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ABSTRACT

This study attempts to locate and define a small-scale,
shallow subsurface cavern by the use of a gravity micro-survey
in which station spacings of about 10 feet are used.

The results show that two caverns exist underneath
Kuilei Lane. They are filled with water and strike in a N. 15°
E. direction. One cavern is 12 feet high, 38 feet wide in
cross section, and has 4 feet of rock separating the roof
from the ground surface. The second cavern is separated 9
feet laterally from the first cavern and is 8 feet high, 14
feet wide in cross section, and has 5 feet of rock between the
roof and the ground surface. Lack &f time and operational

knowledge prevented direct verification of the results by

drilling.
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INTRODUCTION

Cavities produced in the subsurface by erosional pro-
cesses operating on soluble rock have resulted in engineering
problems for modern civilization. In the United States,
this problem of subsurface cavities resulted in dam failures
during the earlier part of this century.

One example is the Lone Pine Reservoir failure of

Arizona., Within a month after dedication of an earth-fill

dam constructed from 1934 to 1936, sinkholes developed in the

limestone of the reservoir's floor due in part to cavities

-~
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undernecath the reservoir. As a result of the sinkholes, a
major leak developed which dropped the water level of the

reservoir from a high of 74 feet to 43 feet without net loss — = —— -

due to other causes (Kiersch, 1958).

to a clay-filled cave which was underneath the dam (Purahe;__
1913). Another Tennessee dam, constructed privately from
1905 to 1913, required a major engineering effort to correct
the leakage due to solutioning of limestone cavities beneath
the dam and the abutments. By 1939 the solutioning had pro-
ceeded to where it became necessary to emplace a cut-off wall
and to grout all discovered cavities ("American Society of
Civil Engineers' Discussion in Unusual Cut-off Problems--Dams

of the Tennessee Valley Authority," 1945).
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Highways have been built over soluble strata which poses
the potential for the occurrence of sinkholes. Interstate 10,
constructed across the Florida panhandle, is one of these
highways. Here the Florida Department of Transportation has
taken precautionary steps to prevent accidents resulting from
sinkholes by locating subsurface cavities through the use of

infrared aerial photography (Jacksonville, Florida

Times-Union and Journal, June 3, 1973).

In Moiliili, caverns exist in the soluble coral limestone
underlying this district of Honolulu. Sinkholes have

resulted from these caverns in the past and remain a potential

threat today.

A gravity survey, which determines the relative gravita-
tional attraction of the earth, is one way to locate the
position of these caverns on a map and define the caverns
with respect to depth below the surface, width, height and
density. A gravity micro-survey uses a relatively closer
spacing of stations which is necessary to produce significant

results for relatively small bodies.

The purpose of this study is to attack the problem of
the Moiliili caverns by conducting a gravity micro-survey over
a suspected cavern in order to locate the cavern on a map and

to define the cavern's dimensions.

The survey is taken along Kuilei Lane on the west side
of University Avenue, which is near the intersection of King

Street and University Avenue. The survey site is in the
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Moiliili district of Honolulu, Hawaii, which is about 2 miles
northwest of Diamond Head Crater on the island of Oahu,
llawaii. ©Oahu extends from 21°43' N. to 21°16'N. and from
158°17' W. to 157°39' W. Access to the area is easily
obtained since the area is well endowed with paved roads and
Kuilei Lane itself is a public road.

The elevations encountered are from 12 feet to about 9
feet above sea level. The area that the survey covers is
4000 feet square.

Hawaiian legends and the literal translation of street
names and landmarks in the area indicate that the caverns
exist. Kapaakea, which is the name of the street that borders
the profiles literally means "“the coral or limestone surface"
(Pukui, et al., 1974). _Eaakea means literally "the coral or
limestone bed" (Pukui, et al., 1974). Kapaakea was also the
name of a large pond which extended over what is now the
Willows Restaurant on Hausten Street, according to a Honolulu
Board of Water Supply map done by S. E. Bishop (1883). This
map can be obtained from the volume entitled "Moiliili
Caverns" at Walter Lum, Associates. This pond was the same
pond to which a Star-Bulletin article gave the name of
Kumalae Spring (Williams, January 5, 1935). This same article
tells of a Hawaiian legend which indicates that the Hawaiians
had a hypothesis that there were caverns and that they

extended to the sea. The legend concerns Kanewai Pool which




was the name of a large underground pool on the mauka side .
of King Street, near the present UH guarry parking lot,
which is a half-mile north of the profiles. Its waters were
said to be the "healing waters of Kane." The ancients said
that "wise fish from the sea used to swim up this pool, over-
hear the plans of the native fishermen who frequented the
vicinity, and then float back to the ocean to warn their
friends" (Williams, January 5, 1935).

Another legend, recorded by Westervelt (1916) which hints
at the presence of underground caverns and sinkholes is
about the pig-god, Kamapuaa. One day Kamapuaa was walking in
Moiliili when he saw two beautiful women coming from the
stream which flows from Manoa Valley. Kamapuaa called to

them. They recognized him by his rough clothing made from

pig skins and by his tatoced body and fled. He pursued-them, ——

but possessing miraculous powers, they disappeared when”}§-lt
was about to place his hands upon them. "They sank_inﬁb'ﬁhe-%ééé' -.';;ﬁ
earth." Kamapuaa changed himself into a great pig and began = s
to root up the stones and soon he began to break his way : f
through "the layer of petrified coral through which they had :
disappeared." He followed the descent of the woman nearest —
him, but suddenly a burst of water came pushing through the
coral almoest drowning him. The legend indicates that Kamapuaa

went back to where the women had appeared and again rooted,

causing another spring of "living water" to appear. The name
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given to these wells, according to Westervelt is "The Wells
of Kamapuaa." From the landmarks mqntioned in the legend, it
seems that these two springs are the Paakea and Kanewai Pools
mentioned above.

