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Honolulu, T. H., September 10, 1926.
Chairman and Members
Honolulu Sewer and Water Commission
Honolulu, T. H.

Gentlemen:

I .am submitting herewith Dr. Palmer's report on the
Geology of the Honolulu Artesian System.

It is my feeling that this report is a valuable contribution
to our knowledge of artesian water and that it covers the sub
ject as well as it is possible to do with the available information.
At the same time I do not wish to give the impression that
this report by· any means exhausts the possibilities of the
subject. I believe that in order to make the most of the
artesian supply we must have a much clearer picture of the
details of the underground conditions than Dr. Palmer has
been able to give us with the information available to him.

Dr. Palmer and Dr. Gregory have pointed out that a further
understanding of the details of the artesian formation will de
pend on the results of extensive test boring. I believe that at
some time. in the near future, when more urgent projects have
been taken care of, the Commission should consider a detailed
examination of all of the artesian areas within the District of
Honolulu, by means of test borings and otherwise. These test
borings will undoubtedly be expensive, but there is no doubt
that on account of the great importance of artesian water to
the community these test borings and other investigations will
undoubtedly be justified.

Very truly yours,
FREDERICK OHRT,

Chief Engineer.



Department of Geology,
The University of Hawaii,

September 10, 1926.
Mr. Frederick Ohrt, Chief Engineer,
Honolulu Sewer and Water Commission,
Honolulu, T. H.
Dear Mr. Ohrt:

I have the honor to hand you herewith my report on "The
Geology of the Honolulu Artesian System" in completion of the
agreement made between us last May.

It is my opinion that further work on my part would not
give returns in proportion to the expense that would be in
volved, and having endeavored to cover the more important
phases of the problem I am dropping the work at this stage.

Yours very truly,
HAROLD S. PALMER,



A Report Prepared for the

HONOLULU SEWER
AND WATER COMMISSION

By
HAROLD S. PALMER

September 9th, 1926.

1. INTRODUCTION.
Artesian water, one of the greatest blessings that a com

munity can have, is not an inexhaustible commodity. On the
contrary, its amount is absolutely dependent on the rainfall
and on the characteristics of the rocks underlying the region.
It is to be noted that man has little or no influence over either
of these determining factors. Man cannot alter the rocks
beneath him and he cannot cause or prevent the fall of water
from the sky. He must be content with the rocks that have
been made in past ages by varied geologic processes and with
the amount of rain, snow, etc., that the winds bring. Con
sequently it is necessary that he understand so far as possible
the behavior of the water that moves thru the pores and
cracks of the rocks if he is to make the fullest use· possible
of this water.

Three types of sources are available and have been used
for public water supply in Honolulu. These may be classified
as (1) surface water, (2) high-level ground water, and (3)
artesian water. Surface water has the advantage that it can
be collected in reservoirs and distributed by gravity without
expense of pumping, but it has the disadvantages that it
often is turbid and unsightly, and that at times of drought
the reservoirs become exhausteli. High-level ground waters,
derived from springs, or from tunnels driven into the moun
tains, are sanitary, clear and sightly and can also be
distributed by gravity without pumping expense, but are un
fortunately inadequate in amount. It is possible that in the
future auxiliary supplies can be developed by tunneling. The
main dependence of Honolulu for the last few decades has
been artesian water which is clear, sightly and sanitary but
which requires incessant expense for fuel for pumping. The
high quality and the supposedly inexhaustible supply have
made the community willing to bear the pumping expense.
The supply is not inexhaustible, unfortunately, and the penalty
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will eventually be paid if we continue to draw artesian water
from the rocks beneath Honolulu faster than it is replenished.

Persons who have observed the seepage of large amounts
of water into excavations in the downtown district of Honolulu
have suggested the possibility of utilizing this water. These
waters can undoubtedly be used for some purposes where high
quality is not essential. The Castle and Cooke Building at
Bishop and Merchant Streets has a system of underdrains which
lead to a hydrant at the curb, designed primarily as an emer
gency source of water for fire fighting in the event of rupture
of the regular water mains by earthquake or other disturbances.

It is possible that these sources of water supply could be
used for condensing steam in :power plants and other
low purposes. Two samples taken on December 12, 1925, at
different points in the excavation for the Bank of Hawaii Build
ing at King and Bishop Streets contained 230 and 240 parts
of chlorine per million of water (equivalent to 22 and 23 grains
of salt per U. S. gallon). Water of this quality could be safely
used for irrigation of lawns on porous soils where salt would
not accumulate as it does in heavy soils. A sample of water
taken from the Hawaiian Electric excavation on Feb. 8, 1926,
contained 281 parts of chlorine per million of water (equivalent
to about 27 grains of salt per gallon). Another sample collect
ed on July 1, 1926, contained about 9850 parts of chlorine per
million of water, equivalent to about 950 grains of salt per
gallon of water. This is many times too salty to be used for
irrigation.

The water is in all events very unsafe from the sanitary
point of view as there is too much chance for bacterial infec
tion. Moreover, the amount of salt in the best of the samples
referred to in the preceding paragraph is very close to the
limit that is usually considered drinkable for human beings, and
the worst are quite undrinkable.

II. ORIGIN OF GROUND WATER.
The assertion was made in the first sentence of this paper

that the amount of ground water is dependent on the rainfall.
This assertion is of so great importance that it deserves sup
porting evidence. The term rainfall is used here in a loose
sense to include all forms in which water gets from the air
down onto the surface of the earth. It then includes snow,
frost, hail, and dew as well as rain, but the last is the only
one abundant enough in the Honolulu region to be effective.
The term '{}roundwater is used here to mean water that
fills voids or interstices in rock or soil, but it does not include
the thin films of water adhering to grains of soil that is damp
but not saturated. In general if we dig down we pass first
thru soil containing more or less moisture· but not enough so
that water can be squeezed out or will drain out of it; then we
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:pasS . thrusoil or rock that is drier and finally into a zone
"where the voids (chinks, interstices, cracks, fissures, holes,etc.)
are filled with water some of which is able to drain from the
voids into our excavation. This last is ground water. Phre
.atic ~:iJater, from the' Greek word for well, is a term having
the same meaning and sometimes used by hydrologists. Ground
water, then, is water that can be recovered by means of wells
or that discharges naturally thru springs.

In New England the rainfall is far more uniform than in.
Hawaii and ranges from 45 to 55 inches a year. Springs and
spring-fed lakes are abundant in New England and it is possible
to make a successful well at very many poin~s by digging
fifteen feet. In Nevada the rainfall ranges from 3 to 15 inches
a year. Springs and spring-fed lakes are scarce in Nevada.
Wells are successful at rather few points and require much
deeper digging than in the more humid New England region.
If similar comparisons could be made between other rainy and
dry regions it would regularly be found that the rainy regions
had much more ground water that the dry regions. It is said
that there are no springs and no permanent streams on the
Island of, Kahoolawe which has very little rainfall. The Koolau
Mountains of the Island of Oahu are much rainier than is
Kahbolawe, and springs and spring-fed streams are present in
moderate abundance. If necessary it would be easy to giv,e
more of the many examples of the proposition that humid
regions have more abundant ground water than do arid regions.
One apparent exception should be referred to. If a humid
region is underlain by highly pervious rocks there may be few
springs and it may· be necessary to dig wells to great depths
because of the lack of impervious rocky layers that would hold
up th~\Vater or bring it to the surface. .There would however
be an abundance of ground water, tho it would be :found only
at considerable depth. . '

A. OBSERVATIONS COLUSA BASIN, SACRAMENTO
VALLEY, CALIFORNIA.

In the Sacramento valley of California, according to Bryan,
(1) the alluvial soil at a depth of a few feet is saturated with
water which fills the interstices of the soil to an indefinite dis
tance downward. It is a matter of common observation in this
region that the water in wells rises in winter, the rainy season,
and falls in summer, the dry season. The water is supplied
by local rainfall, by percolation from the stream channels into
thegroup.d, and by winter. floods. Loss occurs by movement
down the slope of the water table to seeps and sloughs where
the water evapOl~ates. Vegetation also brings water from as

(1) . Bryan, Kirk; Ground water for irrigation in the Sacramento
Valley, California, U. S. Geo!. Survey, Water-Supply Paper 375-A, pp.
18-21 and figure 2, 1915.
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much as eight feet below the surface and "breathes" it out to
th air. Figure 1, based on a diagram by Bryan, shows the
average fluctuation in 24 wells in Colusa Basin, a part of Sacra
mento Valley from Feb. 1910, thru April, 1911. The depth
to water in each of the 24 wells was observed weekly, and
the average plotted in the diagram. The fluctuation is about
four feet. The rise begins in September and is slow until the
coming of the rains, when the rate of rise increases until
March. From March the water falls until, in the later part
of June, it reaches the summer level, which is nearly constant
except when affected by pumping. The rise in September before
the winter rains seems to be due to a decrease of evaporation
with cooler weather and to the lessened pumping after the crops
cease to be irrigated. .

Lee (2) gives similar curves for a number of wells in Owens
Valley, California. Many other examples might be cited to
show the fact that the water table rises and ground water
becomes more abundant in seasons of more abundant rainfall.
One example from nearer home will be given, namely, the well
at Oahu College (Punahou School) Honolulu.

Feb I'f4r I/pr. M4!1 Jvne Jv'!l 11"5' :5ept Oef: !Yo... ~ J4n. Feb. H4r. Rpr.

0
1910 -~" "r..ce 1911

IN 1\ I ,..J~
\j \ -z

\ I, I'

" ~
~

-# -
Figure 1-Variation of Water Level in 24 Wells in Colusa Basin,

Sacramento Valley, California.

B. FLUCTUATIONS IN THE PUNAHOU WELL,
HONOLULU.

The fluctuations of the water level in the Punahou well are
discussed more fully by Mr. McCombs in another section of
this report, but may be summarized here with profit. As a
rule, the height above sea level to which the water rises in the
Punahou well is measured once a week after the pump has been
idle for a time. The four or five heights in each month from
January, 1910, thru December, 1917, have been averaged and
plotted in the lower part of figure 2 as a continuous wavy
line. From this curve we can see that early in 1910 the-water
rose to nearly 31 1/3 feet above sea level and that it fell later

(2) Lee, Charles H.; An intensive study of the water resources of
Owens Valley, California, U. S. Geological Survey, Water-Supply Paper
294, pp. 80-81, 1912.
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in 1910 to a little over 291/2 feet. In 1911, about April, it rose
to 321/2 and about November, fell to 31 feet. There was con
siderable fluctuation in the first, second, third, seventh and the
last of the eight years shown, whereas there was little fluctua
tion in the fourth, fifth and sixth years. A dotted line repeats
this course in the upper part of the figure to simplify compari
son with the rainfall at the Honolulu Weather Bureau station,
which was then located on the Young Hotel roof. The amount
of rain each month is shown by the height of the vertical bars,
including both the blank and the diagonally ruled portions.
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The rainfall at this station averages about 214 inches a month,
and in the diagram a horizontal line was drawn representing
this average rainfall. The parts of the vertical bars that ex-
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tend above the horizontal average line were cross-ruled and
represent excesses over the average monthly rainfall. The
term excess is used here to mean more than usual, and does
not necessarily mean an uncomfortably or dangerously large
~amount of rainfall. Excesses occurred in only 28 of the 96
months. In the remaining 68 months the rainfall was less than
average. For these months the space between the top of the
vertical bars and the horizontal average line has been filled
in with solid black, and represents deficiencies of rainfall under
the average.

Comparison of the height of the water in the Punahou well
with the amount of rainfall from month to month shows that
every peak of the water level curve is preceded a little by ex
cessive rainfall. Some of the months of excessive rainfall are
not followed by actual peaks of the water height curve, but
they are followed by more rapid rise or slower fall of the
water height than would otherwise have been the case. Con
versely, every trough of the water height curve is preceded
by several months of deficient rainfall and every period of
several months of deficient rainfall is followed by a trough of
the water height curve. Thus we have an example near at
hand where the water level is high and ground water is abund
ant during or after times of excessive rainfall, and where the
water level is low and ground water scarce during times of
scant rainfall.

c. ARGUMENT FROM THE QUALITY OF
GROUND WATERS.

Rain as it falls from the clouds is almost chemically pure
water, and contains only dust washed out of the air and gases
dissolved from it. In many places the quality of water is
altered in its passage underground by the addition of substances
dissolved from the rocks with which it comes in contact. I
once camped by a spring which emerged from gypsum-bearing
strata. The water was so "hard" due to dissolved gypsum
that it had a strong bitter taste and was unfit for use. It is
proverbial that the waters 9f limestone regions are "hard"
due to the lime dissolved from the rocks. Our Hawaiian
waters are "soft" because the rocks thru or over which they
have moved yield but little hardening matter. The fact that
the composition of waters reflects the character of the rocks
with which they have been in contact could be shown for
many regions. It implies that the waters are originally
almost chemically pure and the only conceivable source of
such pure water is in rainfall. Like the correspondence either
in space or in time of abundance of ground water with abund
ance of rainfall, the quality of ground water implies that
their origin is chiefly in rainfall.
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D. HONOLULU ARTESIAN WATERS NOT DERIVED
FROM THE OCEAN.

The hypothesis is sometimes suggested that the artesian
waters of Honolulu are derived from the ocean by percolating
underground, the salts being removed by the filtering action
of the ground. This false hypothesis seems to be suggested
by the greatness of the total volume of water drawn from
our artesian wells. It seems to the proposers of this hypo
thesis that this is the only possible source for so vast an
amount of water. However, if we compute the volume repre
sented by a layer of water one foot thick and covering 37
square miles of land between the lowland plains of Honolulu
and the main divide of the Koolau Mountains and between
Diamond Head and Red Hill,· we find it to be about seven
and a half billion gallons, or enough to yield over 20 million
gallons a day for the 365 days in the year. The rainfall in
this region varies from about 20 inches a year to over 150
inches a year, and averages in the neighborhood of 95 inches,
or almost eight feet. (See Appendix A). This means that
the rainfall on the ridges and valleys between Diamond Head
and Red Hill puts 168 million gallons of water on the ground
daily on the average. Even allowing for loss of water by
evaporation and by stream discharge this seems an adequate
source for the artesian waters.

