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HYDROLOGY OF ARNO_ATOLL

CLIMATE
léhe-field investigation of thehciiméte of Arno consisted of daily

measureménts of rainfslli, maximum and minimum température, and humidity,
and continuous recording of temperature and humidity. The principal
weather station was at Tne Village on Ine Islend on the scuth side of
the atoll. IJrregular rainfall mensvrements were also made on Bikari]
Islénd and Arno Isiand. Due to shipping difficulties receipt of the B
meteorological equipment was delayed, and measurements were not started
until July 2. 211 measurements were continued until the first week in
September when the last of the ﬁarty left Arno. Most cf the recorﬁs,
therefore, tover a period of not qulte tvio mon+ns. The Ine raingage wés
left in place, bowever, and Jokon the scrlbe at Ine Vlilage agreed to
fcontlnue the daily measu%ementu, séndlng the results month;y to Honolulu.
As reguired, he m;ll be 3351sted by %1111am, tbe Ine schoo’ teacher.

| The various measurements made so far cons 1+ute, b themselves,-é
honelPSSWy'ﬂncompleue record of the Arno climate. The shorter peribés
of measu;ement rlll not 1ndlcate the changes even tnroubh & sinéie set-
zﬁondl cycle, and even 2 year's measurement of rainfall w11¢ give no
'indlcatlon of the leltB-Of annuali variation. However, they may be
Vcorrelated with fragmentaxy but longer hLerm records on the neil ghborlng
$s]and of Majuro and with other records foxr Marshali Isu, 80 that rough
but vgeable definition of at lesst the nydrologic faotors in the climate

of Arno may be obiained.
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The rainfall measurenents recorded from July through November at
Tne are tabulated in the appéndix. The mean monthly rainfall has been
17 inches, equivalent to an annual rainfall of over 200 inches. As the
record includes more summer months than winter months and as winter is
rEpérﬁed to be the dry season, the actual snnual rainfall will prcﬁgﬁiy
be éomewhat less.

During the same period & mean monthly rainfall of 20 inéhes.gas
recorded at Majuro. Most of the rainstorms are of small diametér, pér-
haps 10 miles across at the most. It is to be expected, thorefore, that
short per1od measurements at stations 10 miles or more away from each
should show very poor corrvelation. Longer pericd totals, however, in
@hich the effects of individval rainstorms are less important, shouié .
“show greater correlation reflecting the movements of large air masséé.
The difference hetween the Ine ralnfall and that of Arno, therefore, méy
weli be a omgplilcant one. A 1ong term esftmate of the mean ralnfall of
Arno can probably be made fheﬂ nore complete records for Maguro and other
Marshall Is. records become avallabln and have been analyzed.

Durlng a 24-day period the ralnfall on Arno Island totalled 14
i£ches. The total for Ine foflth; ;éﬁe périod w&s,lé-inches and that at
Majuré was 18linches. This is.iﬁteresting Eécdusenfhe Arno station iiés
roughly between the Ine and | %aguro utatlona yet its ralnfalL is not Lnter~
mediate betmeen thaet at Ine and Maguro but lower than either. The dlf—
ferepce for thg short period may, however, not be significant. Only
four days rainfall in July were recorded at Bikarij. Afterwafds ﬁhe“

gage could not be visited until just before the party left Arno, vhen
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it was found to be overflowing. £As the totel rainfall in the interim
had been nearly 30 inches at Ine the overflow was to be expected, and
the record contribuvtes very little.

Daily rainfall during the period ranged from nil to over‘4.14 inches.
Most of this rain came in sudden intenge reinstorms. Neo relation of
rainstorm freguency tc¢ time of day was noted.

The temperature during the neriod of operation of the weather sta-
tion renged from 73° to 9OO‘F; with a maximum daily renge of 19° and a
éommon daily range of‘lOO to 120, The morning humidity readings ranged
.from 78%.to 100%. Thé hydrothermograph records have not been analyzed,
butaéasuél inspectioﬁ shows that the'humidity usuvally dropred dvring the

daytime, and that the humidity was generally between 80% and 95%.

TIDES

The tides of Arno were studied in some detail because of the im-
portance of the elevation of the water table of the fresh ground-water
bodies of the islands above mean sea level, and because of the importance
of the tidal fluctuations in the fresh ground-water bodies of the islands.
The shipping delay resulted in the loss of.vgluable.repording timg in
this study also. One tide gage was established on the ocean vide of Ine
~in the second week in July and a second was esteblished on thghiaggqn side
in the lest week in July.  The gages were kept in operation until just
before the party left.

An analysis of the tide records by the Coast and Geodetic Survey |
indicates that the mean tide range in the ocean is 3.8 feet and the

spring range is about 4.1 feet. The mesn water level in the lagoon is
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sbout the same as that in the ocean, hut the mean tide range is 0.1 Ffeu?
greater than' that in the ocean. The explanation for this increase ir:n.
tide range in the lagoon is not knowmwn.
- A number of bench marks were established to facilitate leveling be-~
ﬁweén tide gagee and wells. Thelr description and elevations are listed

in the appendix.