That the caverns exist has been made known to modern day
Hawaii by three recorded cave-ins in the area. In December
of 1934 certain events allowed direct observation of a cavern
near the University Avenue and King Street intersection. While
installing a new sewage-pumping station at the intersection
of University Avenue and Kapiolani Boulevard, The Hawaiian
Contracting Company struck a gushing flow of water while
unwatering a pit for the pumping station. The rate of flow
was 10 million gallons per day. The Board of Water Supply
took observations in the area for a four-month period;beqigzifi“ =
ning September 10, 1934. During this time a generai.rEEQQ;ZQA.ﬂ
of the water level occurred over a large area. The Hausééﬁ
Pond (Paakea Pond) was emptied, two sinkholes or cave-ins STt
developed and "huge" caverns were exposed to view. On |
December 19, 1934, observations by a party revealed a
seemingly continuous channel from near this pit to mauka of
Waialae Road having a depth of up to 10 feet, a width of
20-40 feet, with a shell of coral overlain only occasionally
by a cover of soil a few inches thick (Honolulu City and

County Board of Water Supply, Water Resources Report, 1933-1934

see Appendix).
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A report to J. Williams entitled "Mammoth Caves Under
King Street" by J. F. Kunesh, who was an observer in the
party that entered the cavern on December 19, 1934, places
the sinkhole 100 feet makai of the center line of King Street
at University Avenue. This report places the bottom of the
cavern about 10 feet below the surface of the ground and
says the height to be about 6 feet., The report also says that
the bottom is filled with "fine ocoze." The width is said to
range from 20 to 40 feet, the cross section varying because
of the coral irregularities. The party also heard the
rumbling of cars passing above them along King Street and saw
tree roots hanging down from the roof of the cavern (Kunesh,
1934; see Appendix). Williams, the man who wrote a newspaper
article entitled "The Romance of Honolulu's Prehistoric Caves™
later added that "large rocks or chunks of coral" lay on the
floor of the cavern "that had fallen from the roof of the
cavern" (Williams, January 5, 1935). Figure 1 locates two
sinkholes mentioned in the Water Resources report of 1933-1934
above as being on the east side of present-day University
Avenue on the makai side of King Street.

It was not until twenty years later that another cave-in
sank the rear portion of the Moiliili Department Store three
feet. This cave-in, marked in Figure 1 as the Matsumoto
cave-in, allowed a City and County diver to explore the cavern

on April 24, 1952. The diver went as far as 75 feet mauka

-~
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from the entrance. The diver said that the cavern is as wide
as 30 feet under King Street, 8 feet deep and filled with
about 3 feet of mud on the bottom (Honolulu Star-Bulletin,
April 24, 1952).

Then, on November 11, 1955, another cave-in occurred,
this time on the mauka side of King Street along Kalo Lane
(see Figure 1). The cave-in produced a 60-foot diameter
sagging section ringed by a crack, which in some places was
a foot wide and more than 6 feet deep. The sag was about 4
feet below what used to be the ground surface. Also, in one
place a hole 12 feet deep appeared at the surface. {(Honolulu

Star-Bulletin, November 11 and 19, 1955).
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PREVIOUS INVESTIGATIONS

The general geology and ground-water of Honolulu has
been studied by many (Palmer, 1927; Stearns and Vaksvik,
1935; Wentworth, 1926 and 1951), but detailed investigations
concerning solution cavities in Hawaii are few in number.
Wentworth gave an explanation of the mechanism that forms
the caverns in a paper entitled "Geology and Hydrology
Relating to the Hausten Spring and Fishpond, Honolulu, Hawaii"
(December 3, 1953: see Appendix). Walter Lum Associates have
a volume of information concerning the Moiliili caverns
including photographs of cave-ins and many articles on the
subject. A study conducted by Estes, et al. (1973), which
included a gravity survey, was the initial source for my study
and provided sources regarding the history of the cave-ins.
A copy of this study is available at the University of

Hawaii (Manoa) Library, in the Hawaiian Archive.

1w
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PHYSICAL CONDITIONS

The area surveyed is in a densely populated area of
Honolulu covered for the most part by asphalt. The
topography is flat and the elevations range from 12 to 9 feet

above sea level in the area over which the data is taken

(Figure 2).




GEOLOGIC AND HYDROLOGIC CONDITICNS

Geologic conditions are determined by direct observa-
tions and by drill hole data. Direct observations indicate
that the area surveyed is underlain by coral deposits of a
hard or consolidated nature, in places. Several outcrops
of this coral limestone were observed along the two profiles
at and east of station 10A and east of 5B. No ocutcrops are
observed west of these stations. The outcrops consist of
well consclidated coralline limestone which proved impossible
to drive a nail into due to the hardness of the coral, using
a 2 lb. hammer.

Drill hole data consists of information from 3~}ocations

in the immediate vicinity of the survey site. The first ——-  —

location is at the southeast corner of University Avenue and :

——
S ==

King Street. The data from three holes spaced 10 feég_apart =

e b — Ty

indicates a sandy soil with coral fragments which extends £o —-
2 feet below the surface. The rest of the substratum down -to

19 feet below the surface consists of "soft" coral to coral

wr e

interspersed with cavities of a small scale, sand and loose
coral (Honolulu Department of Public Works Map, June é, 1952,
obtained from Walter Lum Associates).

The second location is to the west of the survey site on
the grounds of the Moiliili Community Center. Five test

holes, spaced about 40 feet apart, were drilled on the site
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of the new community center building of which the easternmost
drill hole was 140 feet west of station 1A. The two western-
most sites indicate coral deposits down to 15 feet but the
three easternmost (the closest to the survey area) only
indicate dense to soft sands with coral fragments down to 20
feet below the surface. (Walter Lum Associates, Boring Log
for Moiliili Community Center, July 10, 1973: see Appendix).