Two additional facts disprove the supposition that the
artesian water is derived from sea water. In the first place,
altho filters can remove suspended matter, such as clay or silt,
from water, filters cannot remove matter that is in the condi
tion of true solution like the salt of the sea. Such salt can
only be removed by evaporation, by freezing, or by chemical
precipitation. We may note incidentally that all these pro
cesses are too expensive to give hope of developing a public
supply by treatment of sea water. The second argument
against the sea water supposition is that there is no known
mechanism by which sea water could develop pressure and
raise itself above sea level in wells. There are places where
sea water percolates thru sand and can be gotten by digging
wells, but the level is never above sea level.

III. BEHAVIOR OF COMMON GROUND. WATER.
Three possible fates await the water that reaches the sur

face of the ground as rain or melted snow or ice. It may
collect and flow as streams, it may go back to the air as
vapor, or it may sink into the ground and become ground
water. Altho a little may become locked up in the ground in
chemical combination with rock matter, most of the water
of the ground and of the streams will reach the ocean or
salt lakes and be evaporated and form clouds to fall eventually
as rain or snow once more. Thus water goes thl'u a sort of
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circulation which may be diagrammed as in figure 3. The
part of the rainfall that goes back to the atmosphere is some
times called the fly-off and includes not only water evapo
rated from moist ground and from streams and lakes but" also
the water raised from underground by roots of plants and

Ground rY4!er

Figure 3-The' Cycle of Water

breathed out by the leaves. The part that collects and flows
off as streams is called the run-off and the part that sinks
into the ground is called the Tun-in. Much of the run-off
reaches the ocean, but part of it joins the fly-off directly, and
in places such as leaky irrigation ditches where the stream
bed is of pervious nature some of it may join the run-in and
increase the ground water supply. Conversely ground-water
may become surface water where springs, seeps or drainage
ditches bring it to daylight. Some ground-water along sea
coasts joins the ocean water thru submarine springs.

When water is absorbed it moves downward under the
influence of gravity thru the interstices between grains of
soil or thru openings of various kinds in the rocks. The path
is downward and as nearly vertical as the winding passages
permit until some obstacle is reached. It may be an imper
vious bed of rock, one in which there are no voids thru which
water can move, that is encountered, and then the water will
move downward in the direction of the steepest slope of the
impervious bed. In this case there will be a zone overlying
the impervious bed in which the voids are all filled with water
which is moving down the slope. Or it may be that the des
cending water will come to a zone in which there are abund
ant voids but where the voids are already full and can take
up no more water. Such a zone is called a saturated zone
because the voids are saturated with water in contrast with
an aerated zone in which air is the chief matter in the
voids. Usually the transition from the aerated zone to the
saturated zone is not sharp because the capillary or wick-like
action of the voids raises some water into the aerated zone
forming a capillary fTinge. The boundary between the
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two zones is called the water table and is the base of the
capillary fringe, or the top of the saturated zone.

The saturated zone extends downward to an indefinite
depth depending on how far down there are voids in the rock
which might contain water. In deep quarries and mines the
rocks become tight with depth and yield little water. There
are some regions in which there is no saturated zone because
impervious or tight rocks crop out at the surface.

The water table, or upper surface of the saturated zone,
varies in depth from place to place and from time to time,
as shown on pages 5 to 9. In general, the water table is at
slight depths during and after rains, beneath valleys and in
rocks of low perviousness, and it is at a great depth during
drouths, beneath uplands and in highly pervious rocks. When
a hole is dug or bored into the saturated zone water will per
colate out of the saturated rock or soil into the hole or well.
As soon as the water level in the well is lowered by pump
ing more water will percolate out of the adjacent saturated
material into the well. If pumping is kept up the water table
nearby will be lowered, making a cone of depression in the
water table. If there are a number of wells close together
and one is pumped a cone of depression will be made which
will be manifested by a lowering of the water level in the
other wells. The water will be lowered more in those close
by and less in the more distant wells. This condition is known .
as interference between wells, because the lowering in the
affected wells will decrease or interfere with the amount of
water that may be gotten from them.

It is generally true that the drawdown or amount that
the water level is lowered in a well is proportional to the rate
at which water is pumped from it. Thus, if we pump twice
as much water per minute the water level will fall twice as
far from its static level, or position at which it stands when
there is no pumping.

Common \ground water has one important feature that
distinguishes it from artesian water. Artesian water is un
der hydrostatic pressure and will rise in wells to a level above
that of the water-bearing rocks. Common ground water, on
the other hand, will not rise above the level at which the
water-bearing rocks lie. (Obviously this does not preclude
the raising of water by pumping, but refers only to natural
rise of the water.)

IV. BEHAVIOR OF ARTESIAN WATERS.
The term artesian, derived from the name of the French

district of Artois, where wells of this sort first became known
to Europeans, has been used in various ways, and it is de
sirable that we adopt a single definition for the present dis
cussion. Some restrict the term to wells which discharge
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water at the ground surface without pumping and do not in
clude wells in which the water comes almost but not quite to
the surface. This limitation does not seem sensible since the
elevation of the mouth of the well is an important factor in
determining whether water will flow or have to be pumped.
These two types of wells are contrasted by British geologist
as artesian and sub-artesian. In the present discussion
they will be more emphatically contrasted as flowing arte
sian and pumping artesian wells.

The similarity between flowing and pumping artesian wells
is the feature on which the definition should be based, and
this feature is that the water which they tap is under such
hydrostatic pressure that it is forced up the well to a level
:1hove the level of the water-bearing rock. This may be term
ed artesian pressure, and we may define as artesian those
wells which yield water under artesian pressure. A corollary
is that artesian water is water under artesian pressure. Hav
ing defined artesian wells in this round-about way, it becomes
necessary. to discuss the causes of artesian pressure. Every
artesian water body extends to and is continuous with a body
of common ground water, or water that is not under artesian
pressure. If we could trace the course of the water we would
find that it passed from a relJ'ion where thp.l'e was no imper
vious barrier to its horizontal movement and came to a place
where there was some sort of inclined barrier below which
it was' forced to go. Being driven horizontally by the addi
tion of water by rain absorbed in the region of normal ground
water, it goes beneath the inclined barrier and gets under
greater and greater pressure as it goes downward. If the
inclined barrier is pierced by a drill hole the water will rise
thru it and may flow out at the surface if the ground is low
or it may only come part way up to the surface, if the ground
is high.

It is obvious that there must be rather unusual struc
tures or geometrical arrangements of suitably pervious and
impervious rocks in order to provide the necessary water-bear
ing rock and the necessary inclined barrier. Before consider
ing the rather unusual artesian structure at Honolulu, it will
be best to consider three other topics :-the usual types of
artesian structures, the usual behavior of ground water in
oceanic islands, and the geologic history of the Honolulu
region.

The term "artesian basin" is properly reserved for condi
tions similar to those illustrated in figure 4, where the'l'e is
an extensive bed of rock of such texture that water can
readily flow along it. The perviousness of such a rock may
be due to an infinite number of tiny chinks between sand
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Figure 4-Diagram of an Artesian Basin
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Figure 5-Diagram of a Water Works Analagous
to an Artesian Basin.

grains, to cracks produced by mechanical stresses or to vari
ous other causes. The pervious bed has been warped in such
a way that the edges crop out at high elevations on all sides
of an area in which the bed has been warped down to a con
siderable depth. The pervious bed absorbs water that in some
way reaches the high areas of outcrops. This water may be
rain or melted snow or ice that has fallen on the "intake
area" and soaked in, or it may be water from other regions
carried by streams to the intake area.

The pervious bed is overlain and underlain by impervious
beds. In many places the impervious rock is one of so fine
texture that water is prevented from passing thru its voids
by molecular adhesion of the water to the walls of the voids.
The impervious beds· restrain the escape of water from the
pervious bed, and thus cause more or less "head" or hydrosta
tic pressure to develop. The condition is analagous to an
imaginary water works-figure 5-in which there are two
reservoirs connected by a main pipe. The two reservoirs are
analagous to the two intake areas of figure 4; the hole thru
the main pipe is analgous to the pervious bed and the walls
of the pipe are analagous to the impervious beds. If the
water-bearing bed were perfectly pervious and if the imper
vious beds were perfectly impervious, water would rise thru
wells drilled into them to the same elevation as the intake

15



faIlure

f/ow"'9
_ ArteSIa"
--~II----

areas. This would be analagous to the rise of water in vari
ous service pipes tapped into the main of the hypothetical
water works system. In nature, however, the pervious bed
presents considerable frictional resistance to the movement
of water thru it and the impervious bed is not perfectly im
pervious and dissipates some of the head by letting water
escape. Therefore, water will not rise in wells to the same
height as the intake areas. It rises to the height of a surface
known as the piezometric surface (Greek, piezo meaning
pressure, and metron meaning measure.) wp.ether an arte
sian well will flow or will have to be pumped depends on
whether the piezometric surface is higher or lower than the
ground surface at the point where the well is sunk. Wells
illustrating the two conditions are shown in figures, 4, 6 and
16. The non-flowing or pumping wells are analagous to
faucets in the upper stories of high buildings or on high
ground which fail to function at times because of their high
elevation.

l"toX"
A .... o

r*~ Perulou", fi'odt ~ Imperulous RocK

___ --P,ezom etnr; Jllrfor;e

Figure 6-Diagrams of Artesian Slopes

A more common condition of rock structure than the
artesian basin is the artesian slope in which the pervious
bed is inclined in only one direction. This is analagous to
the usual sort of water works where the distributing mains
lead from a single reservoir. If the main of such a system
were open at the far end the water would escape and little
or none would be discharged at the various connections.
Similarly the far end of the pervious bed of an artesian slope
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must be closed in order to prevent escape. Figure 6 illustrates
two ways in which this sealing may be accomplished. In the
upper diagram the' pervious bed thins toward its distal end
with the result that the overlying and the underlying imper
vious rocks come in contact. In other artesian slopes the
texture of the pervious bed changes and becomes impervious,
as indicated in the lower diagram. Wells will be failures if
drilled at places more remote from the intake area than the
point of thinning out or the point of change to impervious
ness, as shown at the extreme right in these diagrams.

The artesian basin, from the geometric point of view, may
be considered as two artesian slope whose pressures oppose
one another and prevent the escape of water.

v. GROUND WATER IN IDEAL ISLANDS.

Before considering the causes of artesian pressure at Hono
lulu it will be well to see how water would be distributed in
homogeneously pervious oceanic islands. Figure 7 is a ver
tical cross section of an imaginary island which consists of
rocks of uniform and high perviousness. It is further sup
posed that this island has no rainfall or other form of preci
pitation. It is clear that in the course of time sea water
would work its way in from the shores and that all the voids
that lie below sea level would be filled with sea water. The

Void.> filled wilh air,

Figure 7-Diagram of an Ideal, Rainless Oceanic Island

voids above sea level would contain air, except for a narrow
zone a little above sea level into which some sea water would
be raised by capillary action.

Let us modify the preceding conditions in one particular.
Let us suppose that there is a fair amount of rainfall on the
island. Some of the rain will be evaporated; some will flow off
in surface streams, and some will soak into the ground, since
the rocks of which the island is composed are pervious. The
water that soaks into the ground will move vertically down
ward in obedience to gravity until it meets some obstacles.
In the case of our homogeneously pervious island the first
obstacle will be the zone in which the voids are filled with
sea water. The fresh water will react in two ways. It can
not displace the salt water completely, because the salt water
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is heavier and tends to be held in place by pressure trans
mitted from the open water along the shores. Therefore,
the fresh water will in part move shorewards over the surface
of the salt water. This movement will be resisted by inter
stitial friction and the fresh water will therefore be backed
up more or less. Being backed up will cause it to rest on
the salt water with more or less weight, thus producing a
pressure that will partly counteract the pressure applied to
the salt water from the shores. Thus the fresh water will
press the salt water downward and to some extent outward.
The amount to which the salt water will be depressed de
pends on how much pressure the overlying fresh water eJCerts,
and this in turn depends on the distance from the shore. The
greater the distance from the shore, the greater will be the
total interstitial friction against which the fresh water must
move. The greater the frictional resistance, the higher the
fresh water will be backed up and the greater the pressure
it will apply to the salt water. The greater this pressure, the
.greater the depression of the contact of the fresh with the
salt water. Thus there will be under our homogeneously per
vious, rainy island the following zones: (See figure 8.)

1. A zone in which the voids are filled with air. (Note:
Thi;;; zone may contain some water that is in transit from the
surface downward, having been absorbed only recently.)

2. A zone, shaped like abi-convex lens, in which the voids
are filled with fresh water. The curvature of the lower side
of this lens will be much greater than the curvature of the
upper side.

3. A, zone, extending downward as far as voids exist,
in which the voids are filled with sea water.

Since the second zone contains fresh water it is of import
ance in problems of ground water supply. The thickness of
the fresh water lens depends in part on the perviousness of.,

Figure 8-Diagram of an Ideal Oceanic Island with Rain

the rock, and is greater in the less pervious rocks. The thick
ness also depends on the rate of supply of fresh water. At
any point the thickness of the part above sea level (t in figure
8) is to the total thickness (H in figure 8) as the difference
in specific gravity of the fresh and the salt water is to the
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specific gravity of the salt water. If we let g be the specific
gravity of the .salt water, unity the specific gravity of the
fresh water, and h the depth of the fresh-salt transition below
sea level, we may write the following equations:

H = h + t (1)
or H =:: hg (2)

t
whence h = (3)

g-l

The sea water around the Hawaiian Islands has a specific
gravity of about 1.025, and therefore g - 1 = 0.025 = 1/40.
Therefore in the Hawaiian Islands the fresh water zone ex
tends about 40 times as far below sea level as it extends above
sea level.

The protuberance of the fresh water zone above sea level
is due to the fact that fresh water is lighter than the sea
water and floats upon it. Brown (3) gives a summary of
laboratory experiments and of field observations on the coasts
of the Netherlands and Germany which show the validity of
this theory, which is named the theory of Herzberg after
the German geologist who first gave it wide publicity.

---~-----

yyifh tre~h yy,~fer

--- - - - '- - ~ - - -
yyifh Y'kffer

Figure 9-Diagram of an Ideal Oceanic Island with Rain and with
an Impervious Coastal Cap

In attacking this problem we first considered an island
composed of uniformly pervious rocks with no rainfall. We
then modified this by supposing the island to have rain. Let
us modify the island still further by supposing that there is
a capping of impervious rock extending somewhat above and
below sea level as indicated on the right-hand side of figure
9. Such a cap would oppose the movement of fresh water sea
ward, with the result that the fresh body would have an un
usually great thickness beneath the cap and landward from
it. It would also prevent escape of fresh water to the sea in
a zone extending both above and below sea level. If the cap

(3) Brown, John S.; A study of coastal ground water, with especial
reference to Connecticut; U. S. Geological Survey, Water-Supply Paper
537, pp. 14-20, 1925.

