplus water above the

- 40 -



® @
anticipated plantation reéquirvcmernt @f 1.9 mgj, [mprovement
of the system will be necessary 1f the 20 vear éspectation
of nex residential demand is to be met. Becuusce the new
ventures will gradually evolve, howgver, improvements will
not have to be completed at the same time nor, for that matter,
initiated immediately. Several of the scenarios gan be
zccomplished with modest effort and cost. fer instanee,
scendarig 3 would require minimum jnvestment Y&t provide one

fourth to one half of the hew demand.

Comments on Basal Groundwater

ALl of che analvses given above ané the .conclusions
concerning sustainable vields refer to high igvel groundwater;
all of it potable except for the output of Well 1. 1in all
directions bevond the high level region the ¥3land is underlain
by a thin lens of basal groundwater. RecRarge to the basal
lens originates from infreguent raim storms and from leakage
out of the high level resource. Total recharge is small,
amounting to less than 20 mgd over 127 square miles. At this
trivial rate of recharge the opportunity for ¢reation 6f &

fresh water lens is virtually non-existent.

Fresh water may accumulate im the basal system at
the boundary wherg the seegages (rom the high lewvel aquifers

arc concentrated. Tie volume would be small and fts quality



would be easily alfécted by pumping. Ll:owhers the basal
water is brackish, although the level of salinity may be low

¢énpugh to permit the water’s use in irrigating tolerant plants,

Basal groundwater is developuble, but none of it is

Likely to be acceptable for drinking purposes,
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APPEXDIX QA

Arcas of high level groundwater occurrepee, in squuie

miles [see Figurc 1 for boundaries).

1, Primary

4. Leeward .....

b. ‘Windward ...
Total .., ...

2. Secondary

a. Lee\\'ﬁrd PR
b, Winguard ...a...

Total LI S S S A

Grand Total .....s..

....

L R R IR

Recharge areas {in square niles)

® € v ¢ s =

1. Priacipal. Average eannual rainfall 38 inches.

-

a, Leewvard ...

b. Windward ...

Total ......

Arnd

3, Leewdrd .....

b. “‘tin-‘d“ ard ..,
Total ...

Grand Total wei,...,

. Bwosidiarvs Aves

ey . Z\VD
-

w20
N

.o D

¥ e R wowoww

LR B AR

14.0 {equal to

are of primacy hivh
level groundwater
OCCUrTeONCE )
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€, Balance computufions: Principal Recharge lone

I. Iaput variables

(73]
o3

@&. Raiopfall (P): inches per vear
b. Fog-drip (F): 32.8 inche§ per vear (sce Ekcrnﬁ,lgﬁﬂi
Total Moisturpi 61 Lnches per vear
2. Qutput variables
@: Direct surface runoff (DRO) = (.13) (P} =
(.15) (38) = 5.7 inches per year
b. Evaportranspiratipos {ET) = (.80) (Evaporation) =

{.80 (35) = 20 imches per vear

¢. Infileration (bv differcnce)

-piYs,

T = (P+F) - ET - DRO = 61 - 22 -6 = 33 inches per year

I (leeward) = {I.3 sq. mi) [33) = 5.92 mgd, say 3.8 mg

vgmmie s

1 C“lnd"nt‘d) = (2.0 sq. mi) (53) = 3.31 mgd, say 3.0 "

N

} Total 6.8 me
D. Balancé computation® Subsidiary Recharge Zone

} P = 32 inches/vyr; F = [.3)(P) = 9.6 inches/vi}

) DRO = {.10)(P) = 5.2 inches/vi{ ET = 33 inches

| I'=31.6 - 3.2 - 33 = 5.3 ipches/yr.

I fleeward) = (iji'sq. ai) (5:3) = 1.2 pgd

) I (indward) = (3.0 sq. mi) (5.4)= 1.3 med
Total .5 mgd

E. Sunmmary of Infiltration
- 1. leeward

a. Principal Recharge Zone = 3.8 mgd

) b. Subsidiary Recharge Zonc= 1.2 mgd
) Toral = 5.0 mgd

- ‘ - 47 -




2. Windward
a. Principal Recharge Zonce
b. Subsidiary Recharge Zonc
Total

TOTAL RECHARGE HIGH LEVEL WATER 9.3 mgd

]

L, ]

e

I Ul

(| 2}

(91}
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APPENDIX B
Pumping Tests

Graphs of Pump Test Data

accurate value for T sihce the quantity, v =1
3

Data for the pumping tosts, which were conducted on

the leeward walls in 1930, were located in the Files of the U.S.

Geological Survey.

To obtain values of transmissivity (T), drowdown (s)
as a function of time (t) ar a constant pumping rate (@) is

plotted on semi-log paper. Recovery moy also be plotted, but

against t/t', in which &t is time since pumping started and t* Qs

time since it stopped. The semislog plot is cmploved rather than

the analytically unsolvable Theils equation becduse it gives an

i

it
.01 for time greater than one nminute at cachk well. TFor test

2 . _
"S5, is less than

hele T-2 near Well 3, u is apoproximately .08, vhich also is

siall enough to allow the sedmi-log plot to be & good approximation.
The effective radius of each pumping well is waken as 1.0 feer,
and specific yield (8) is assumed to be .10. The distance of

T-2 from Well 5 was 40 feot.