The third location is 1000 feet makai of the survey
site at 739 Hausten Street. Three holes were drilled which
indicate that the property is underlain by 1 to 4 feet of
gravelly silt., Below this is, in some places, an organic
swamp deposit up to three feet in thickness. Four to § feet
below the surface exists "the remains of a cemented coral
ledge." The upper 5 to 7 feet of this coral deposit is well
cemented and very dense. Below the dense portion exists a
dense, poorly graded, sandy coral gravel which extends to 30
to 40 feet below the surface. A reddish-brown sandy silt is
below the coral gravel to 50 to 59 feet below the surface.
After this the sandy silt interbeds with a "coralline
material." (Dames and Moore, Foundation Investigation for
Makaua Corp., July 29, 1975; see Appendix).

From the information obtained, the geologic conditions
vary from dense coral deposits to alluvium.

Coral or alluvial deposits such as the silts encountered

in the drill logs occur interchangeably throughout the areca

4
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studied and ensure no continuity. ©Only sedimentary rocks are
encountered in the survey area.

The mechanism by which solution &averns form is set
forth in a report by C. K. Wentworth, entitled "The Geology
and Hydrology Relating to the Hausten Spring and Fishpond,
Honolulu, Hawaii" (December 3, 1953; see Appendix). The
Honolulu coastal plain is underlain by a thick wedge of
sedimentary rocks, late lava flows and tuff cones which
continue two to three miles out to sea, Wentworth explains,
and extend to at least 1,200 to 1,500 feet below sea level.
The permeable Koolau Volcanic Series Flows which underlie
this wedge, would lose infiltrating water produced from rain-
fall were it not for the wedge which serves as a caprock.

The caprock is so effective in preventing the escape of the
ground water that the ground water level stands 20 to 30 feet
above sea level in the lava flows of the margin of the Koolau
Range. Ground water confined by this caprock can exist in two
forms, free basal water and artesian water. The distinguish-
ing characteristics are that free basal water has a free
upper surface and artesian water is confined under pressure
beneath the caprock at levels beneath the free head or level
of water. Although the caprock is relatively tight, it still
has some permeable layers and has a ground water circulation
of its own, separate from the artesian water. This

circulating water is called caprock water. The caprock water

A A RRR s e e



is supplied by freshwater and a floating freshwater lens is
created "which in general has a slope and a flow toward the
shore and whose height above sea level‘is determined by the
amount of fresh water" (Wentworth, December 3, 1953). In the
masses of limestone at about sea level "circulation of fresh
water in the caprock body has produced an extensive system

of caverns of which the outlines are only incompletely known"
(Wentworth, December 3, 1953).

The reef limestone, being composed of "coral heads and
coralline algae cemented by a lime matrix" (Stearns and
Vaksvik, 1935), contains for the most part the mineral cal-
cium carbonate, CaCO;. CaCoy in the presence of hydrogen
ions (H) and carbon dioxide (CO5) has a strong tendency to
break down. The hydrogen ions are supplied by the fresh
water and the carbon dioxide, derived from organic méferiaig,
is supplied in solution by the fresh water. Thus, the break-
ing down of the coralline limestone can be represented by
the following reaction taken from Huang (1962).

CaCO3 + Hy0 + COp = Ca(HCO3) 3
The mechanism by which these rocks are eroded is aided by

the presence of cavities created during the growth of the

coral deposits,

FA s wen o
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GEOLOGIC HISTORY

Moiliili lies on the eastern volcano of Oahu, the Koolau
Mountain Range. Oahu is composed of two volcanoes, a plateau
between them and a coastal plain (Stearns and Vaksvik,

1935). Both volcances were built from the ocean floor over
three sets of fissures which interected at the summit crater
(Stearns, H. T., 1939).

The western Waianae Volcano is the older and formed what
is now the Waianae Mountain Range, and the eastern or Koolau
Volcano formed the Koolau Mountain Range. Each formed a
shield volcano structure made up of basaltic flows forming
the Waianae Volcanic Series and the Koolau Volcanic Series,
respectively (Macdonald and Abbott, 1970). The Kocolau
volcano underwent an early shield building stage which was
followed by a period of quiescence and erosional activity
(Stearns, H. T., 1939). During this period of erosional
activity, wide valleys on the leeward side of the Koolau
Volcano were formed which extended several thousand feet in
depth (Stearns and Vaksvik, 1935). Moiliili lies at the foot
of one of these valleys, Manoa Valley, which is known to have
deep accumulations of alluvial material.

After this period the entire island was inundated by
more than 1200 feet and the valleys became filled with

sediments (Stearns and Vaksvik, 1935). Also during this
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period, a renewed period of volcanic activity, the lionolulu
Volcanic Series, occurred which involved intermittent flow
eruptions and phreatomagmatic eruptions (Stearns and Vaksvik,
1935). Diamond Head and Punchbowl tuff cones are a part of
this series. After this deep submergence Oahu underwent a
series of submergence and reemergence. It was during the last

period of submergence of the island, at a sea level 25 feet

higher than the present level, that probably most of the reef

materials of the coastal plain were developed (Macdonald and

Abbott, 1970)




METHOD

Subject Research

A study of the literature regarding the caverns indicates
that the problem deserves detailed investigation. A work-
ing map is obtained by tracing an aerial photogrammetric
map of a section of Moiliili, prepared by R. M. Towill
Corporation for the City and County of Honolulu Planning
Department. This map is shown as Figure 2 with the addition
of the approximate location of Kuilei Lane and Kapaakea
Lane. The aerial photogrammetric map is ©of a scale too
small to allow direct tracing.of these relatively small

streets,

Theoretical Pilot Study

It is also necessary to calculate the gravitational
effect of a theoretical body in order to know what spacing
is needed for the field observations to indicate the aﬁomaly
of the body. A two-dimensional computer program is used in
this preliminary model study. The program is made ;vailable :
through the Indiana University by Dr. A. Rudman and is

based on a paper by Talwani, Worzel, and Landisman (1959).

A discussion of the theory behind the program follows.