19



extended only a little way above sea level but far below sea
level, the fresh water might be backed up enough so that it
would overflow and form springs at the upper edge of the
cap. It is possible that the springs along the shores of Pearl
Harbor are due to this effect. If the cap extended only a little
way below sea level it would produce only a little raising of
the fresh water. We may summarize the effect of such a cap
by saying that it may hold fresh water up to an elevation
above sea level equal to one-fortieth of the depth of the lower
edge of the cap below sea level, provided the cap extends this
much above sea level.

VI. GEOLOGY OF THE HONOLULU DISTRICT.
In the following discussion of the geology of Honolulu and

Oahu the processes which have been at work will be described
briefly first, then the geologic history will be summarized with
out going to the evidence on which the various conclusions are
based, and finally the resulting structure will be described.

A. GEOLOGIC PROCESSES ON OAHU.
The geologic processes which have operated to make Oahu

what it is today may be divided into three classes, the con
trasting constructive and destructive processes and the diastro
phic processes.

I. CONSTRUCTIVE GEOLOGIC PROCESSES.

Volcanoes are mountains composed of many thousands of
batches of lava discharged successively and heaped up. The
Hawaiian volcanoes usually erupt by quietly pouring out mol
ten matter to form lava flows, but at rare intervals the~ have
explosive eruptions rather like the characteristically explosive
eruptions of Vesuvius. On being discharged the lava will flow
down the steepest slope until it cools, freezes and stops. The
first flow from a vent will flow in one direction and make an
obstacle around which the second flow takes a more or less
different direction. The third flow will take a third direction,
and successive flows will take still different directions radiat
ing outward from the region of the eruptive vent. Later flows
will fill depressions in or between older flows making the vol
canic pile smoother. Flows will be most closely jammed to
gether and heaped highest near the vent and will be spread
out wider and thinner away from the vent. The accumula
tion of many thousands of such flows results in a smoothly
curving dome like Mauna Loa, which will eventually be cut.
to a much rougher shape by other geologic agents. Nearly
all the rocks of both the Waianae and Koolau Mountains of
Oahu are of this type. A very small proportion of the rocks
of these mountains were injected while still liquid into vertical
cracks or between older flows making "dikes" and "sills"
which are very dense and impervious.
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At times, especially late in their individual histories,-_
Hawaiian volcanoes have erupted violently because the pro
portion of gas in the lava was unusually high. When a great
volume of gas is discharged along with a small volume of
molten rock the gas tends to break the molten matter into
small drops just as the blast of air in a painter's spraying
machine breaks the paint into small drops. The small drops
of lava are thrown high into the air and freeze solid before
reaching the ground. The resulting material will be "volcanic
ash" if it comes down rather dry, like the so-called "black
sand" that underlies much of Honolulu and came from Punch
bowl, Round Top and Tantalus. If the falling ash is moist
it 'may be cemented to form a moderately strong rock such
as that composing most of Diamond Head. Such cemented
ash is properly called tuff, but it is often referred to as
tufa, a term which should be reserved for an entirely dif
ferent kind of rock. Since the falling ash is angular it heaps
up as steeply sloping cones, such as Round Top, instead of
forming gently sloping domes like those made of fluid lava.

Living organisms, winds, and waves have made small
amounts of rock on Oahu. The constructive geologic work
of living organisms is represented by the reefs that fringe
parts of the shore. In the MoiIiiIi district there are ledges
of such rocks which have been exposed by raising of the land
or by falling of the sea. In places waves eat away at the
shore and wash the cobbles, pebbles and sand which they have
loosened to quieter spots thus forming wave-made gravels or
sands. In other places, especially on the windward side of
the island, the wind has picked sand from the beach and
blown it inland to form sand dunes. If the wind-made sand
dunes or the wave-made sands or gravels are composed of
carbonate of lime in part, water percolating thru them may
dissolve the lime in one place and precipitate it in another
forming a cement which will change the sand to sandstone
and the gravel to a conglomerate. So far as can be ascertain
ed rocks made by wind or wave are of no importance in the
Honolulu artesian structure, but the reef-rock is of consider
able importance.

Streams are the most important destructive geologic agents
on Oahu, but they have also played some part as constructive
agents. Their destructive work consists of dissolving,
loosening and carrying away rock matter, which is even
tually deposited somewhere to form the constructive product
of stream work. The size of particles that running water
can move increases greatly with increased velocity of the
water, as does also the total amount of material, both fine
and coarse, that a stream can carry. In sluggish streams only
small amounts and only fine grained material is carried. In
perfectly quiet water all the sediment will eventually settle
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-+ It is obvious that the upper parts of our streams have
_:..\J steepest grades and the swiftest water and can therefore
carry much more sediment than can the more sluggish down
stream parts. As a consequence much of the sediment settles
out to form mud flats like those of Waikiki or like those in
the valleys east of Diamond Head. Salt water has the prop
erty of making finely divided soil particles settle out very
quickly where the fresh water flows into and mixes with the
salt water. Thus the finest material that is carried past the
mouth of a stream soon settles to the bottom and forms a
mantle over the upper part of the submarine slopes of the
island.

2. DESTRUCTIVE GEOLOGIC PROCESSES.
Winds, especially in regions of scant vegetation, may pick

up grains of dust and fine sand and by blowing them against
objects perform a small amount of erosion. This process is
of little importance on Oahu and only in the regions of Koko

. Head and Ulupau Head.
Waves perform some erosive work by their direct impact

on the shores, but still more is performed by the cobbles and
sand that they hurl against the rocks. If the rocks along the
shore are fissured the surging of waves produces alternating
compression and suction which may loosen rather large blocks
of rock. One peculiarity of wave work is that it is restricted
vertically to a narrow zone that extends only a few feet above
and below sea level. The waves work somewhat like a horizon
tal saw and tend to cut a terrace or bench whose surface is
a little below sea level, and to develop a cliff or even an over
hanging cliff at the back of the terrace. If there is a reef
offshore the effectiveness of wave erosion is greatly lessened.
We can see the results of wave work in the steep lower slopes
of Diamond Head. Excellent examples of ancient wave ero
sion, at a time when the sea stood higher than at present, may
be seen in the bench and cliffs that skirt Hanauma Bay or those
on Ulupau Head.

Waves and wind have done little destructive work on Oahu
compared to that done by streams of running water. Water
running over bare soil or soil with sparse vegetation will pick
up sand and soil grains. Water that flows somewhat more
rapidly in well developed stream beds will pick up pebbles and
cobbles, and the swiftest streams may pick up very large
boulders. Soil grains, sand, pebbles, cobbles and boulders are.
all tools with which a stream cuts away at its bed.

During the time a volcanic dome is being built the streams
on its growing surface are at work but their rate of work is
less than the rate at which volcanic activity is building. Even
tually volcanic activity slows down and the streams get ahead.
Let us suppose a young volcanic dome on which stream erosion
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has only recently gotten ascendency over volcanic construc
tion. The streams will be forced to follow whatever depres
sions exist between and around flows. These channels will
be in general parallel to the flows and will radiate from the
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center of the volcanic mass. The map would suggest a pIC
ture of a wheel, the rim representing the shore line, the hub
representing the crater, and the spokes representing the
stream courses. A profile at right angles to the direction of
stream flow would be somewhat as in figure 10-A. The first
work of such streams will be concentrated on their beds
which will be deepened rather rapidly because the stream
beds are still high and slope steply. At a later stage the
streams will be slower because lowering of their beds will
make their gradients less steep. In the early stages down
cutting is so rapid that a valley of gorge-like form results.
There is not time enough for the upper walls of the gorge
to decay and slump into the stream, and a profile like figure
10-B is developed in the direction at right angles to the stream
flow. In this stage the stream beds are less elevated and less
steep and therefore the streams are less swift and erode less
rapidly. More time is needed to lower the stream bed a
given amount and the upper parts of the gorge walls have

. time enough to decay and slump into the stream. The valley
section widens out and passes thru the stages shown in C,
D and E of figure 10. Stage A may be called the initial
stage as. it represents the beginning of effective stream work.
Stages B"~ C and D are stages of youthfulness and in them
there are still preserved parts of the original surface of the
volcanic dome. In stage E, the stage of early maturity,
there are no longer any flattish remnants of the old surface.
During the whole succession of changes in the cross-section
of the valleys there is a decrease in the ability of the streams
to cut downward in proportion to their ability to widen their
valleys. Thus the cross-section will go through the stages of
rrw,turity and old age, shown by F and G in figure 10. The
divides between the valleys become reduced and the valleys
widen out parly by lateral cutting by the streams and partly
by the building of plains. Eventually the divides will become
so low and the valley floors so broad that a featureless plain,
or peneplain results as in H of figure 10. The preceding
discussion assumes that there has been no shift of sea level
or other disturbance to interrupt the succession of cross-sec
tions. It also assumes that wave action has had no appreci
able effect on the shorelines. With these assumptions, which
are fairly well justified in the case of Oahu, a volcanic dome
goes thru a series of stages in which the original surface
becomes trenched by gorges which grow wider and wider at
the expense of the flattish areas between streams. At a mid
dle stage there is no flat land either on the divides or along
the streams. Finally flat land develops along the streams and
widens until the whole region is reduced to a low plain a little
above sea level.

If the work of waves is added to that of streams the end
product is a submarine platform which has been beveled off
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by wave erosion, and which may become occupied by coral
reefs and sand islets as has the shoal at Midway Island.

3. DIASTROPHIC PROCESSES.

Diastrophic processes are those which produce slow and
massive movements of one or more parts of the earth with
respect to others, and are usually manifested as changes in
the relative elevation of land and sea. The term emergence
implies that part of the ocean floor has become dry land but
does not imply whether the sea receded or the land rose.
Similarly submergence does not imply whether the sea rose
over the land or the land sank beneath the sea.

Where emergence has occurred we find submarine features
exposed on dry land. These may be erosional features like
the wave cut bench and ~liffs at Hanauma Bay or they may
be constructional features such as the reef rock of Moiliili.
Emergence, obviously, increases the elevation of the head
'waters of strearris and by thus increasing their gradient in
creases their swiftness and eroding power, and results in a
modification of the normal cycle of stream erosion described
in the preceding section. Sometimes the mouths of streams
are raised above sea level .by emergence so that the streams
enter the sea by falls or rapids, tho this condition may also
be produced where waves cut sea cliffs more rapidly than the
streams can lower their beds, as on the Hamakua coast of
Hawaii.

Where submergence has occurred shore features may be
detected if numerous soundings are made, but the chief evi
dence is in the "drowning" of valleys. When this occurs the
shoreline, which formerly passed rather straight across the
mouths of valleys, swings a greaterQr less distance up the
valleys making a bay or estuary. In time sediment may be
carried into the bay by streams and fill the bay. Examples
of valleys which have had this history are found between
Diamond Head and Koko Head. The filling of the bays has
built the land on which alfalfa and other forage crops are
grown for the various dairies.

We have now considered the manner of operation of the
geologic processes most important in Hawaii, and may turn
to a su~ary of the history of Oahu.

B. GEOLOGIC HISTORY.
Twelve principle stages in the geologic history of Oahu

may be recognized and are discussed briefly in the following
paragraphs:

(1) At an unknown date in the past a volcanic vent in
the neighborhood of Waianae village was in action and built
a dome reaching some five thousand feet above sea level.
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This may be called the TVaianae Dome and was the material
out of which the present Waianae Mountains were carved.

(2) The weight of this dome was so great that the un
derlying material failed and the southwest part of the dome
sank below sea level, leaving a mountain mass with a straight,
cliff-like southwest boundary.

(3) A long period elapsed during which streams cut deep
valleys into the Waianae Dome and brought it to a condition
much like the present.

(4) A series of vents northeast of the eroded Waianae
Dome and lying along a line trending northeast-southeast came
into action and built a heap of volcanic matter which had a
pear-shaped ground plan, the large end of the pear being at the
southeast where the vents discharged the greatest amount of
lava. The pear-shaped Koolau Dome extended far enough lee
ward so that it touched the dissected Waianae Dome. .

(5) The load imposed by the Koolau Dome on the un
derlying matter was also excessive, and the windward part
of the broad end sank beneath the sea.

(6) Erosion by running water dissected the Koolau Dome
to much its present condition, and wave work pushed back
the shore line, especially on the windward side. During this
time some erosion was accomplished in the Waianae Moun
tains, but because of its leeward and therefore drier position
it was far less in amount than that accomplished during the
same· interval on the Koolau Mountains. This erosion was
accomplished at a time when the ocean was at a level at least a
thousand feet lower, relative to the island, than at present.

The evidence for the lower level of the ocean is from the
consideration of the depths at which the artesian wells pass
from sedimentary rock into volcanic rock, and is discussed on
pages 42 to 48. Some persons, since corals grow well only in
shallow water, have cited the occurrence of coral at depths of
a thousand feet in well bores as proof of a great submergence.
This is disputable evidence for it may be that the drill has
penetrated a bed composed of fragments that were broken
from a reef and fell or rolled to great depths and accumulated
to make a rock very much like true reef rock, and indistin
guishable to the driller.

(7) The Island of Oahu became submerged a thousand
feet deeper than it had previously been. This submergence
appears to have been due to a foundering of. the island. .The
reporting of a layer of coral with its base about 200 feet below
sea level in 29 out of the 43 available weH logs suggests that
there was a halt after 800 feet of submergence had occurred,
but as indicated above this is not provable. This submergence,
when completed, brought the shore line about forty feet higher
on the island than it is now.
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(8) Streams still continued to bring mud, silt and sand
and some coarser material from the mountains, which were
accumulated in favorable places along the shores. The sub
merged parts of the valleys were to a large extent filled with
such sediments. The inward curving shore between Diamond
Head and Pearl Harbor appears to have been especially adapt
ed to retain these sediments and to prevent their being swept
away by ocean. currents. Diamond Head acted as a break
water to divert the west-flowing ocean current and make a
quiet lee. Along with the mechanical sediments from the
mountains there was also accumulated much reef-rock made
by corals and associated plants and animals.