A

RLIN CATCHMENT.

There is no runoff of the rainfall from the Island of Arno, At the
most the water may rum » few tens of feet on the packed surface of the'
main trails. Host of the rainfall seeps very quickly iﬁtc the highi; per-
meable soil. Artificial surface.catchment of rainfall is, however, ﬁégy
important. It furnishes the eﬁtire éupply of water for cocking znd driﬁk—
ing in Ine and Avno villages and by far the major supply for those pur-
poSeé generally. The best catebment structuras are corregated Iron roofs.
In Ine Village perhapé half-of “thé housef have. suchirdofs, totalling:.
about 12,000 horizontal sqiaré Feét 6f citchment surface:; OF this svr-
face not quite 6,000 Square feet i8 actuzlly used, the water being led
by troughs to condreté cisterns or 'discarded oil drums. In Ine Villageé
‘there are 22 cisterns totalling about 69,000 gallons storage volume. Of
':these, however, only 17, totalling 53,000 gallon -capacity are actually in
uée. With the barrels the total wateér storage capacity-in the willage
is about 54,000 gallons. This is the equivalent of nearly 150 inches of
rain on the tributary catchment areas. However, the ratio of  the. catch-
ment areas to the capacities of the cisterns and barrels they feed is.

extremely variable. On the one hand some ciSterns are fed only by the
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roofs thot cover thew, mnd on the other nome lerre roofs feed one or tio
drums. Domestic water shortages, reported recurrent during dry seascons,
could probahly be complately avoided if existing calchment areas wers all
connected uL?h nearby exisbing cisterng in such a manner that the ratios
of cistern volumes and repective tributary catchment areas should be as
nesrly a wvniform as possitle,.

in the cutlying districts the crowms of pandanus and coconui trees
"are used as rain catchments, the water being led by way of = prop root
or a stick from the trunks of the trees, down which it runs after being
concentrated by the funnels of the upper whorls of leaves, to an oil
dgrom. HNearly every house or small group of houses that.does not have a
cistern on Ine and Armo Islands has one tree rigged for a rain catchment.

The rain water contsined & o 9 parts per miilion chlorides at Ine
during July and August. This smail gwantity is undoublfedly due tc the
solution by the rain of salt crystals: resultiing from eveporation of sea
spray. At times of low rainfall the salinity of the rainwater may in-

crease somewhat. It is probabily higher on the windward islands than on

4]

Ine.

GROUND-TATER
The groundwater observations made on Aryno can be intelligently dis-
cussed only if *they ere considered in relation to the shaliow geoleogical
structure, and can be understood only when scme of the pr1nc1plﬂs of
grommd-water occurrence ag they relate to atoll islands are kunown. There
follows, therefore, first a cussion of shaliow geological sTructure,

second a theorebical discussion of principles of ground-water occurrence
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in atolls, ‘and third the disenssion of the Arno observations as a confir-

mation, evalvation and expansion of the principles.

Notes on geology pertinent to ground-water occurrence

- The islands on an atoll are mere heaps of sand and Conloers o T
"reef platform", the top of thewreef‘thgt charggterizes the aﬁoll.‘ Their
position and the character of the materials_within them are determined
by shape, size, and exposure of the sections of therreefs on which they
are developed. J. W. Wells' report on the Coral Reefs-gf hrno Atoll de-
seribes (p. A)Vthe boulder ramparts characteristically sqrmcunﬁing the
beaches on the ocean sides of the islands. The ocean beaches thgmselves,
though not composed entirely of boukkrs like the rampart, contein a large
proportion of boulders and cobbles and very little fine sand. The lagoon
beaches, on the sovth side of the lagoon at lesst, are composad princi—
pally of sand, much of i% very fine. DBecause the isiands ars the result
of accretion of besch-materiels, geners.ly on boch shores? the materials
appearing on the beaches cn tae two shores of the iglands should be rep-
resentative of the maferials composing the iglands as é wholet The
permeability of the coarse cceepn~beach sedimeats should expectably be much
higher than that of the fine lagoon-~beach ssdiments.

Wells also describes the beach réck commonly exposed along the
sho?és. In this naterial, whetber derived from send or beach gravel,
the ofigiﬁal pores znd very largely filled with cement so that the per-
meabilif& is ﬁery low.

The”smail dashed lines in diagréﬁs A‘énd'E of the accompanying figure
indicate the depths at which gravel'and Eard rock were encountered under

the sand as indicated by wells along two profiles across Ine Island. The
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lower small dashed-line represents the top of well consolidated rock,
either as seen in the bottom of large wells, as exposed on the surface,
or as, estimated from the limit o whiph drivepoints could be simply
churned down, or. the top of gravel exposed in wells or on the surface.