19

Consider the following body:

&

P——— X
-~ ] . =
~ Jo \/9; !
s
~ | |
\\\ N B:(x;’z-,) FIGURL
. 1
R (x,2]
A (5 (Xirj )Zifl)
D
F
E
7

Hubbert (1948) has shown that at the origin the vertical
component of gravitational attraction, g,, of a two~dimensional
body represented by the polygon in Figure 3 can be determined
by the following formula,

g, = 2Gdézds (1)
where the integral is taken around the body's periphery, G is
equal to the universal gravitational constant, d is the
volume density of the body and the remaining variables are

by Figure 3.

For any point R on the side BC we can see that

z = x tan 6 (2)
If we extend a vertical line to the x-axis from the point R
it is obvious that

z = (x—ai) tant, {3)
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Eliminating x from equations 2 and 3 yields
_ aj; tant tan ¢;
tan ¢; - tan &

(4)

Substituting this value for 2z into the line integral of side
EE, we see that
C a; tan @i tan 0 ~

C
f zdg = [ _ Zi
B B tan ¢i -~ tan 6

Therefore the vertical component of gravitational attraction

for the entire polygon can be written as

n
g, = 26d & Z; o+ where n is equal to (5)
i=1
the number of sides of the polygon.
! For the most general case, it can be shown that
zZ; = 2y sin¢icos¢i [6; ~ 0341 + tand; loge

(6)
cosbj (tanfj-tand;)

cosfj,; (tand;, j-tany;)

where (see Figure 3):

-1 2:
Bi = tan 1 1

Xy
¢i = tan-1 Zi+l” zi
TN AT L
_ -1 4i+l
i+1

o
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Substituting the above values into equation 4 we can see that

X —Xa

B e . i+l 1

aj Xivl i 2i+1 Ej—j————-
i 2i+1

Noting that 0, 041, ¢; and a; are all expressed in terms

xi's and z;'s and noting the form of equations 5 and 6, we can
express the vertical component of gravitational attraction,

s P in terms of x;'s and z;'s, the horizontal and vertical
parameters. Before calculating g, we must also define the
density of the body and the point at which the calculation

is to be made.

A calculation of g, across a body of minimum dimensions
is performed using the computer program mentioned above. The
dimensions are obtained by using an average description of the
caverns which is a body with a longer horizontal axis than
vertical, on the order of 3 to 4 times as great. A rectan-
gular-shaped body is used since such a shape fits this
description and is a simple shape to define.

A good estimate for the station spacing model is a body
with a 20-foot horizontal dimegsion (width), a 6-foot vertical
dimension (height) and a depth to the roof of the cavern of
4 feet. The density of a dry sample taken in the laboratory
is determined to be 2.09 g/cc (Estes, et al., 1973). Even
though this density is suspected of being too small, it is
a good density to use in this case, since we are looking for

a minimum effect. The body is assumed to be filled with
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water since it is below the water table (Kapahulu Sewage
System Map, Honolulu Board.of Water Supply, April 4, 1934) in
this area. Some reports say that the caverns are filled with
a fine coze in the lower 2 to 3 feet of the cavern. How-
ever, not enough information is available to determine the
density of the material. Thus, it is not taken into consider-
ation and it is assumed that the ooze is fine enough to not
contribute significantly to the body density. Therefore,

the body density is 1.00 g/cc, yielding a density contrast of
1.09 g/cc. The calculation of g, is made for horizontal
intervals of 5 feet.

The maximum effect of the body is -50 microgals (a
microgal is 1/1,000,000 of a centimeter per second squared)
to the nearest ten microgals, directly over the middle of the
body (see Table 1). At 20 feet off center, the gravitational
effect decreased to -10 microgals. If we assume that the
maximum variation in gravitational attraction due to noise
will be no more than 10 microgals, the effect of the body
at 5 feet off center may show up as -30 microgals, at the
worst. Beyond 5 feet the effect of the body drops to lower
values than will provide conclusive evidence as to the
presence of a cavern. Thus, the horizontal spacing between
the stations may be twice this length in order to obtain the
desired effect, since a station of 5 feet off center in one

direction would give the desired cffect and a station 5 feet
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off center in the other direction would give the same

effect, which is the worst possible circumstance.

Equipment

The materials used for the data acquisition are: a
Lacoste and Romberg Geodetic No. 1 gravimeter used for
obtaining relative observations of gravitational attraction;
a differential level to obtain both relative elevations and
horizontal distances between stations; a 1l2-foot "rod" or
measuring device marked in hundredths of feet used with the

level; and large-headed nails used as station markers,

Data Acquisition Procedures

The gravitational attraction data were taken over a
period of three days (October 8, 9 and 10), while the data
taken with the level was obtained during two days (October 8
and 11). On October 8, the data was taken by the GG 465
class since it was their assignment to obtain data in the
same area. The instructions to this class and pre-lab write-
up is in the appendix of this paper. The rest of the data was
taken by myself and my wife, Sheila, who helped on October 11
to collect the remaining level data. Two profiles, spaced by
a distance of 23 to 30 feet were obtained perpendicular to
the suspected strike of the cavern in order to check for
consistency in the observed values and to determine the local

strike of the cavern,
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Two readings of the gravimeter were taken at each of the
stations to ensure precise readings. If the two readings
did not agree to 0.005 units of a diai unit, a third reading
was obtained. The readings were repeated by turning the
dial of the device to a higher value and then bringing the
cross-hair inside the machine to the null position on the
reading scale from higher to lower values, All of the read-
ings were taken by this high to low procedure to ensure that
no error would be introduced by insensitivity of the dial to
different directions of dial movement.

On the 8th, the class took the readings by orienting the
instrument in the same direction relative to the length of
Kuilei Lane to ensure that no error would be introduced by the
magnetic effects of the earth. The operator always faced
southward. On October 9 and 10, it was necessary to take the
gravimeter readings from a different orientation due to
parked cars in the area.