(9) The eruption of younger volcanic bodies, composed
chiefly of ash and tuff, such as Koko Crater, Diamond Head,
Tantalus, Round Top, and Salt Lake Crater, occurred toward
the end of the preceding stage. All taken together-stream
carried sediments, reef-rock, and ash and tuff-built up a
plain with its surface near sea level. Viewed as a unit they
constitute the cap-rock of the artesian system. Their geome
trio form is that of an irregular triangular prism laid on the
submarine slope of the volcano. The prism had its long axis
parallel to the shore. The upper surface of the prism is nearly
horizontal. The under surface slopes rather gently and is
rather rough because it had to fit the stream-trenched, sub
merged slopes of the foundation of volcanic rocks. The third
face of the prism slopes rather steeply downward from the
offshore edge of the upper face, and may be called the outer
face. Parts of the volcanic matter belong with the prism just
described but parts, such as Diamond Head, protrude from the
upp~r surface of the prism.

(10) There followed an interval of erosion during which
streams and waves were both active. The work accomplished
by streams during this interval cannot be separated from that
accomplished both earlier and later. Waves cut a rather de
finite terrace backed by a cliff.

(11) Wave erosion was interrupted by the recession of
the sea about forty feet to its present level. The former
stand is indicated by the existence of typical reef-rock at many
places on Oahu at points up to forty feet above sea level. This
emergence exposed the wave-cut terrace and cliff in a number
of places.

(12) The latest stage in the geologic history includes the
present. It is characterized by continued stream erosion, by
wave erosion at the new sea level, and by the accumulation of
more sediments on the coastal plain, in valley plains, and off
the shores of the island.

C. GEOLOGIC STRUCTURE.
It now becomes appropriate to consider the results of the
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various processes summarized in the preceding section, that
is, the kind of rocks in the Honolulu region and their posi
tion or attitude.

1. THE WATER-BEARING LAVAS.

Forming by far the greater part of the bulk of Oahu is
a series of lava flows. The flows were poured out in rapid
succession so that little or nothing was eroded from a given
flow before the next one covered it. Therefore they lie as
nearly parallel to one another as is possible for lava flows,
and are said to be "conformable" on one another. Since the
vent from which the lavas of the Honolulu district came lay
to the northeast, the flows are now found to slope downward
to the southwest at an angle of 4° to 8° from the horizontal.

The lavas contain a -great many voids which include the
following types: .

1. lntercrystal Spaces. When cooling and crystallizing
the various mineral grains of which the rock is composed may
'develop minute voids between them, These voids are far too
small to be of importance in ground water supply.

2. Shrinkage Cracks. In cooling after solidification a
lava flow must shrink, This causes internal tension which
results in cracking. The tension cracks are in general roughly
vertical, that is at right angles to the surface of the flow
whe,re most of the heat is lost. These cracks may be minute
or of fair size. The larger ones are effective water carriers
because they extend for fairly long distances.

3. Gas Pores. Lava consists of a complex solution of
liquid rock and gases. These gases, on being set free, make
bubbles. In extreme cases the lava may resemble a frozen
froth or foam. The lavas at Honolulu vary greatly in the
abundance of gas vesicles. Where the vesicles are of fairly
good size, are abundant, and connect with one another they
may transmit a great deal of water.

4. Clinker Voids. When an "aa" lava flow is in motion
the chilIed and brittle crust is dragged along by the viscous
lava beneath. The crust is broken by this drag into exremely
rough and irrgular pieces. Since these pieces or "clinkers"
do not fit together, there are large voids between them. These
are very effective in carrying ground water. Only a little less
abundant and less effective are the voids made similarly by
pahoehoe flows.

5 Bedding Voids. When a later flow is poured out over
the irregular surface of an earlier flow, it is impossible for
the two to come into perfect contact. The younger flow would
have to be very fluid to fit itself to the irregularities of the
older flow. But many a flow advances over a sort of pavement
that it has laid down for itself consisting of its own chilIed,
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solidified and shattered crust. Such voids may be made be
tween the successive batches of lava that are discharged in a
single short spasm of activity as well as between flows made
a long time apart. Bedding voids are probably the most
effective carriers of ground water in the Hawaiian lavas, for
they are not only very abundant, but are also very open so
that they present little frictional resistance to the movement
of water. Moreover, bedding voids may form pervious zones
that extend great distances, and are formed both by aa and
pahoehoe.

6. Subsequen.t Cracks. Should the lavas, after coming
. into place and solidifying, be subjected to mechanical stress

they may be cracked. Such stress might be due to jarring by
earthquake waves, to faulting, or to settling. Subsequent
cracks are fairly extensive and many are open enough to carry
water.

7. Lava Tubes. Many lava flows develop hard crusts by
the cooling and solidification of the upper surface. Later the
supply of lava for the particular flow may cease and the
liquid lava stream may drain out leaving a long tubular open
ing under the crust. Lava tubes formed in this way would be
as good as artificial pipes for carrying water.

8. Tree Molds. Where a lava flow invades a forest it
may kill but not burn up some of the trees. The lava sets
around the charred tree, and forms a tubular mold when the
tree finally rots away. These are not of importance in the
matter of ground water supply.

From the preceding inventory of the voids in lava rocks
it is clear that these rocks are highly pervious and constitute'
a splendid water-bearing rock mass. The extremely high per
viousness is illustrated by the conditions at the well of the
Oahu Railway and Land Co. at 250 feet elevation on the line
between Waipahu and Schofield Barracks. The water level in
this well, which is about 3% miles inland, was about 22 feet
above sea level on August 16, 1926. On July 14, 1926 the
water level in the well three miles nearer the sea, used by the
Territorial Division of Hydrography as a standard for Wai
pahu, was about 15% feet above sea level. Thus the water
level rises only about 6% feet in 3 miles. This implies that
the imperviousness or resistance to flow thru the lava is so
slight that a 'slope of 6% feet in 3 miles suffices to overcome
it. This well also proves the fallacy of the hypothesis occa
sionally advanced that the water-bearing stratum is relatively
thin and slopes upward inland, and that drilling at inland
points might discover it well above sea level. The deep shaft
sunk by the Oahu Sugar Co. for pumping water is 2% miles
inland and supports both of these contentions.

A little more attention may profitably be given here to the
idea that the water-bearing rock constitutes a relatively thin
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layer. The wells listed as numbers 1, 15, 22%, 36, 45-C, 45-D,
45-E, 89%, 101-B, and 108 in the table, Appendix B, extend
over 200 feet into the aquifer. None of these indicates a
thin aquifer. In No. 89% the amount of the well drilled in
water-bearing rock is 340 feet. It also appears that no one
has ever drilled thru the water-bearing rock into a lower,
water-free rock. Furthermore it is not conceivable that a
single discharge of lava, at some time during the growth of
the Koolau Mountains, could have mantled all the slopes to
form an impervious base for the water-bearing rock. The
normal method of accumulation of a volcanic dome implies
that it should be rather uniformly pervious and that Herz
berg's law (see page 21) should apply. The mistaken idea
of a thin water-bearing layer seems to have been carried over
from the diagrams of artesian basins and artesian slopes
elsewhere in the world, and to have been applied erroneously
to the Honolulu artesian system which is neither an artesian
basin nor an artesian slope.

The water-bearing member of the Honolulu artesian sys
tem is the great aggregate of many lava flows, heaped up on
one another to make a broad dome, but trenched by valfeys
in its upper part and buried under coastal plain sediments in
its lower part. If appropriate pressures could in some un
imaginable way be applied to the water in the mass of lava
flows in the Honolulu artesian system, the water could be made
to move thru it in any direction. The only pressure actually
applied is that due to gravity, but it is opposed by the over
lying cap of coastal plain sediments and by the back pressure

. of sea water. The great number of voids of a number of
kinds constitute channels by means of which the water can
readily move thru the lava rocks.

2. THE UNCONFORMABLE RELATIONSHIP BETWEEN THE CAP

ROCK AND THE WATER-BEARING ROCK.
The main mass of the Koolau Mountains was built up by

a series of lava flows which followed one another so quickly
that only negligible erosion occurred between. When the
eruptive phase ceased erosion became dominant. At this time
the Honolulu region stood at least a thousand feet higher with
respect to sea level than it does now. The evidence in sup
port of this statement is that the subterranean contour lines
representing the upper surface of the water-bearing lava rocks
make V-shaped re-entrants that extend up the valleys instead
of sweeping as broad curves past the valleys.

Figure 11, the Artesian Map of the Honolulu District, was
prepared in the following way. The base was traced from a
large map ana shows a few important streets for orientation
and the contour lines 500, 1,000, 1,500, 2,000, 2,500 and 3,000
feet above sea level. The positions of all the known wells
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were plotted, and the serial numbers assigned to them by the
Territorial Division of Hydrography were entered. These are
the upper of the three numbers by each well symbol. The
total depth of the well from the surface of the ground, and
the depth below sea level at which the bore passed into lava
rock were also entered, as the left and right of the two num
bers below the serial number. The degree of reliableness of
data is indicated in part by the suffixing of question marks
after the depths and in part by the kind of symbol to represent
the location of the well. For this purpose certain wells which
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have been plugged are quite as useful as wells which are still in
use. The most reliable information as to the position at which
the top of the lava rock lies is had from a well for which a log
is available, and such wells are marked by a solid circle. The
next most reliable information is had from wells where the
depth of casing is known, because the casing normally extends
only a few feet into the lava rock. Such wells are marked
by circles with two black and two white quadrants. The
least reliable information is had from wells where only the
depth is known . In figure 12 the date of drilling of a number
of wells is plotted against the number of feet each extended
into the water-be,aring rock. In the first four or five years
of drilling there was extreme variability but in the late
eighties the average extent in the water-bearing rock was
about 70 feet. This increased gradually to about 150 feet in
1915. In the present situation where we know the depths
and dates of drilling of 36 wells but do not know the extent
in the aquifer, the latter was estimated by reference to figure

. 12. It is realized that the assumptions involved are weak,
and therefore in the further use of these data much less weight
was given them than was given the other .wells. These doubt
ful wells are marked with a circle and cross. Wells concern
ing which nothing is known but the position are marked as
plain circles.

It is a matter for great regret that the persons for whom
wells were drilled mostly neglected to preserve a log. or
reco·rd of the rock types encountered, and that the drillers
have not kept more complete records. As a consequence there
are only about 50 logs for the total of 150 wells in the Hono
lulu District. Some of these logs are obviously imperfect, and
others are grouped so closely that they differ only very
slightly and therefore add little. For example, the six logs
available for the Beretania Pumping Station yield little in
formation that could not be gotten from one log. As a con
sequence there are actually less than forty places in the dis
trict where we know the succession of rock types underfoot.

The foregoing procedure gave a number of points at which
the depth of the top of the water-bearing rock was known or
estimated. Lines were then drawn joining points of like
depth. The lines were drawn solid where there were enough
data to control their position well, and broken lines were
drawn where the information was scant or of the doubtful
class.

The relationship· of these subterranean contours drawn on
the water-bearing rock to the original contours of the volcanic
cone is shown in figure 13. The broken-line contours repre
sent the original configuration of the volcanic mass and ex
tend both above and below sea level, those above sea level
being restored by adjoining together the seaward salient
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curves of the contours on the topographic map, and those at
and below sea level being spaced at reasonable intervals. The
solid-line contours represent the present configuration of the
volcanic rocks, those above sea level being traced from the

Figure 13-Comparison of Present and Original Contours

topographic map and those below sea level being traced from
the subterranean contours of figure 11. There might be two
sea level contours; one on the shore line and one on the sub
terranean contact surface. The shore line is shown for the
sake of orientation. It is not a product of the erosion of the
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island and its position is a result of depositional processes.
The subterranean sea level contour was not worked out at
any place.

Inspection of figure 13 shows that the original topography
could be represented by smoothly sweeping curves. The slopes
of Mauna Loa or of the leeward side of Haleakala would be
represented by contours of similar character. The present
topography and the upper surface of the water-bearing rock
are .' represented by strikingly wavy contours in which re
entrants represent surface valleys or buried valleys and sa
lints represent surface ridges or buried ridges. Streams can
cut valleys only above sea level. At Nuuanu Valley the con
tour for 900 feet below sea level makes a decided re-entrant.
The 1,000 foot contour is not drawn because there was not
sufficient information. Had there been it would certainly have
made a re-entrant. It is further possible that contours as
low as the one 1,300 feet below sea level would make re
entrants, thus proving a position of the land, 1,300 feet higher
than the present position. However, wells have not been
drilled in the places that would yield information on this
point. The most we can positively say is that the island stood
at least 1,000 feet higher than it does now.

Similar but smaller re-entrants appear opposite Makiki,
Kalihi and Pauoa Valleys. Manoa Valley is broad and wells
are lacking from its central portion so that the re-entrant con
tours cannot be drawn in full. There is evidence in both the
Punahou and Moiliili districts that the contours swing inland
as if to make a l'e-entrant instead of sweeping across Manoa
Valley.

Many perplexitie,s arise in sketching the contour lines
where so little information is available. An example is at the
Kalihi Pumping Station where two wells drilled in 1926· in
dicate a small, abrupt slope toward the south whereas the
surrounding wells indicate a general gentle slope toward the
west. Were more data available and if the interval between
the contours were smaller, this would probably appear as a
small south-sloping bench or terrace on the general westerly
slope, altho many other combinations are possible.

The foregoing shows the character of the surface of con
tact between the body of sedimentary rocks that form the
Honolulu coastal plain and the underlying body of lava rock.
The contact is a surface that in general slopes seaward at
the rate of about one in seven. It is complicated by folds
or troughs that depress parts of it, these folds lying under
neath the valleys and their seaward extensions and represent
ing ancient parts of the valleys now buried.

If we could excavate anyone of these buried valleys and
look' at its sides we would see the edges of many lava beds.
The view would resemble that in upper Nuuanu Valley where
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beds dipping gently seaward may be seen. The beds removed
from this imaginary excavation would be approximately hori
zontal. In other words, they would not conform in position
to the beds of lava. The contact between the two sets is said
to be an unconformity.

3. THE CAP-RoCK. ,
The coastal plain, on which Honolulu is in large part built,

varies in width from a little over a mile at Waikiki to about
three miles at Moanalua. The eastern part includes a moderate
amount of wet land whereas the western part includes only
a narrow strip of dry land, seaward of which is a broad
stretch of tidal lands leading out to the reef. Extensions of
the coastal plain run greater or less distances up the valleys.