Specific¢ vicld can't be calculuted {rom drawdown
P ¥

data at a pumping »cl, hut a good estimate is possible using the

‘data for T-2, The computed § for the Well 3 test is .10, which

- 49 -




is what is normally assigned to Hawaiian basalt in groundwater

modeling.

Table B-1 summarizes the test data, and Table B-2
lists specific capacities of the wells as dectermined from
instantancous drawdown immediately following the start of
pumping. These specific <apacitics do not irnclwie ayuifer
drawdown. The instantaneous specific capacity divided by the
depth of penetration of the well pbelow the water table gives

t2e unit specific capacity.

Figures B-1, B-2 and B-3 are graphs of drawdowns and

recoveries at Wells 5, 4 and 5, and Test Hole T-_.



TABLE B-1

Summary of Pumping Test Data

Data and computed aquifer par:_‘x_:ﬁ:ote}rs“')'

LS 152 fHoad- & k

By By well By v
o Date of _ Dravyadown  Recgvery Depth Drawdown Recovery
Well Test {epm)  {£r-/Ad)  (r-70) ki) LEt/d) (Er/d)

3 §/9 - 5/26/50 700 2978 2902 473 6.3 6.1
4 6/13 - B/24/30 §50 5143 3663 111 7.1 6.0

3> 7/50 - 8/50 655 1203 6412 339 10.8 16.4
-2 a0 - szs0 ess 2813 43ss 39 6.4 11.2

(1) Q = pumping rate; T+ transmissivity; % - hvdraulic conductivity

(23 'Translglissiriitt«' computed from drawdéonn gurve after instantancous
well drawdown subtracted.

(3} Transmissivity from recovery curve after instantarcous well recovery
subtracted.

(4) Test Hole T-2 located 10 feet from Well 3.

- 81 -




TABLE B-2

Specific¢ Capacitbies

?uma"Tc$;‘1930

Q/s Qfs/1
(gpm/EtY {epn/fe/ £

16 019

[0

AT

(9}
tat
R34

121
AN ]

L0587

T |
Shafr 28 21 L0811

Pumping 1933

(1) Q = pumping rate; § - instantangods drasdown:

of penetration below water table

(2) Data from Stedras {1940)

Q7s/1

lenm/fr/fen

022

& gepth
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APPENDIX C
Tuble -1
Well Specilications

Wil Gasing Powyy L=
| Bank  pevf. (1] mitialt)  miciar
_ Ground  Nof tonr Portom Bottom Tntnke 1) Hend Head Head 1982
Mate  EL. Bl Dia. I, El. g, Cpith ot k1. Hemd 11,
Well Brill  (rr.) (lc) (in) (fe.) (A (e (wpe) (fe)) (fr.) {fe.) (fr.}

1 1998 12063 (-3 12.5% an3 6O - _
Goll 818 818 B30 782

2 1946 1815 W3 16.5 YR 1000 1502 1544 1502, 1436

Sh 3 1951 15815 15815 1518 1553 158Y 1554

3 1950  18s1 Oh1L 17.8 1104 662 Bl s00 1 1126 1129 16148
q 1080 2327 1149 17.5 1807 1144 1309 HOO 1580 1589 150% 1505
5 1950 2296 1174 17.5 18686 1173 1490 S 1563 1570 1588 1514

Sh 2 1938 851 479 20 695 42U 758 a7 738

(1) From Amle¢rson & Kelley, 1983 Report to Dole Corp.

(2) TFrom J, T. Munvo Meno, Dated 7/12/50.

(3) From Récords cxcopt {or following: ) _ _
. Pata (o Kell 3 inconsistent since 1979 (too: high by appiox, 100 fr.} corrected value listed,
h, Pata fov Well 1 inconsistent for period 1972 through 1976. This data not used,

--=bk1x:'€3:’)‘: Mo (3) Min.

Head
.

772
1456
1515

1045




-3

2000

» Fest

Clevation

1000

FilG. o~

Frivitanens, dMileil, (Soutly CAQ‘{' from F’ah()u((ﬂ__

LANAI WATER DEVELOPMENT
LEEWARD OF CREST
Weil 4 el B
Watapaa Wotokeaokua
“Test Hole T-5 Well 2 R i
Katholena Well 3 and Shait 3 Salid Caslng 71+
- ' Kopohaku
— e Kapano :
e T L1 Pecforated
- iy i 1 l .-ﬁ‘.' _zv. t
iy e e cosing 2
i ae . 3 ...Q.'.-J;'?:'G 1e] 4 ait T e
5 Solid Casing? * Originol Mead \ Vi Ny . “1=7 grnal Meod 7:-—--—
Lowest Mead 7 | 7|7 | 1 lowest¥ead :
& ar A
. P 37 — Qv )
o Onigimal Head ~ || TP indake l 1>Pump injake Il
e 1D towesd Heed L T
- . f 1
2 e Fiyg o 4 X 2 o T_— E " .
ot LR _}.] roriginul nwad
J AnIY (R _ — |- ]==" Lowe st liead
L—J Np Casing luformation ?
\—__— .
! Pump Intake
~ Sea Level L_] .........................
Well
PU‘O\N a .
0 \ 2 3 A

-~y




	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65