Before the class went into the field to collect the data,
I went to the area and marked the stations with a nail driven
into the asphalt, where the substratum allowed, and green
spray paint. The distance between stations was determined by
pacing the distance based on my pace factor of 5.2 feet per
full (2 strides) pace.

In addition, the gravimeter needs to be kept at a

constant temperature, so the temperature was frequently checked
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by reading the thermometer inside the gravimeter to ensure
that the reading was taken under stable conditions of the
instrument.

A check for precise readings on the relative elevations
of the stations was obtained by repeating stations whose
elevations were determined egrlier. Accurate elevations are
important since one of the corrections applied to the data is

a function of the change in elevations between stations.
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DATA REDUCTION

Microgal Conversion

In order to convert the readings to values in microgals, t
Table B (see Appendix) is used which is the most current
calibration table for the gravimeter. The table gives +the i
value of gravity in milligals (a milligal is 1/1000 of a
centimeter per second squared) for each 100 units of the first
four digits of the dial reading or counter units. First, ;
we obtain the value in milligals for the reading in the table
which is nearest but less than the observed reading. Note
that for all of the readings the cocunter value is 2100. Next,
we obtain the difference between the observed reading and
2100. We then multiply this difference by the interval
factor corresponding to the 2100 counter units value. Finally
we add this product to the milligal value obtained in the
first step to obtain the reading in milligals. We then con-
vert the reading in milligals to microgals by multiplying the

value obtained in the last step by 1000.

Earth Tides

Before any interpretation of the results can be
determined, it is necessary to correct the relative gravita-
tional attraction data for various factors which can affect

the values obtained.
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Due to *he swelling and contracting of the mass of the

earth caused v the effect of other bodies acting upon it, the

gravitational attraction measured at the earth's surface will

vary as a function of time. Fortunately the variation is a

predictable one and is found to be of a cyclic nature. A

study by Woolard, et al. (1973), produced a computer program

which calculates the earth tides for any given day. A copy

of this report can be obtained from the Hawaii Institute of

Geophysics Publication Office. Using this program, I have

obtained the ecarth tides for October 8, 9 and 10 and these

are found in Tables 2 and 3. Since these are the tidal effect,

the correction applied to the data is opposite in sign to the

effect.

Drift of the Instrument

The instrument is prone to drift with respect to the

values of gravitational attraction that it records. In order

to determine “ow much the instrument drifts, readings must

be repeateZ z: stations to obtain the drift for each day.

Three reaiinzsz for each day taken at station 1A are used to

plot the &riI: zsurve for each day (see Figure 4). With the
drift of =zzI Zzy, the readings are corrected to the first
station rzzi_:: of each day.

The -nz:z:=ent also drifts while it sets overnight. This
can be actt.ii:i for by "normalizing"” the readings for the
9th and iz -

- the first reading at station 1A on the 8th of
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October. The normalizing factor is obtained by taking the
difference between the first reading at station 1A on the
8th and the first reading of each of the other two days,
separately. The normalizing factor for each of the two days
is applied to their respective readings for the entire day.
Initially a single drift curve was determined which com-
bined the inter-day and intra-day drift into a single curve.
This method was less consistent with the data and therefore

was not used.

Latitude

The latitude correction is necessary since the gravita-
tional attraction on the earth's surface changes due to the
shape of the earth., Since the radius of the earth changes
from a mean equatorial radius of 6378.388 km to a polar
radius of 6356.912 km (Jacobs, et al., 1959), the gravita-
tional attraction will change as a function of latitude. The
international gravity formula given by Jacobs, et al. (1959)
is as follows:

g = 97804%(1 + 0.0052884 sin%¢ - 0.0000059 sin22¢)
where g is the gravitational attraction, and ¢ is latitude.
We can compute the relative change in gravitational attraction
by using this formula.

Before ¢ can be used in the equations, the latitude given
by the R. M. Towill map has to be converted to degrees from

Hawaiian Plane Coordinates in feet. This is done by using
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Tables I through VI and the table of constants in the Appendix,
which are based on the Clarke spheroid of 1866. Calculations
involving two points formed by the intersection of the coordi-
nate grid in Figure 2 are computed to obtain the latitudes of
the two horizontal lines of the grid.

Let us define the longitude value given in feet as x.
Finding the appropriate constant, C, from the table of con-
stants for the zones in the Hawailian Islands, we then subtract
C from x to yield x'. Note that C is 5,000,000.00 feet for
both calculations, since both points are in zone #3.

x'=x -2C
Obtaining two variables P and d from Tables III and IV,

respectively, we can solve for a variable, w, defined by

x! 2
w=2P - ad
. ( 10,000 )

Finally subtracting w from the coordinate of latitude in

feet, y, we obtain a value defined as y, which gives us the
latitude from Table 1.

Yo =Y - W

Once the latitudes for the grid coordinates are obtained
it is necessary to plot the location of the stations on
Figure 2 to find the stations' respective latitudes. To
avoid calculating g from the international gravity formula
for ecach station, g is calculated at the two end stations.

The change in g per horizontal distance is determined from the
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g values at the two end stations and a latitude correction is
applied to each station in the survey. The latitude correc-
tion is made relative to station 1A.

To confirm the validity of this assumption we calculate
g from the formula for station 14B which was far enough from
station 1A to expose any error in the method. The two means
of obtaining the latitude correction for 14B compared to
the nearest microgal, and this confirms the method used for

computing the corrections.

Free Air

The next correction, the free air correction, is due to
the change in elevation between stations. Since the gravita-
tional attraction of the earth decreases as the distance from
the center increases, this correction is positive for
elevations above the reference level (station 1lA) and negative
for elevations below the reference level. The correction

factor is 0.09406 mgal/foot (Jacobs, et al., 1959).