The body of sedimentary rocks underlying the coastal plain
constitute a rude triangular prism with the coastal plain as its
upper surface. From the shore line' shoal water or tidal land
extends out to the reef, which may be taken as the outer edge
of the coastal plain. The seaward face of the prism of coastal
plain deposits is only poorly known because of the fewness
of soundings off shore. In general it slopes downward to a
depth of 600 feet at a distance of a mile and a quarter from
the shore. Thence it slopes seaward more steeply to a depth
of 1,200 feet about two miles from the shore.

The lower face of the prism is in unconformable contact
with the water-bearing lava rock, and is therefore somewhat
like a tremendously enlarged piece of corrugated roofing, ex
cept that the corrugations are of unequal size. The corruga
tions correspond to the buried ridges and valleys.

Over a hundred different terms have been used by well
drillers to describe the materials encountered in sinking the
wells of the Honolulu district. For purposes of study and
comparison these have been combined so as to reduce the num
ber of fundamental types to six, namely, lava, ash and tuff,
coral, clay and mud, silt and sand, and gravel. It is recognized
that these types may not be pure and that the last four named
may blend into one another. Thus true coral reef rock may
blend into a firm rock composed of hardened coral mud, which
blends into a soft coral mud, which in turn blends into a
clayey mud. Again, gravel by becoming finer may graded into
sand, sand into silt, and silt into mud. It would be difficult
to compare the logs of two wells unless one used judgment in
interpreting the terms used by the drillers.

Making .such interpretations as seemed reasonable, the
per cent distances drilled thru each type of rock in the wells
of each of four divisions (isopiestic areas) of the Honolulu
district were computed. Only one well was considered from
each of the groups at the Kaimuki, Beretania and Kalihi
Pumping Stations.



ROCK TYPES ENCOUNTERED IN THIRTY-NINE WELLS
IN THE HONOLULU DISTRICT. (Percentages,

lava rock omitted.)

Isopiestic Area

1. Waikiki-Moiliili 6.5
2. Punahou to Pauoa 3.0
3. Pauoa to KalihL 0.6
4. Ewa of Kalihi .
Average of all wells 3.3
Average of 4 areas 2.5
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16.4
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types in the cap-rock of the four isopiestic areas of the

Honolulu artesian system.
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These data are given graphically in figure 14. The mechani
cally formed sediments, those made by the accumulation of
debris washed from uplands, including the clay, sand and
gravel types, increase from about 44 per cent to about 86 per
cent as one goes from the Waikiki-Moiliili area toward the
area Ewa of Kalihi. At the same time the abundance of
coral, the sediment formed by living organisms, decreases
from almost 50 per cent to 14 per cent. Ash decreases from
about 6% per cent to 0.6 per cent in area No.3 and is lacking
in area No.4. Ash from Salt Lake Crater occurs in the Ewa
part of area No.4 but was not reported in the few logs avail
able. Clay, with which mud is included, constitutes nearly
half of all the volume of the cap-rock and is therefore almost
as abundant as the other four types taken together.

Graphic plots of the available well logs were made, but
are not published herewith. They may be consulted in the
files of the Territorial Division of Hydrography. The logs of
wells which are so situated geographically that there might be
a chance of correlating the beds shown in each of two or more
wells were laid out on a large table for comparison. The fol
lowing generalizations can be made:

(1) Volcanic ash or tuff, a cemented form of ash, is found
near the surface in wells which are close to Punchbowl and
Round Top.

(2) A bed of coral of varying thickness is found near sea
level in 23 of the 43 wells for which data are available,. All
of the wells which lie in the seaward part of the coastal plain
have penetrated this bed, but it fails to appear in a majority
of the wells in the landward part. This is undoubtedly the
bed which crops out at Moiliili, Iwilei, Kalihi Kai and other
places.

(3) Of the 43 wells for which data are available, 29
penetrated a heavy coral bed whose base is about 200 feet
below sea level.

(4) Of the 43 wells, 34 penetrated clay as the last ma
terial before entering the water-bearing lava rock. In two
wlls there was coral on the lava rock, and in seven wells there
was sand or gaavel or a mixture of the two. Clay, however,
is the normal thing to find above the lava rock. With one
exception there is only a thin layer of sand, gravel or coral
between the lava rock and the lowest clay zone.

The types of sediments comprising the cap-rock differ con
siderably in perviousness or ability to permit or obstruct the
movement of water. Gravel, sand and ash consist of larger
or smaller fragments which are packed together closely.
Nevertheless they cannot be packed perfectly tight and there
are always spaces or voids between the grains. In most gravels
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and sands the fragments are fairly well rounded and the total
pore space is from 15 to 35 per cent of the total volume. In
other words, if we had a water-tight box of 100 cubic feet
capacity and filled it with the gravel or sand we would be
able to add from 15 to 35 cubic feet of water which would
find place in the chinks or voids between the pebbles or sand
grains. The fragments that comprise ash are angular and
cannot be packed as closely as the rounded constituents of
sand or gravel. Consequently the ash has a larger porosity;
which ran up to 60 per cent in one sample that was tested.
In all three of these types of sediments the opres are not only
numerous but are also fairly large and therefore permit water
to pass through them readily.

The clay and mud also consist of small particles which
are packed together and which have pore spaces between them
that may equal 20 to 40 per cent of the total volume of the
rock. However, clay and mud do not permit water to move
thru them and constitute a highly impervious material. The
imperviousness seems at first thought impossible in view of
the fact that per cent pore space is high. The reason is that
tho the pores are numerous they are very small, so small, in
fact, as to prevent the movement of water thru them. Attrac
tion of the molecules of which the clay or mud is composed for
the molecules of water is great if the distance is as small as
it is in the minute pores. The attraction is effective across
the' whole width of such minute pores and prevents flow.
Once water gets into such small voids it requires tremendous
pressure or heat to overcome the attraction and dislodge the
water. The attraction also exists in gravel, sand or ash but
it is effective only a small part of the distance across the
larger pores. Few rock types are more' impervious than clay
or mud.

The rock made by corals and other animals and the plants
that grow on the reef varies greatly in perviousness. If waves
grind up the reef material a very impervious mud may be
made which may be hardened to an equally impervious lime
stone. On the other hand the spaces between the coral bran
ches may be filled with coral sand and gravel and therefore
be rather pervious. If minute channels in reef rock carry
water continually, the water may dissolve some of the rock
and enlarge the channels to great size. Such channels might
develop from thin fissures in otherwise impervious reef rock:

In summarizing the perviousness of the cap-rock we may
say that ash, sand, and gravel are rather high, reef rock is
usually high but may be low, and clay and mud are very low
in perviousness. Since clay and mud constitute about half of
the total bulk of the cap-rock, and since ehe beds composed of
the various types interfinger, the clay and mud layers tend
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to enwrap the others. As a consequence the cap-rock taken
as a whole is relatively impervious, tho parts of it may be
more or less pervious.

From time to time one hears the statement that the water
of the water-bearing lava rock of the Honolulu artesian sys
tem is held in by a layer or capping of clay that extends over
the whole surface of the lava rock. Logs of 46 wells in the
Honolulu district give the kind of rock immediately overlying
the lava rock and are summarized as follows:

Character of material resting on lava rock in 4G wells.

Number Per cent
Materialof Wells of total

32 69.5 Clay, mud, etc.
5 10.9 Volcanic ash or black sand.
5 10.9 Sand and gravel.
3 6.5 Coral.
1 2.2 Sand.

It is obviously not true that there is a continuous capping
layer of clay, for over thirty per cent of the wells lack it. In
this respect the Honolulu artesian system differs from artesian
systems elsewhere in the world most of which do have rather
continuous capping strata of clayey material. From the
geologic viewpoint it is, moreover, difficult to conceive of a
process which might make a single continuous layer of so weak
and plastic a material as clay that woulld extend up and down
over the buried ridges and valleys in the lava rock foundation.
A thin layer of clayey matter woulld not stick to such steep
surfaces. The thing that prevents the escape ofwater from
the lava rock is the whole body of material underlying the
coastal plain. Parts of it are pervious, but apparently the
pervious parts are themselves sealed off by other parts that
are impervious. Water might thus move thru the cap rock
a little distance but would be prevented from escaping because
the pervious bed along which it started thins out to nothing
between impervious beds. The distinction is not important
to an understanding of the behaviour of the Honolulu artesian
waters as the restraining effect of a great mass of deposits
that is impervious as a whole tho pervious in parts would
be essentially the same as the restraining effect of a thin,
continuous capping of clay. The massive cap is better in
that it is far less liable to damage by the disturbance involved
in a severe earthquake than the single thin capping layer
would be.

4. THE FOUR ISOPIESTIC AREAS OR DIVISIONS OF THE
HONOLULU ARTESIAN SYSTEM.

By the term Ho,nolulu artesian system is meant the
combination of water-bearing lava rocks, so exposed as to
absorb part of the water that falls as rain and so shaped as
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to carry the water laterally, and the body of cap-rock which
causes the artesian pressure by obstructing the free lateral
movement of the water. The system may also be divided
geographically into four contrasting areas. Measurements of
the height to which water will rise in various wells of the
Honolulu district are made from time to time by the Terri
torial Division of Hydrography. It is found that the water
rises to about the same height above sea level in all the
artesian wells in the area including Waikiki, Kapahulu and
Moiliili, except in such wells as may have leaky casings. The
leaks allow water to escape underground thus dissipating the
pressure and causing a rise of water less than that in the
nearby sound wells.

A second area of uniform but different rise of artesian
water extends from Bingham Park Tract thru the Punahou
and Maldki districts, and the center of the city as far as
Pauoa Stream. The rise here is in general five feet more

. than in the first area.

A third area of uniform pressure extends from Pauoa
Stream to Kalihi Stream, and a fourth extends Ewa from
Kalihi Stream. The distinction between the third and fourth
regions is not as pronounced as that between the first and
second or between the second and third. At present (August,
1926) the rise in the third area is only a few inches more than
the rise in the second area and about half a foot more than
in the fourth.

These four areas have often been spoken of as "artesian
basins," .(4) which is an inappropriate name as it should be
reserved for structures such as that described on pages 14 to
16. There is no intention here to doubt the existence of· the
contrasting areas. The intention is to stress the fact of their
existence and to give a more proper name. They should be
called isopiestic areas, which means areas of equal artesian
pressure. In the present paper they will be referred to as
isopiestic areas to avoid a longer and unwiedly expression.

The boundaries between the four isopiestic areas cannot
be definitely located and never will be unless a vast number
of well logs becomes available. Their general nature, how
ever, is clear. 'fhe separation is due to the fact that inverted,
subterranean ridges project downward from the general under
surface of the prism of cap-rock and constitute underground,
impervious dams. These downward projecting ridges are the
fillings of old valleys. Manoa valley is the widest and most
open of the valleys in the Honolulu region and its submerged

(4) Larrison, G. K., Smith, A. G., and Sedgwick, T. F.; Report of
Water Commission of the Territory of Hawaii (Act 35, Legislature of
1915), pp. 5-9, 1917.
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end therefore contains the broadest and most effective under
ground dam. This explains the fact that the contrast between
the two isopiestic areas that border the extension of Manoa
Valley is greater than the contrast between other pairs of iso
piestic areas which are separated by narrower and less effec
tive underground dams.

It often happens that where several branch water mains
lead out from a principal main, the pressure in them may
vary tho they all tap the same source. This is because of
differences in elevation, in corrosion and obstruction of pipes,
in leaks, in draft, and so on. The four isopiestic areas at
their mauka ends draw on a common source, the main body
of lava rock underlying the Koolau Mountains. The difference
in pressure in the isopiestic areas must be explainable by
conditions analagous to those suggested for the several water
mains. The water-bearing rock of the several isopiestic areas
is continuous, just as· the bore in the mains is continuous.
The underground dams divide the water-bearing rock into
branches in which different degrees of pressure develop.

D. ARTESIAN CONDITIONS AT HONOLULU.
Figure 15 is a generalized structure section in the mauka

makai direction across Honolulu, and shows a cross section
of the triangular prism of cap-rock lying on the sloping flank
of the great mass of water-bearing lava rock. Figure 16 is
a modification of figure 15 in which there have been added
lines showing the boundaries between the various hydrologic
zones. Two wells have also been added. It is in a sense also
a modification of figure 9, in that it applies the general prin
ciple to the specific types of rock and attitudes of rock masses
found at Honolulu.

Figure 15-Diagrum of Stl'ucturc at H;malulu
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Figure 16-Diagram of Hydrologic Conditions at Honolulu

Rain falling in the mauka region to the left of the diagram
is in part absorbed and moves downward under the influence
of gravity. Rain falling on the upper surface of the prism
of cap-rock does not enter the artesian system but either runs
over the surface to the sea or is absorbed to give rise to
shallow ground water like that found in various excavations
made in the central part of the city. It is desirable that we
know the location of the boundary between the regions where
absorbed water joins the artesian system and where it makes
only shallow ground water. Two conditions make this difficult
to ascertain. In the first place the artificial changes made
in the surface by man in grading, making lawns, and the
like, obscure much of the evidence. In the second place, the
boundary is obscured by passing under the areas of volcanic
matter erupted by Kaimuki Crater, Mauumae Crater, Round
Top, Sugarloaf, Tantalus, Punchbowl, and the Salt Lake group
of craters. Thomas Square is underlain by Punchbowl vol
canic ash, and rain falling on Thomas Square cannot get into
the artesian system, as is shown by the fact that the Thomas
Square well passes thru the impervious cap-rock. On the
other hand rain falling on the mauka slopes of Punchowl may
enter the artesian system. The best generalization. that we
can make is that the region above 100 or 200 feet elevation,
except on Punchbowl and the other recent volcanic masses,
is likely to feed into the artesian system, and that the region
less than .4-0 feet in elevation cannot possibly feed into it.
The zone between 40 and 100 or 200 feet is doubtful.