Bouguer

The next correction, the Bouguer or flat-slab correc-
tion, is necessary since the rock between 1A and stations
other than 1A produce higher gravity values than 1A if their
elevation is higher since lA's elevation is defined as the
reference level. Lower gravity values are generated if their

elevations are lower. Thus, where the free-air correction is
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positive, the Bouguer correction is negative, and vice versa.
The effect of the rock is given by: 2nGdh, where G is the
gravitational constant, d the density'of the rock and h the
height above the reference level. The density is taken as
being 2.09 g/cc (Estes, et al., 1973) since this is a dry den-
sity. A dry density is the best density to use since the

rock above station 1A is above the water table. With G and

d constant, the factor becomes 0.02669 mgal/foot.

Terrain

The next correction, the terrain correction, is due to
the effect of the surrounding topography such as hills,
valleys and buildings, on the gravitational attraction. The
correction for the hills and valleys is not necessary for this
survey since the drastic changes in topography are far enough
away and the survey site so small in length that the effect
of the topography will be essentially a constant for all of the
stations. The anomaly produced by the cavern will be the same
relative to station 1A since all of the stations will be
affected in the same way by the same amount.

We must calculate the gravitational effect of the build-
ing on the makai side of Kuilei Lane which extends for most
of the length of the survey and is about 5 feet away from
profile B and 25 feet away from profile A. The building
extended from stations 3B to 15B. In order to calculate the
effect of the building for all stations, a 3-dimensional

method will have to be used. Before any such method is
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investigated it seems a good idea to calculate the effect of
the building using a 2-dimensional graticule of the King-
Hubbexrt type.

The 2-dimensional method requires that the anomalous
body have an infinite dimension perpendicular to the direction
over which the calculation is computed. The building length
is sufficiently long, relative to the distance at which the
calculation is made, to call the building length infinite, at
the center of the profiles. At the middle-most station, the
gravitational effect will be the maximum.

The building consists of 3-inch slabs separating the
floors and hollow concrete block constituting the vertical
walls. The effect of the hollow blocks can be ignored since
it will be small. The slabs, being of a solid nature, are
the masses used to calculate the effect of the building.

The slabs are shown with their longest dimension into
the paper (see Figure 5), and the graticule is laid over the
slabs with the center of the graticule placed at the point of
calculation. The number of solenoids, n, enclosed by a change
in vertical distance, dz, and the change in the graticule
angle, d6, is found by simply counting the solencids. The
change in vertical distance, dz, is chosen to be the width of
the slabs and d0 is chosen to be 5°. It is found by using
the graticule, that the maximum effect of the building is 2

microgals for profile A and 6 microgals for profile B (see
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Figure 5), where the effect is determined by the following
formula:
g = n2Gd(de) (dz)

G is the gravitational constant; d is the density of the
slabs, taken as 2.5 g/cc for commnon building concrete obtained
from a previous study in GG 361; d®, the graticule angle;

and dz is the incremental change in vertical distance. Since
2 or 6 microgals is small compared to the anomaly obtained of

125 microgals, the building effect can be ignored.

Simple Bouguer Anomaly

The final calculation is obtained by the following
formula:

SBA = (dops. + Jra ~ 98) ~ Y1 ¢ for profile A and by

SBA = (gops. t+ 9FA ~ gg) - 91p  for profile B, where
9obs. is the gravity value with +he drift, earth tide and
latitude corrections applied; Iea is the free air correction;
gp is the Bouguer correction; Jdja is the gravity value for
station 1A on the 8th and gjp is the gravity value for
station 1B. This calculation simply puts the values into
relative terms, namely relative to station 1A for profile A

and relative to 1B for profile B.




37

5

GURL

M SR

W

gTeS0J0Tm § = 8

greBodotm 2 = 3

sTs8odoTw _ OT X higze-u = 3
<=(zp) (6P )PHZ-U = 3
oo\w G2 =P
SUBTEBI 9Z)A0°0 a BOOJIZOD q = 6D .
oﬁo £9°*) = 300J G2* = ZP )2 = u €6 U
edvJING . =
pumo.d “ ' g eTrs02d ¥ eTtJoad
[
| |
! |
{
| I
| |
yout/1007 OT _ _
= OTTO8 TeqUOZEJIoY | — wnmnmﬂm
= OTEd8 TBOT3IOA PTG

i
|
_
|




]
80v8LTT zhe8L1e Zhe8LTe 90G8LTZ | £66°691C 6 GGo0T
1Z¥8LTC ZTS8LTZ LESBLTC | ¥86°991C 0£91
G- (2] GZZ {6E°C 06T8LTZ 1818LTZ 18T8LTC 6G28L1T £628LTT | ZhL°G9TC 019t
L= €9 ZeC 9t 6LTBLTE TLTBLTC TLTIBLTC BETBLTC 8LZBLTT | LzL"S9TC gGesT
SOT+ 65 802 | TC°¢ yST8LIC LYTI8LTZ LYT8LTC 80Z8LTC T6Z8LTZ | 00L°G9T1C SbsT
60T+ 15 18T | T6°1 6918L1C £9T8LTE £918L1Z 0zz8L1e 9T8LIZ | €TL°G9TC 0PsT
T0¥8LTZ IPP8LTIC Zev8LTIC | OF6°G9TC 1St
A LE 0€T (ee°T ZvZ8LIC LETBLTT LEZBLTC 1L28LT2 GZEBLTIC | #LL°G9TC G0ST
9 - 12 SL 08° 8he8LTe PPEBLTIC PreE8LTIC PLEBLTC 8Zv8LIZ | 9.8°69TC 00ST
06~ 6 0t AN LEEBLTT GEEBLTE SEEBLTT 2SE8LTT SO¥8LTIZ | £468°6912 ov¥L
62— 1 £ €0° 18E8LTT 08£8LTE 08£8LTTC 06€8L1C ZVY8LTZ | 068°G9TC 0evT
0 0 0 0 80%8LTL 0%8LTT 80%8LTC 80¥8LTC 6SPBLTIC T L06°G9TC 8 STVT
33TIP Aep
~TO3UT 103
uuoﬂﬁumﬂmmonoﬂauwﬁmmoHoHEunummmv (sTeboxo T} YT "'3s o3 Xea UOTIORTTOD)
o "130D [WT°E3S| UOTIDBII0 |, por T edloN,, yoed | opri u/m el
arwnw.n,.om *TICO H.-_.um o3 Hm.H m.mugnow.ﬂu.S ﬁw.mm.@O.HU.ﬂCHV Amnﬁﬂmgo.ﬂ.ﬁv Am.ﬁ.ﬂmA-U.HUHEV mﬁ.m.m\mwm ea ﬁ 15" mv |
ﬁﬂvﬁm Tsnbnog oalg “ASTH \3 mﬂom UOTIODIAD 3T ..ﬂ.HQ\h.w -.mﬁmo_m * mﬂom mgom sbeIony SL6T ST, i
o e . SIgvVY VIvd
hmwr . wn-w. P i