Returning to a consideration of figure 16, rain falling to
the left of the diagram is· in part absorbed and moves down
ward under the influence of gravity until it comes near to
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sea level. Then it must either move shoreward over the
ground water body already present or displace it by shoving
it downward and shoreward. 'l'hcl'e thus results a shoreward
movement of ground water, which is opposed by the prism
shaped dam or impervious cap of clay, mud, coral, etc. The
shoreward moving ground water might conceivably escape
either thru, over, or under the cap-rock. Since the cap-rock
is impervious there is little natural escape thru it. The
springs at Moiliili may be due to escape thru the cap-rock.
The artesian wells cause artificial escape thru the cap-rock.
Since the cap-rock, in general extends a considerable distance
above sea level there are only a few places where ground
water escapes over its upper edge. The springs at Waiau and
elsewhere along the shores of Pearl Harbor appear to be due
to escape of ground water at points where the inland edge of
the cap-rock is relatively low. Escape beneath the lower edge
of the cap-rock is opposed by the body of sea water which
exerts a pressure in all directions, dependent in amount on its
specific gravity and on the depth. Since sea water is one
fortieth heavier than fresh water the pressure will be one
fortieth greater than would be produced by an equal depth of
fresh water. Or in other words, the pressure produced by
the given deth of sea water will be equalled only by that pro
duced by a depth of fresh water one-fortieth greater than the
depth of sea water. This means that the seaward moving
fresh water will not be able to pass the lower edge of the
cap-rock until it has saturated the lava rock to a height above
sea level one-fortieth as great as the depth below sea level to
edge of the cap-rock.

No doubt, in the countless centuries before the first arte
sian well was drilled at Honolulu, rain had been absorbed,
had sunk and had made its way seaward in such volume that
the foregoing conditions had been fulfilled. It is definitely
known that prior to the drilling of the first artesian well there
were various springs discharging over the inland edge of the
cap-rock and perhaps a few discharging thru leaks in the
cap-rock. Some of these are still flowing. It is probable that
there was also submarine leakage past the lower edge of the
cap-rock. In figure 16 the point, A, would have been the site
of a spring had it been a little lower so that it would have
been below the level of the dashed line representing the
piezometric surface, or surface to which water.would rise in
wells. Submarine leakage might have occurred at the point
Z. The line C-Z represents the contact ZOne or boundary
between the region where the voids in the rock are filled with
fresh water and the region where they are filled with salt
water. The nature of this contact zone is discussed on pages
46 to 52.
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Such were the conditions in the Honolulu artesian system
in 1880 when Dr. Marques and his associates started drilling
a well on Wilder Avenue near Metcalf Street. The ground
at that point is about 37 feet above sea level. After drilling
to a depth of 273 feet (236 feet below sea level) water issued
from the top of the well. It was found that the water would
rise to a point about 42 feet above sea level. Other wells were
soon drilled in nearby places and in all of them the water rose
to the same elevation. It was soon recognized that a well
would yield flowing water if the site was less than 42 feet
above sea level, but that the water would not flow if the site
was more than 42 feet above sea level. Sites for flowing and
for pumping artesian wells are noted in figure 16. The boun
dary at 42 feet elevation between the regions of flowing and
of non-flowing wells indicates that the contact zone between
the fresh and salt water filled voids must have been about 40
times 42 or 1680 feet below sea level. This may also have been

. the level of the effective lower edge of the cap-rock. The
perceding discussion refers to lsopiestic Area No. 2 which
extends from Bingham Park Tract to Pauoa Stream. In
Isopiestic Area No.1, including Waikiki, Kapahulu and Moili
ili, the water originally rose to 35 feet above sea level, im
plying that the depth to the contact between salt and fresh
water was about 1,400 feet below sea level. In Isopiestic
Area No.4, Ewa of Kalihi Stream, water originally rose to
37 feet above sea level, implying that the contact was about
1,480 feet below sea level. (5) .

There must have developed a condition of equilibrium be
tween the amount of water brought into the artesian system
by absorption of rain and the amount of water discharged
from it by spring, either on land or beneath the sea. In times
of drought the water borught in by rain would have been less
~han in wet seasons. This presumably made some variation
III the rate of discharge by springs but the variation was prob
ably not large because of the great storage capacity represent
ed by the voids in the lava rocks.

When the first artesian wells were drilled this equilibrium
was shifted a little because part of the water formerly dis
charged naturally by springs came to be artificially discharged
by wells. As long as the number of wells was small the shift
of equilibrium was inconspicuous. Later, as the discharge thru
wells became :great the equilibrium was markedly upset and
becam~ conspICUOUS by reason of the decrease in the height
to w~llch water would rise. The following table shows the
artesIan heads or heights above sea level to which water
would rise in the four isopiestic areas at several dates.

(5) op. cit., pp. 7 and 8.

44



1. ANALOGY WITH A GRAVITY WATER WORKS.
The. drop in the artesian head is discussed by Mr

McCombs in another part of this report. The drop signifies
that the draft on the artesian system has been greater than
the recharge by absorption of rain. In the following table
an analogy between a gravity water works and the Honolulu
artesian system is developed.

THE WATER WORKS.
There is an abundant sup

ply of water in a reservoir,
but the reservoir has a rather
small outlet orifice, so that
the amount of water going
into the mains is limited.

If no faucets are open,
there will be no no flow and
the pipes will all be under
the maximum pressure. There
may be. loss of pressure thru
leaks.

If a few faucets are open
they will not discharge as
much water as the reservoir
orifice passes, and the pres
sure will be adequate.

If many faucets are open
they will be able to discharge.
more water than the outlet
of the reservoir passes and
the pressure will be inade
quate. Faucets in unfavor
ably high situations will
cease to flow and may even
suck air.
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THE ARTESIAN SYSTEM.
There is abundant water

available from rainfall, pro
vided enough time is allowed.
At times of drought the re
charge is small, and even in
wet seasons the rate of re
charge is limited by the ab
sorbing power of the soil.

If there are no wells there
will be no artificial discharge,
and the artesian head will be
at the maximum, being limit
ed by the natural discharge
thru springs.

If a few wells are in opera
tion they will discharge less
water than the recharge from
rain. The difference will be
thru springs as before.

If many wells are in opera
tion they will discharge more
water thas the annual re
charge from rain. The dif
ference will be made up by
a reversal of the flow thru
submarine springs and salt
water will enter the artesian
system. As it is heavy the
salt water will stay below the
fresh water, except for a
certain amount of mixing.
The artesian head will fall
so that wells in unfavorably
high situations will cease to
flow. Very deep wells will
yield salty or brackish water.



The Honolulu artesian system is now in the condition des
cribed in the last paragraph. There would be no artesian
system at Honolulu were it not for the back pressure of the
heavy ocean water. But the ocean water is not an unmixed
blessing for it carries the threat of contaminating the fresh
artesian water 'With salt if there continues to be a draft
greater than the recharge. It may be worth while to note
that in the more usual types of artesian systems (artesian
basins and artesian slopes) the danger from overdraft does
not involve contamination but only decrease of pressure.

CHANGES IN ARTESIAN HEAD IN THE HONOLULU
DISTRICT ('). (Heads in feet above sea level.)

Isopiestic Original Head, Head Head
Area Abont 1881 Dec. 10, 1916 August, 1926

No. 1 ------------ 35 25.0 18.55
. No. 2 ------------ 42 30.0 23.75

No. 3 ---.---._--- ? 31.0 24.00 ( ?)
No. 4 ------------ 37 29.0 23.46

The line C'-Z' of figure 16 represent a position of the
contact zone between the salt and the fresh ground waters
after overdraft had been allowed to go on for some time. It
is clear that with further overdraft the bottom of the flowing
well would be approached and reached by the continually
rising contact zone, and that the water from this well would
become salty. This has, in fact, already happened to certain
wells in Honolulu.

2. NATURE OF THE CONTACT ZONE BETWEEN THE
REGIONS OF FRESH AND SALTY GROUND WATER.

If we were to take a jar of a gallon or so capacity and fill
it half full of sea water and then pour fresh water on top of
the sea water very carefully so as to prevent mixing we would
have two fairly distinct layers. The fresh water, since it is
lighter, would float on the heavier sea water. After a time,
however, the salt would diffuse upward so that the saltiness
of all parts would be uniform. Under natural conditions there
would probably be slightly unequal heating of different parts
of the vessel or drafts blowing across the top which would
produce gentle currents that would mix the salt and fresh
layers and bring them to a uniform degree of saltiness rather
quickly.

The time necessary for mixing to uniform saltiness would
be greatly increased if convection and other forms of stirring

(6) op. cit. for original and 1916 data. Hl26 data by oral communi
cation from Mr. Max Carson.
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could be eliminated. Keilhack (7) describes an experiment
on the rate of diffusion in the case of a fluid which is not
free but which fills the pores of a fine grained material such
as fine sand. A vessel of sand 24 inches (60cm.) high, whose
lower half was filled with a saturated solution of magnesium
chloride and whose upper half was filled with chlorine-free
water was allowed to stand for a long period. No chlorine
could be detected by sensitive chemical tests in the upper part
after three months and only a trace after six months.

The vessel in Keilhack's experiment is analagous to the
water-bearing lavas of the Honolulu region. One difference
between the two is that the voids in the lavas are much larger
than the voids in the sand which should hasten the appearance
of salt in the upper, fresh layer by ad'ding the effect of mix
ing to the effect of diffusion. A second difference is that the
distance thru which the processes must operate is much great
er in the lava rocks, scores of feet instead of inches, which
would greatly retard the appearance of salt. These two fac
tors oppose one another. A third difference is that there is
continual recharge of fresh water at the top of the fresh
water layer which continually drives water seaward against
the direction of salt diffusion and mixing. We would there
fore expect to have preserved a definite contrast between the
salt and fresh ground waters.

Little is known as to whether the transition from salt to
fresh water is gradual or abrupt, but we may now consider
such data as are available. Figure 17 is a graph in which
the depths of each well in isopiestic area No. 1 is plotted
against the highest salt content ever found in the water from
the well. There is irregular variation of saltiness with depth
to about 500 feet, as shown by the general grouping or the
points plotted. Below 500 feet the progressive increase in
salt is marked. It appears that the top of the zone affected
by diffusion of salt is about 500 feet below the surface.
Similar graphs were prepared for No.2 and for Nos. 3 and
4 isopiestic areas but are not reproduced here. They show
much the same condition. The data for the few wells more
than 500 feet deep seem to indicate a gradual transition, not
an abrupt one.

The recent plugging of the lower portion of a well near
the shore of Pearl Harbor gave an opportunity for a study
of the transition zone. This well was originally about 600
feet deep but had filled in with debris to a depth of 580 feet.
It is cased to a depth of 400 feet. Th water was originally
satisfactory for irrigation but it had increased to a content

(7) Keilhack, K., Grundwasser und Quellenkunde, p, 67, 2d edition,
1917.
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of 695 parts of chlorine per million of water. In the belief
that the lower part of the well tapped saltier water. than the
upper part, it was decided to fill in the bottom of the well.
It was first cleaned out to its original depth of 600 feet and
then yielded water containing about 885 parts per million.
The well was then filled in installments, samples of water
being taken after each section of plug had had time to set.
The water at all times rose to a level about 6 feet below
the surface of the ground. Pumping tests lasting several
hours were made in order to collect fair samples of water.
The drawdown, or amount the pump lowered the water in the
well was also noted. Presumably the rate of pumpage was
about the same at all times as the same pump and engine were
used but it was not measured. The chlorine content of the
water and the drawdown at each step are given in the fol
lowing table.

Data on Plugging of an Artesian well near Pearl Harbor,
1926.

Depth
Parts of

Draw-downDate Condition ChlorIne per
E'eet Million Feet

May 8. Before any changes
were made __________ 580 695 1.0

June 24. Cleaned out 20 feet
of debris _____________. 600 780 1.0

July 1, Filled for 30 feeL 570 766 1.6
July 6, Filled for 39 feet__ 56i 695
July 8, Filled for 62 feeL 538 635 2.0
July 11, Filled for 102 feet__ 498 543 3.0
July 13, Filled for 130 feeL 470 505 3.2
July 17, Filled for 138 feeL 462 457
July 21, Filled for 164 feeL 436 408 6.2

•
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These data are given graphically in figure 18. Since the
well originally was cased to a depth of 400 feet, only that
part of the well below 400 feet is capable of yielding water.
As a consecuence when the well had been filled to a given
extent the amount of water yielding surface was decreased
which means that water came into the wen less readily and
that a greater drawdown resulted from a like rate of pum
age. This of course means that the total capacity of the well
is decreased. This loss is compensated by the fact that the
water yielded, tho less in quantity, is of quality fit for irriga
tion. The fact that the points showing the relationship of
saltiness to depth lie along a fairly straight line indicates that
the transition is gradual rather than abrupt for this range of
saltiness. It may be that at greater depths the change of
saltiness is more abrupt, but we do not have evidence to prove
this point.
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The proposition that the quality of water yielded by a
well on Oahu may be improved by plugging the lower part
of the well is further supported by more recent experience
with a well on the north coast of the island. This well is
about 540 feet deep and was cased to a depth of 456 feet,
so that the bottom 84 feet alone yielded water. The water
from this well contained about 730 parts of chlorine per mil
lion. Twenty-four feet of plugging material was placed in the
bottom of the well. Three days later, when the concrete had
set a pumping test showed that tho the volume yielded by the
well was cut in half the quality was so much improved that
the water contained only about 125 parts of chlorine per mil
lion, roughly one-sixth as much as before. The improvement
from 730 to 125 parts per million, a difference of 605 parts,
was made by a filling of 24 feet, which would be at the rate
of 25 parts per million for each foot of filling. This is re
latively abrupt as it is fourteen times as rapid a change as
that at the well on the shore of Pearl Harbor, where 164 feet
of fill was needed to decrease the chlorine content from 695
to 408 parts per million. This is at the rate of 287 parts per
million for 164 feet or about 1%, parts per million for each
foot.

The reason for the contrasting rate of change of saltiness
with depth is not definitely known, but the following hypothe
sis seems sound. It is a matter of experience that the
artesian head varies as much as two or three feet during years
in which there is a marked rainy period. A variation of
three feet in the height to which the water rise means that
the contact one between the fresh and the salt ground water
will vary forty times as much, that is 120 feet. By this pro
cess there is not only an alternate raising and lowering of
the contact zone but the individual water particles in the
fresh water region will also rise and fall. At the end of the
dry season the artesian head will be lowest and the contact
zone will be highest. As a rainy season comes on, the artesian
head will rise and the contact zone will fall, which means that
fresh ground water will be forced down into a region that
has recently been occupied by salt water. Some of the voids
in the rock will not have free connections and will have
trapped bits of salt water which will become mixed with the
fresh water making it somewhat brackish. During the next
dry season this somewhat brackish water will rise and will
leave in the overlying rock layers a little salt which in the
next wet season will cause very slight brackishness at a
higher level than before. And so it goes on. Each fluctuation
of the artesian head means forty times larger fluctuation in
the elevation of the contact zone, which in effect stirs up and
mixes salt and fresh water thus bringing brackish water
higher and higher.
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Since heavy pumping during dry seasons must accentuate
the fluctuations of the water levels, it is obvious that heavy
seasonal pumping over a period of years will widen out the
brackish contact zone. Since pumping is heavier in the Pearl
Harbor region than along the north coast, it is reasonable to
expect the more gradual transition from salt to fresh water
at Pearl Harbor.