e 5 e i ¥

< sz 88 b6 LTZ8LTZ 0Te8LTZ YYESLTZ 9zv8L1z 0S¥8LIZ | 86875912 0zvT
z 8T (4 99" 6928LTC €£928LTC L6EBLTZ TLYBLIZ | ' 06¥8LTZ | 8E6°SITZ 00%1
£- zT- €T~ SPEBLTT TPESLTZ SLYBLIZ GUaBLIC T9G8LTZ | 800°991Z 0SET
0658LTZ 8E£98LTC 9£98LTZ | £80°99TZ 56z
- 9% 9T | TL°T LLZBLTZ 6GTBLIT £6£8L12 SEVBLTC 8ZV8LTIZ | 9L8°G9TT oveT
- ss el | 90°2 8G78L12 1v28LTZ GLEBLTT TIv8LTC 66E8LTZ | L¥8°59TZ T4AN
- 95 96T | 80°'¢ $928L T2 8%Z8LTZ Z8£8LTZ CTP8LIC S6€8L1Z | £98°¢o9TZ o1zt
; 09 01z | €z°z z978L1e 8vZ8L1Z Z8€8LTZ vov8LIC T8€8L12 | 6285912 0STT
S 79 szz | ec'z|  ¥6TBLIZ 1828LTT STP8LIZ TevsLic YOv8LIZ | 268°S9TZ GETT
' oL SvZ | 19°2 1L28L12 6528L1Z £6£8L12 £0v8LTC ZLESLTZ | 0Z8°S9TZ 0ZTT
14 89 6£2 | ¥s5°2 68Z8LTIZ SLZBLTT 60¥8LTZ ETV8LTE BLEBLIZ | 928°G9TT 6 coTT
a7372p Aep
, ~TOJUT IOF
‘o) sTeboxotw] sTeboxou) (3995) | (STePOIOTW) ‘=38 O3 Aeq UOT309XICD
pacd | " 2300 TIY (03T} SPTIel (sTeboxOTW) (sTebaromw) | (sTeboxomy) | Burpeay | °3 (*L°S°E}!
—1s| asnbnod 8011 | 4913 /M S5 | yoraosexaop 33TIA/M SO *S00p S | obexeny | SL6T QUTT,

o

HIVES VLV

ik



- 95 L6T 60°2 ¥608LTC GLOBLTC 65E8LTZ 6CESLTT £pegLTe | T6L7SITE A
- 8¢ 902 e1-z|  £908LTZ 0S08LTZ pECBLTT 6TEBLTT TeegLIz | 0LL7S9TZ orbT
B 8% 90¢ 61zl E0TBLTZ £808LTC TLEBLTZ 09€8LTT 6GE8LTC | L08°S9TC OERT
- 19 Ava [z°7l  L6OBLIT T808LTZ 99€8LTZ 09£8LTZ LGEBLTZ | 0876912 0zHT
80¥8LTZ T698LTT 2698112 0898LTz | 2€1°99TZ| OT| <o¥T
9EVBLIT PSGRLIZ 98G8LTZ | £E0°99TC 0sST
‘1= 29 612 cgez| €008LIZ 886LLTT qTI8LIT PETBLIL £928LTT | 9TL°SITC SEST
T €9 7z gc-z| 066LLTZ BLELLTZ ZIT8LTZ 07Z8L1Z €6Z8LTT | ZOL"S9TT czeT
-1~ 19 ¥ z°z|  vs08LIZ £708LTT LLTIBLTZ 1828LTZ €TEBLTZ | T9L°G9TC CTST
cz1- €9 €22 1erz| £S08LTZ £V08LTZ LLTBLTZ LLZ8LTZ 80E€BLTIZ | LSL°G91T S0ST
a7 T %9 Lez Tpoz| 6Y08LTZ 0¥08LTZ VLIBLIZ 8978L17 8628LTT | LVL™S9TT 0SyT
cg - €€ 8TT cz-1| 99T8LTZ 8ST8L1C 2628L1E 78€8LTT ITH8LTZ | 658°591Z{ 6 0¥y
aFTap Aep
~T93UT 20T
SooTu) sTeboITW) sTeboxoTW)| (3293 (sTebOTOTW) vl ‘©3as o3 Feq UOTI09LIC0
2UOUY *210D |V BIS| UOTIOSTICO |, poz TTRULION,, yoed OpLL /M Aeq
~bnog * 230D Ity [03°TRX)  PPMITIEL T (sTeboxoTw) (sTebOIOTUL) ebozomwy) | Butpesd | *3°0 | (*L°S "H)
1duts| Xenbnod ooxg | ~aoTE| /m "SU9%| uoryoexxon 3IFTIA/M SI% "SAOp SA%, | ofezeny | SL6T TS
LR : ~ae SIEVE VIV
[ e— il PR e ¥ E e St ik e

L



S698LTC LP98LTC - 2998L1C 60T1°991¢C €ast
- Y4 8ST | 89°1 6£T8LIC LTT8LTT TOP8LTC 89E€8LTT ZLEBLTZ | 0T8'S9TC SYST
T- 0S BLT [ 68°T £608LTC TLOBLTC 9G5€8LTC LTEBLTT 62EBLIT | LLL"SOTZ GEST
0698LTC T998LTL T1L98LTZ | 8TT1°991¢C 0151
1 99 geT [ 0T°C €L08LTZ €508LTC LEEBLTT £TEBLTT 61€8LTZ | 89L°G9TC | O1 00ST
3FTIp Aep
. . —-I9jut 103
o sTeboxou) sTeboxoTu) (3937) (sTeboxoTu) 4T "e1s 03 Xeq UOTIODATOD
s - . —— 1 b
onod 1300 iy |03 o w@smmuw.ﬁ (sTeboaoTul) (sTebozoTW) | (sTeHOzoTW) | Butpesy | *320 | ("I°S'H)
Zutg)  xsnbnog @913 | ‘A9Td) /m "S99%| uorgoeaxop ayTAd/M "SAOp *Sqop S0 | obezenv | <l6T Sl
Lir q1dvL VLvVd
- & ...p..._.#..




RESULTS

The SBA was plotted as a function of distance relative

to station 1A for profile A and relative to station 1B for
profile B. Figure 6 is this plot. The plot shows that there
are two caverns underneath Kuilei Lane--one with a maximum
anomaly of -109 microgals and another smaller cavern with a
maximum anomaly of -50 microgals.,

The caverns also are indicated in profile B with a higher
maximum anomaly of =190 microgals and -125 microgals, respec-
tively. Profile B's SBA does not return to the zero line but
remains low to the end of the profile in ceontrast to
profile A's SBA which returns to the zero line, going higher
and finally slightly negative for the last three stations.
These apparently conflicting trends in the data may be

explained by changes in the subsurface conditions or a

regional gravity effect between the two profiles since no
consistent evidence emerges from the data to indicate anothex
cavern to the east of the profiles.

In particular, the high anomaly recorded from station 10A
to station 12A may very well be due to a dense portion of
reef limestone underneath these stations while this dense
rock does not extend to the other side of the lane to

profile B.
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MODELING

Several models of the suspected anomalous body were
calculated by the GG 465 class using the 2-dimensional gravity
program mentioned earlier to obtain a theoretical model
whose gravity anomaly would closely match that of the
observed. Three models obtained by the students are plotted
in order to show the effects of different models (see Figure
7).

The first model is an 8-foot high, 30-foot wide rectangle
which has a body density of 1.00 g/cc (water-filled), and a
country rock density of 2.00 g/cc (an approximate density of
the coral). The depth to the roof of the cavern is 6 feet.
The gravity effect of this body proves not to fit the observe@

very well for two reasons; the small maximum anomaly of the

model and the shape of the model's curve which is much gentle¥ .

on the flanks compared to the observed anomaly.

Ll

The second model used the same densities and the same
depth to the roof, but changed the shape of the body to an
elliptical shape keeping the horizontal and vertical dimensions
the same. This didn't change the anomaly muchexcepttd make
the maximum anomaly lower, which was the opposite to what the
observed anomaly called for.

The third model, derived by John Meyer, uses the same

body density of 1.00 g/cc. But he changed the shape to a
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hexagon, moved the body closer to the surface, and gave the
country rock a density of 2.20 g/cc, which is reasonable
since a wet condition of the coral could easily increase the
density from 2.09 g/cc obtained by Estes, et al., to 2.20
g/cc. This model used two bodies beside each other with one
body of a smaller size., This model does not fit the observed
data well enough because the flanks of the anomaly are too
steep and the maximum, anomalies of the bodies do not match
the observed.

Using Meyers' idea of hexagonal shapes and a country
rock density of 2.20 g/cc, I calculated the anomaly over two
bodies filled with water. The model puts the larger body
4 feet below the ground surface and assigns to its dimensions -
a height of 12 feet and a maximum width of 38 feet. The
smaller body is separated laterally from the larger body by

9 feet at their closest approach. This body's roof is 5 feet

below the surface and is 8 feet high and 14 feet at-_its
maximum. This body and its anomaly are plotted in Figure 7
as model 4. This model proved to best fit the observed

values (see Figure 8).
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CONCLUSIONS

The Lacoste and Romberg gravimeter proved to be a
precise instrument by repeating values for many stations to
within 5 microgals which saved time in obtaining the data.
The differential level proved a good instrument to use in
obtaining horizontal distances and elevation changes. A
check on the elevations obtained by repeating four stations
showed the values to repeat one another exactly to .01 foot
for two stations. The other two differed only by .0l and .02
feet, respectively, testifying that there was very good
control on the elevations.

The results indicate that two caverns exist underneath
Kuilei Lane. These caverns are not the same caverns located
here by a Honolulu Board of Water Supply map of April 4, 1934
(see Appendix), since the strike of these caverns is quite
different from that of the previously located caverns. The
caverns observed in this study are closely approximated by
two hexagonally-shaped bodies filled with water, being
surrounded by coralline limestone of a wet density of 2.20
g/cc. The larger cavern has a maximum height of 12 feet, a
maximum width of 38 feet, a minimum width of 28 feet and is

buried 4 feet below the surface. The smaller cavern has a

maximum height of 8 feet, a maximum width of 14 feet, a minimum

width of 9 fect and is buried S5 feet below the surface. The



i

B it

e

e

Tz

49

two caverns strike parallel to each other across Kuilei Lane

in a N15°E. direction separated by 9 feet of rock. The two -

profiles indicate that
profile A approach one
lane and become larger

Since the caverns

dub these caverns with

the two separate caverns under
another on the profile B side of the
in dimensions.

are nameless, it seems appropriate to

a name which fits their description

and geographic location. Therefore I have chosen to call these

caverns with the help of Larry Kimura and an English-Hawaiian

dictionary (Pukui and Elbert, 1964), Naanawaielua o Ala

Kuilei, which means"the two water caverns of Kuilei Road."
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