3. VARIATION IN SALT CONTENT FROM TIME TO
TIME.

The chemical operation necessary to determine the amount
of chlorine in a water sample is a relatively simple and ac
curate one. Table salt, which constitutes about three-fourths
of all the matter dissolved in sea water, is a compound of the
two elements, sodium and chlorine. It is true that nearly all
of the chlorine in any natural water has gotten there in as-

. sociation with sodium, but some of it may have been associated
with other elements. Therefore, it is better to report the re
sults of the chemical work in terms of chlorine instead of in
terms of salt, for the latter assumes a combination that may
not exist. In the present report the saltiness of water is ex
pressed in terms of chlorine. The amount is expressed in
terms of parts of chlorine per million of water, which is
better adapted to decimal calculation than is grains per gal
lon.' One grain of salt (sodium chlorde) per gallon of water
is equivalent to 10.395 parts of chlorine per million parts of
water.

The results of many tests for chlorine are given in the re
ports of the Superintendent of Public Works of the Territory
for the years from 1911 to 1916. More results for the years
1920 to 1926 are filed in the office of the Territorial Division
of Hydrography. In connection with the present study all
the chlorine determinations were tabulated for ready com
parison. For some wells only a few determinations are avail
able and for some there is a rather long series, broken, how
ever, from 1916 to 1920. For most of the series there has
been no distinct change in saltiness. The few clear changes
are discussed below.

Several wells in Kapahulu. have shown some increase in
salt content. One for example averaged 54Y2 parts of chlorine
per million of water in 1912, and 54 in 1913. The single
sample taken in 1924 contained 65 and the single sample in
1926 contained 82 parts of chlorhie per million. Another
well in the same neighborhood formerly yielded satisfactory
water but now runs nearly 300 parts per million. The owners
of this well mix the water with water from the city mains in
order to obtain palatable drinking water. Other wells in the
Kapahulu district have behaved similarly, tho not as markedly.
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Wells in the central part of Honolulu show little or no
change in saltiness if situated inland, but some of the d~p

wells near the shore have become very salty. The well at the
old Naval Station in Ala Moana used to yield potable water,
but now yields very salty water, because the contact between
the fresh and the salt ground waters has risen .above the
bottom of the well which is about 1150 feet below sea level.
The well of the Honolulu Gas Co. was drilled in 1923 to a
depth of 682 feet. The chlorine content of this well has in
creased rather steadily from about 250 parts' per million to
nearly 300. This also is probably due to the rising of the
contact zone between the fresh and the salt ground waters.

Some wells farther Ewa have shown decreased salt con
tent. For example the Damon well in Moanalua averaged
80~ in 1912, 79 in 1913, 1914, 1915 and 1916, 73 in 1920,
72 in 1921, 1923, 1924 and 1925, and 70 in 1926. This im
provement is believed to be due indirectly to the decrease in
draft for irrigating rice whereby the contact zone between
fresh and salt ground water has been driven downward. A
similar decrease from 103 parts of chlorine in 1912-1916 to
about 70 in 1921-1922 occurred in the McCandless well at Wai
malu. There seems to have been a slight increase again to
about 76 parts per million in 1923-1925, but the single 1926
sample, taken in July, was the lowest ever and contained only
62 parts of chlorine per million of water.

This is one of the few encouraging features about the
Honolulu water situation. It shows that by reducing the draft
on the artesian system below the rate of recharge the original
conditions can be approximated if not restored.

Examination of the tables of 'chlorine data, which are on
file at the Department of Geology of the University of Hawaii,
reveals very little as to seasonal fluctuation in saltiness. We
might expect that after heavy rains when the artesian head
is raised and when the contact zone between salt and fresh
ground waters is lowered, that there would be a measurable
improvement in the quality of the water yielded by the wells.
Our inability to find such effects is probably due to the fact
that they are masked by other conditions of which irregularly
varying draft is probably one.

4. VARIATION IN SALT CONTENT FROM
PLACE TO PLACE.

It would be desirable to collect a water sample from every
~ell in the Honolulu district as nearly simultaneously as pos
SIble and to determine the salt content of these samples in
order to get an idea of the geographical distribution of salt in
the artesian system. This, however, is impracticable at pres
ent. The best thing we can do is to plot on a map the highest
chlorine content ever reported for each well. This has been
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done in connection with the present report, and the Moiliili
Waikiki part is reproduced herewith as figure 19.. This region
is chosen for illustration because of the closeness and large
number of wells for which information is available. The
western wells in these region are deeper than the eastern, and
those nearer the shore are deeper than those inland. This is
reflected in the fact that the higher chlorine content occurs in
the western and the seaward parts and the lower in the eastern
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and inland parts. Distance ~rom the sea seems' t? b~ more
effective in keeping the chlorme content low than IS dIstance
eastward from the extended axis of Manoa Valley. The Iwilei
Kapalama district shows the same condition almost as well.
The central part of the city also shows it but less well. .

VII. HEEDLESS EXPLOITATION AND ITS PENALTY.
The continued fall of the artesian head and the increase

in salt content show that Honolulu is exploiting its artesian
water resources in a way that cannot be kept up indefinitely.
The artesian supply is much like a bank account. The deposits
are represented by the recharge by absorption of water in
rainy seasons. The withdrawals are represented by the dis
charge of flowing wells and the water pumped_ from other
wells. The principle is represented by the fresh water stored
in the voids of the rocks. Honolulu is now living on its prin
ciple, and will have to pay a penalty equivalent to that of a
spendthrift unless the policy with regard to the artesian sup
ply is changed.

The town of Versec in Hungary is underlain by sandy beds
which are enclosed by clayey beds and which carry water
under artesian pressure. In general the water-bearing beds
can be reached by drilling only a hundred feet or so. In 1860
the first well was bored, which was soon followed by others
nearby. As a result of the shallow depth and low cost of
sinking wells, the desire for running water in each yard be
came general, and in 1893 there were 83 wells. The inhabi
tants of Versec did not suspect that the supply was exhaustible
and the wells ran freely night and day. To make a long story
short, the splendor of artesian flow is gone and if a well owner
in Versec wishes water he must pump it. Versec is more
fortunate than Honolulu as it is inland and there is no danger
of contamination by salt water.

Use of artesian water in greater volume than the recharge
to the artesian system has led to loss of artesian flow in many
places. The story of Versec, if modified as to dates, numbers
of wells, and 'so on, would be the true story of many other
artesian regions. It is in fact, .the story of the parts of Hono
lUlu above 20 or 25 feet elevatIon that had flOWing wells only
a few decades ago. It wil! be the story of lower parts of
Honolulu unless our water IS conserved.

The possible situation at Honolulu is made Worse by the
danger of contamination ~y sea water. The experience at the
atte~pted sugar plantatIon on the Island of Molokai is a
famIl!ar story locally. Pumps of large capacity were installed
and m a few days exhausted the very small body of f h
'Water stored in the ground. Then the pumps deliver d res
salty water, and the plantation project had to be aba~do~~1

55



The Molokai project had only a very small principle to draw
~m. Honolulu has a tremendously larger principle, but even
It has a limit. It will not be a case of a check returned with
UNo Funds" written across it, but a case of drawing undrink
able water from our faucets.

. It behooves us, then, to keep our expenditure within our
Income, to draw no more water from the artesian system than
nature puts into it.
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APPENDIX A.

ESTIMATE OF MEAN ANNUAL RAINFALL ON THE IN
TAKE AREA OF THE HONOLULU ARTESIAN SYSTEM.

The United States Weather Bureau gives rainfall data for
44 stations in the region between the sea and the crest of the
Koolau Mountains and between Waialae and Aiea. C) The
U. S. Geological Survey (') gives rainfall for five more stations
in this region. Data concerning these 49 stations are given in
the following table. Of these stations only 24 have records of
10 years length or over. It is generally considered that an
acceptable normal cannot be gotten from a record of less than
10 years. For the 25 stations of short records the probable
mean annual rainfall was estimated by comparing the short
record with the record for the same interval at a similarly
situated station having a long record. This method assumes
that the rainfall at the one station always bears the same ratio
to the rainfall at the other station. This is certainly not ab
solutely true but it is sufficiently close to the truth to give valu
able results. The Weather Bureau's large Summary of Clima
tological Data gives the average rainfall for the period up to
and including 1918. In the table these averages have been
brought up to date by including the rainfall for the seven years'
given in the annual summaries for 1919 to 1925.

Average
Rainfall
Inches

34.83
130.00

41.30
32.78

137.69
121.80

110.56
131.64
38.43
60.96

33.95

Elevation
Feet

STATIONS.
I,ocation

Aiea (a) ._______________________________ 100
Halawa-Uka (a) .__________________ 480
Aiea, at 500 ft. elev. in Hala-

wa Valley (a) 500
Moanalua (a) .. . ._ 15
Kalihi-Uka (a) (b) (c) 485
Kalihi (a) 520
Kalihi, residence of J. K.

Maui (d) (~) 520 or 550
Kalihi Mauka (d) (e) 970
Insane Asylum (a) 30
Kapalama, H. S. P. A. (d) (f) 540
Nuuanu and Beretania

Streets (a) (g) . . .____ 20

17 "
34 yrs.

2 "
2 yrs.

23 "
4 "

10 "
46 mos.

TABLE OF RAINFALL
Length

of
Record

24 yrs.
24 "
17 "

No.

1
2
3

4
5
6
7

8
9

10
11

(1) U. S. Weather Bureau, Summary of the Climatological Data for
the United States, by Sections; Hawaii Section pp. 30-38, 1918; and Clima
tological Data, Hawaii Section, Annual Summaries for 1919 to 1925, in
clusive.

(2) U. S. Geological Survey, Water-Supply Papers 318, 336, 373,
430, 445, 465, 485, 515, 516 and 535, Water Resources of Hawaii, 1910 to
June 1921, inclusive.
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Len~th

No. of
Itecord

Location
Elevation

Feet

Average
Itainfall
Inches

12
13
H
15
16
17
18
19
20
21
22

23
24
25

26
27
28

29
30
31
32
33
34
35

36
37
38

39
40

41
42
43
44
45
46
47
48

49

41 yrs.
33 "
10 "
30 "
6 "

35 "
2 "

21 "
6 "
1 yr.

25 yrs.

22 "
17 "
13 "

12 "
39 "

5 "

5 "
5 "
8 "

25 "
21 "

9 "
15 "

5 "
23 "

5 "

5 "
5 "

7 "
19 "
6 "

43 mos.
16 "
16 "
14 yrs.

6 "

4 "

Nuuanu (a) ._. . .... .__._.. 50
Wyllie St. (a) ._.. ..__. . 250
Nuuanu, J. K. Wilder (a) .___ 500
Electric Light Station (a) 405
Nuuanu, 554 ft. (a) (h) ._... 554
Lower Luakaha (a) 850 or 881
Hillebrand Glen No.2 (d) (i) 1,200
Upper Luakaha (a) __1,111 or 1,125
Nuuuanu Pali (a) (i) 1,136
Konahuanui (d) (i) .__. ..3,100
U. S. Naval Station Ala

Moana (a) . .. .. 6
U. S. Weather Bureau (a) __.__. 111
Miller and Beretania Sts. (a) _. 50
Rev. S. E. Bishop, School St.,

Pauoa (a) . . .__..__. 50
King St., Kewalo (a) . ... 15
Kinau St. (a) ._________________ 50
U. S. Experiment
. Station (a) (j) 120
Makiki Reservoir (a) (k) __._ 150
Halfway House (a) ( e) __.. . 735
Tantalus, Giffard's (a) (l) 1,300
Tantalus, Frear's (a) 1,360
Kaliula (,a) " ._.. .1,200
Tantalus, Isenberg's (a) (i) __1,665
Kalakaua Ave. near King

St. (a) . . .__. 10
Oahu College (a) (k) .__. 80
C. J. Lyon, Punahou (a) . 80
Manoa, (Kidwell), Metcalf near

Rocky Hill (a) (l) . .__. 100
College Hill (a) (f) ._________ 175
Manoa, Oahu Ave. and Lower

Manoa Road (a) (m) .. 210
Rhodes Garden, Manoa (a) (e) 300
Manoa (a) 300
Upper Manoa, Shingle's (a) (i) 300
Waiomao, Palolo (a) (b) __... 600
Kaau Crater (a) (i)_.. 1,700
Olympus (a) (n) . . .. 2,450
Kapiolani Park (a) .___________ 10
Diamond Head Light-

house (a) (0) . ._._. . 70
Kaimuki, E. A. Berndt,

3745 Pauoa Ave. (a) (0)_. __ 280
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39.77
63.57
71.75
85.13

130.43
140.18
142.77
153.13
106.17

97.58

25.08
25.90
31.03

39.67
29.42
29.46

52.84
41.99·

100.36
112.31
101.44

94.31
153.91

37.75
38.00
37.54

46.89
48.96

63.30
131.43

91.04
125.49
61.31

102.11
91.86
23.29

20.07

22.15
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(a) Data from Publications of the U. S. Weather Bureau.
(b) Short record exterpolated by comparison with No. 15.
(c) Broken record.
(d) Data from publications of the U. S. Geological Survey.
(e) Short record exterpolated by comparison with No. 17.
(I) Short record exterpolated by comparison with No.9.
(g) Data for this station not used as there are no contem-

porary long records for use in exterpolation.
(h) Short record exterpolated by comparison with No. 12.
(i) Short record exterpolated by comparison with No. 19.
(j) Short record exterpolated by comparison with No. 13.
(k) Short record exterpolated by comparison with No. 37.
(l) Short record exterpolated by comparison with No. 32.
(m) Short record exterpolated by comparison with No. 23.
(n) Short record exterpolated by comparison with No. 42.
(0) Short record eocterpolated by comparison with No. 22.

The rainfall map of the region (figure 20) was prepared
by plotting the location of each rain gage as accurately as
possible. The sloping numbers refer to the serial numbers in
the table, and the erect numbrs give the average annual rain
fall. On the basis of these data lines of equal annual rain
fall were drawn, bearing in mind the fact that the rainest
zone is somewhat to leeward of the main divide. Finally the
areas of the various zones were measured with the planimeter.
These measurements were checked by cutting out similar
shaped pieces of cardboard and weighing them on a fairly
delicate balance. The following table summarizes the com
putation of average rainfall over the region. studied.

COMPUTATION OF AVERAGE RAINFALL
BACK OF HONOLULU.

Area in Average Mile-inches Million
Rainfall Zone sq. mi. Rainfall in gollons per

zone, inches per yeara year

Over 140 in.________________ 3.97 150 595.50 10,349
120 to 140____________________ 8.03 130 1,043.90 18,142
100 to 120____________________ 5.94 110 653.40 11,355
80 to 100___________________. 5.63 90 506.70 8,806
60 to 80____________________ 5.27 70 368.90 6,411
40 to 60____________________ 4.96 50 248.00 4,310

Under 40 (b) _____________• 3.27 35 114.45 1,989

TOTAL ____________________37.07 95.25 3,530.85 61,362

(a) A "mile-inch" is the volume necessary to flood a square mile
to the depth of one inch, and is equal to 17,378,743 gallons.

(b) The " Under 40" zone include!'! only the area lower than the
40-inch rainfall line and higher than the cap-rock of the artesian system.
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It appears that the rainfall over the region in question
averages about 95 inches a year. There are enough uncertain
ties in the suppositions on which this estimate is based so that
there may well be an error of unknown amount in either
direction. It is my opinion that this error is not greater than
ten inches. Ninety-five inches a year on the 37.07 square
miles would yield a little over sixty-one billion gallons a year
which is equivalent to about 168,000,000 gallons a day. It
must be noted that this is not the amount of water which
reaches the artesian supply, but is the total available without
any consideration of losses.

Figure 21 is a graph in which the rainfall for each of the
stations is plotted along the horizontal axis and the elevation
along the vertical axis. In general the rainfall increases with
the altitude, as is shown by the fact that the zone in which
the points fall slopes upward to the right. There are many
exceptions, such as Nos. 44, 45, 46 and 49 which lie in the
easternmost valley and have less high mountains to windward.
Between themselves these four stations show wen the relation
of rainfall to altitude, and as contrasted with the other forty
five stations they show the dependence of rainfall on other
factors. Nos. 45 and 46 or Nos. 19 and 20 or Nos 19 and
21 show the fact that stations close to the divide have less
rainfall than stations a little to the leeward of the divide.
Nos. 12, 13, 14, 15, 16, 17, 18 and 19, which constitute a
series running up Nuuanu Valley, show well the relation of
rainfall to altitude within a single zone at right angles to
the main divide. The same condition is shown by the series
from No. 26 to No. 34 inclusive, (Makiki Valley and Tantalus)
and by the series from No. 35 to No. 43, inclusive (Manoa
Valley.)
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APPENDIX B.

WELL DATA.

The following table gives the data relating to the wells
of the Honolulu district that have been used in the foregoing
report. Most of the data are from the files of the Territorial
Division of Hydrography. A few facts are taken from a
manuscript by Prof. Carl B. Andrews, "The Structure of the
Southeastern Portion of the Island of Oahu," filed in the
Territorial Archives. An anonymous article in Thrum's An
nual for 1889 gives the depths of a number of wells. The
number in Cqlumn I is that assigned by the Territorial Di
vision of Hydrography and the name in Column II is that
by which the well is known to the same office, but it does
not necessarily indicate the name of the present owner.
Columns III, IV, and V, respectively give the total depth, the
amount' of the well which is in the aquifer or water-bearing
rock, and the amount of casing used, the unit being feet.
Column VI gives the date of drilling which is believed to be
correct, but the testimony regarding this point is apt to be
conflicting. Various wells dated 1889 were drilled prior to
1889. Column VII gives the highest, not the average, chlorine
content ever recorded, the units being parts of chlorine pe,r
million parts of water. A question mark indicates eithe,r that
the testimony is open to doubt or that the value is only ap
proximate.

.. ...OJ ...

_.cl 5
OJ .cl ~ 'g $.9 §OJ :!::: "to .sa .. ~ ..- ~8~

,) ... Q, Q, " <:: '" .. :::: e<_ 0:.. OOJ
Q.s~

OJ ...... OJ" -~o
Z Z E-li=l ~oU ~i=l ~uu

I II III IV V VI VII
1. J. Campbell Estate (a) 1,500 249 None 1881-2
2. J. Campbell Estate........ 800+ 1883 8,000
3. J. Campbell Estate........ 850 1883 3,400
4. Government, Uluniu ---- 1894
5. Niagara ..-.-....._-_._--.....-... 475? 1881 65
5% Ii Estate (a) .................. 450 130 350 1883 57
6. Goo Kim (a) .................. 540 65 1881
7. Kamoku 2 . ...... --_ .....__ .._---. 520 102 420 1889? 425
8. Paakea .. ................-_....---_._-. 1883
9. Dr. Marquis Pioneer

Well (a) ......................... 295 45 1880 48
9% Wilder Ave. Pump........ 395 1912 51
9%, Wilder Ave. Pump........ 430 1912

10. Sing Loy . .......... _-_._-_ ......... 318 1881 67
It. Ontario (a) ---------_ .. _----. 490 147 1880 54
12. H. s. P. A. or Wood-

Ian Dairy (a) ................ 290 20 1883?
12% B. F. Dillingham (a) .. 300 50? 1883?
13. Hiram Bingham 300? 1884 54
14. Col. C. Spreckles............ 300? 1884
15. Wideman ........................... 419 200? 200 1882 .......... --

62



J ~_it
.. ..,"' .... I

_,<:l '"
,<:l ~ 't:l ~.s C

'" :J :::: "EO .5 '" t i:£~a ", .... ..-.,; -A A " " III "'::::'" 0",

Q.5<' "' .... '" ",,, '-,<:l 0z Z E-<>=l ~ou ~::l :r:uu
I II III IV V VI VII

16. Jaeger ............................ 315 1882 61
17. His Majesty, Ualakaa.. 980 1882
18. Makiki Reservoir 900 1881 42
19. Capt. Babcock (a) ........ 375 35 1882
20. Poomaikalani, Kulaoka-

hua (a) ........................... 358 18 1883?
21. Herbert 500? . 1886 53............-.................
22. G. N. Wilcox (a) .......... 660 125 '83 or '84
22% Honolulu Dairymen's

Ass'n. .................................. 650? 250? 1914 75
23. Loon Gawk ........__ .._--...... 600? 1881 62
24. Vida Villa ....................... 500? 1884
24% Archie Young ................ 500? 1914 41.2
25. Mrs. Ward (a) .............. 540 36 1881 65
26; Thomas Square (a) ...... 509 49 1882?
27. Government Stables ---- 780? 1882 55
28. ·Dr. McGrew or Ha-

waiian Hotel ................ 636.5 40 '82 or '83 42.7
29. Palace Yard (a) .......... 762 55 '82or'83 71.4
30. Campbell Estate ............ 1884 38
31. Thomas Foster (a) ....•. 767 27 1883 55
31-A. Hawaii Products Co..... 230 1918
32. C. J. Gulick Kahauiki.. 400? 1882 67.5
33. Kaumakapili ..................... 1882 179
34. Mrs. Sass or Weedon

(a) .................................... 503 53 1883 58
35. New Ice Co..................... 510 54? 1887 62
36. Campbell .......................... 860? 208? 1883? 7,400
37. Sing Loy ..---..........._-_...... 573? 66? 507 1891 171
38. Henry Pua ..................... 1884 163
39. W. R. Castle ......--.......-. 400? 1889? 95
40. Mrs.. C. P. laukea........ 400? 1889? 49
40% U. S. Army Pump (a) 345+ 1911 54
41. Mow Hop ...................... 1885 51
41% J. J. Gouveia (a) .......... 270 14 256 1921 55
42. Mow Hop .__.................... 1885 66
43. Geo. Beckley Estate...... 300? 1891? 39
44. Kaimuki Pump, No. 4 240? 1912]45. " " No. 3 240? 1912

55
45-A. " " No. 2 260? 1898
45-B. " " No. 1 260? 1898
45-C. " " No. 5

(a) •........-........................ 301 204 95 1924
45-D. Kaimuki Pump, No.6

(a) ......---_............................................. 304 204 101 1925}
45-E Kaimuki Pump, No.7 45

(a) ...........-._............-................... 302 207 101 1925
46. Chun Hoon -..-.................... 1884 74
47. The King's, Piliamoo

(a) .............................................. 300 110 1883? 34
48. Booth ..-.............................................. 250? 1884
49. A. S. Cleghorn, Kane-

wai ................................................... 1895
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50.

51.

51-A.

51%
52.
52%
53.
54.
54%

55.
56.
57.
58.
59.
60.
61.
62.
62%
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.

73.

74.

75.

?

?

?

78.
79.

80.

81.

82.

OJ

S
"Z
II

Lung Do Wai or Chun
Hoon _. _ _..
Lung Do Wai or Chun
Hoon ..__ ._ _ _ _.
Archie Young or Moa-
na Hotel __. _
Lung Do Wai... _ _._..
Lung Do Wai _ .
Pua Goo Kim (a) .
Cleghorn, Ainahau .
The King's Waikiki (a)
Moana Hotel Salt Well
(a) .
Sing Loy __ ._ .
" "
" "

St. Lawrence _ .
Waterhouse Trust Co .
Carter _ _ .
Robertson (a) --.
Punahou, Old Well (a)
Punahou, New Well (a)
F. Wendenburg .-- .
Dowsett ._._ .
Liliuokalani _ .
General Grant .
Hoogs -.- .
G. P. Wilder (a) .
F. Howard - .
F. M. Swanzy .
Mrs. Jaeger .
Beretania Pump, No.4
(a) .
Beretania Pump, No.3
(a) ......................•...........
Beretania Pump, No.6
(b) •...•.............................
Beretania Pump, No.5
(b) ....•................•............
Beretania Pump, No.9
(a) ..
Beretania Pump, No.8
(a) •............--.-..-- --..
Beretania Pump, No. 7
(c) ....-............•................
C. M. Cooke_ .
Beretania Pump, No. 2
(d) - .
Beretania Pump, No. 1
(d) •...............--- .
Honolulu Rapid Tran-
sit Co - .
Atherton or Fernhurst
(a) •.....................•.....••••.•

III

500?

500?

600?
500?
500?
407

850

720
325?
325?
325?
320?

260
213
302

181
302
206

607.5

616

600

600

532

636

500?

580

616

655

64

IV

32

120

10
43

132

137.5

127

115

115

87

179

80?

116?

60

V

190

90
107

487

495

489

489

474

477.6

VI

1889

1889

1916
1889
1889
1881?
1900
1883

1914
1891
1891
1894
1884
1890
1890
1885
1883?
1909
1890
1893
1894
1895
1890
1899
1906
1901
1907

19091

19091

1923

1923

1926

1926

1893

1895}

1895

1900

1899

VII

46

36.6

247
72

154
34.1

1,840
14,000

11,000
61.8
55
61.8
64
75
80.9
52

53

62
62
56

47
50
55

55

48.5

56

56
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83. Hustace .............................. 1896 80
84. Peck 1898 70
84-A. Oahu ·i~;··:::::::::::::::::::::::: 887 1912 76
85. Magoon ................................ 1900 90
86. Honolulu Brewery ....... 1904 77
87. Honolulu Iron Works.. 1904 176
87% Inter-Island (a) 1,015 115 900 1913 184
88. U. S. Navy (a) ............ 1,151.5 165.5 1910
88-A. Y. M. C. A................... 1915 49
89. Hawaiian Electric Co. 1897 407
89% Hawaiian Electric Co. 1,150 340 1910 124
90. Young Hotel .................. 1901 79
91. (Number Vacant) .......
92. Kawaiahao Church 765 715 1893? 52.5
93. C. R. Bishop.................. 1,000? 1889
94. Queen's Hospital (a) .. 490 70 1902 48.5
95. Oahu Railway .............. 707 1900 320
95-A. Calif. Packing Corp (a) 618 81 1920
95% Hawaiian Pine. Co....... 1913 126
95-B. Haw'n. Pine. Co. (a) .. 650 100 1923 157
95-C. Honolulu Gas Co. (a) 682 65 1923 290
96. Theodore Richards 1,028 1905 338
96-A. New Palama Settle-

ment (a) ........................... 335 80 200 1924
97. Y. Ahin .............................. 150 1900 126
98. " " 138 1900 141............................
99. " " 138 1900...................................

100. " " 250 1901 128........................................
100% Insane Asylum ............... 120 1895

I II III IV V VI VII
101. Kalihi Pump, No.1...... 460? 1900}
102. " " No. 3...... 475? 1900 70.8
102 :lh " " No. 2...... 490? 1900
101-A. " " No. 7(a) 401 151? 240 1926 78
101-B. " " No. 8(a) 430 214 253 1926
103. Kamehameha School,

old Well .._- ....-- .. -............. 186+ 1889? 76
104. Kamehameha School,

new well (a) ................ 346 265 1911
105. Y. Ahin ........._- ............ - ...... 1894
106. (Number vacant) ........
107. His Majesty's, No. 1

Kalihi (a) .--........ - ........- .... 505 175 1883
108. His Majesty's, No. 2

Kalihi (a) ............ -............. 600 218 1883
109. Kalihi Poi Factory........ 1905 123
110. Young Hotel Garden.... 670 100? 1903 109
110-A. New Prison (a) 692 148? 1915 196
110-B. Bishop Est. or Libby,

McNeill ............................ 1900 164
111. L. Wilcox ....................- ... 600? 1888
112. Old Brewery .................. 1886? 80
113. G. N. Wilcox, Slaugh-

ter House ......................... 1905 134
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114. Pacific Guano and

Fert. Co. ...__........................... 600? 1894 76
115. Dowsett 250? 1889 68
115% Star Dai;Y:":::::::::::::::::::: 1898?
116. Fort Shafter, old pump

(a) ........._........................ 302 145 1906 69
117. Sam Damon, No. 1..__.. 1898
118. Houghtailing ........._...... 431 1885 60
119. -Sam Damon, No. 2._...... 600 1889 86

(a) The log of this well is on file with the Territorial Division of
Hydrography.

(b) A composite log for wells Nos. 74 and 75 on file.
(c) This well was only started at the time this report was written.
(d) A composite log for wells Nos. 79 and 80 is on file.
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