. The long dashed line represents a projection of the reef surface beneath
the islands.

It will be noted that under the nerrow part of the island shown in
diagram A, there is no consolidated rock above the level of reef plat-
form except on the lagoon beach where there is beach rock. This section
wag drawn across & canoe portage where a channel had been washed out
across the islend in a hurricane. The beach rock exteﬂded on surface
only to the west edge of the portage and was found by probing to extgnq
only part way acrcss the portage, so that a few feet east of the secticn
showvn there was no beaqhigock.f‘Thg,wﬁg;e_section of the-island except
for the face of the lagoon.beach aud a small lagoon beach ridge or dune
. were composed of .coarse sand and gravel.

In the wider part of the island there 1s apparently hard rock to ﬁwo
or three feet above the level of the reefs but not above mean sea level
-except where beach rock was formed on the ocean beach. This hard rock
might represent merely boulders too large to crackugith the drivepipe
under most of the wells, but it was evidenily & continuous layer under well
B. HNo:beach rock was exposed on the lagoon beach at this section, an@
there is room for only 2 very narrow beach rock zone at the most between
the beach surface and well P.

The structure and texture are notf so obvious in the underlying reef

25 sre in the overlying sediments.. It will be noted in Wells' discussion
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of reef zonation (pp. 11-16) that along the south side of Arno Atoll the
lagoon reefs are covered with extensive paiches of sand that are azbsent
or at least not prominent on the ocean reef. FVhether ‘the "surface condi~
tions sre typlcal of the underlying materials depends on whether the -
pregent environments ars typical of those prevailing while the reefs were
being built. Unfortunately our knowledge of the history of coral reefs
is so slight that there is no general agreement as to the conditions of
their development. Ail that can be said, therefore, is that there ap-
pears to be a possibility for the development of asymmetry in the per-
meability of the reef itself. As will be shown in the analysis of the
ground-water measurements such asymmetry apparently cbtaing under Ine
Island.

Princinles of ground-water ogeurrence on atoll islands

Most of the rainfall on atoll islands, a1l that is not caught on and
‘evaporated from the plants and the surface of‘the ground, seeps quickly
into the ground. A part of this seepage is held @in capillary openings in
the soil and remeing available to shallov-rooted plants. In most regions
of the world this soil water is the most important scovurce of water for
plants, which withdraw it and transpire it to the atmosphere. It is un-

doubtedly a very important source on-atoll islands and probably the main

~. gource for meny plents, but the low ground elevations probably permit

other plants to obtain water also from a deeper accumulation to be dis-

- ecussed.

The excess beyond the capillary capacity of the soil generally
filters down through the sand to a fool or so sbove sea level, where it

joins and maintains a body of more or less fresh water saturating. the
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rock and sand. From this body of what may be called basal ground-water
it may .be lost by withdrawal and transpiration by deesp-~rooted plants,. by
withdrawal from wells, and by underground flow laterally to the shore-
Ilines, both ocean and lagoon.

Salt water is denser then fresh water. Providing a volume of fresh
water is somehow confined so that it cannot mix with the salt watér, it
will float on salt water, displacing the saltf water just as a lump of ice
or a stick would. The densities of fresh water and ocean water of usual
salinity are such thst approximately one unit of fresh water above the
ocean water level will be supported by every 40 units below. A porous
rock, partly submerged in oceen water, though it does not absolutely con-
fine the water that saturates it, provides a restriction of flow that may
- reduce mixing sufficiently so that if fresh water is introduced into 1%,
an integral bhody of fresh water.will be maintained, floating on thelsalt
water in the roék with its surface 1.foot above the level of the salt
water for approximately every 40 feet of depth.of fresh water below the
salt water level. This principle, known .as .the Chyben-Herzberg law after
its first discoverers, applies in coagtal areas, including islands, under-
Jain by porous rocks in meny parts of the world. Fresh water introduced
by rainfall forms a basal fresh-ground-water layer whose depth helow
sea level is epproximately 40 times the head or elevation of its water
table above sea level.

It is a well established principle, cailed Darcy's law, first‘that
.the amount of ground water flowing through a-.sand of given cross section

will be proportional to the hydraulic.gradient, which, in a ground-water
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body with a water-table that is not too steep, may be measured by the
‘logs in elevation of the wéter table per unit distance measured in the
direction of flow, and second that with the same hydraulic gradient in
the same system but with sandé of gifferent sizes and degrees of compac-
tion‘the amount of water flowing through a given cross section will be
proportional to a factor called the permeability of the sand, which may
“be thought of as merely its . capaciiy to transmit the water. Doubling
‘the cross-sectional srea, doubling the hydraulic gradient, or doubling
the permesbility of a system will double the rate of flow of water .
through it.

Disregarding the water withdrawn from wells, negligible on most
atoll islands, the excess of rainwater introduced Into a basal ground-
water body of the Ghyben-Herzberg type over the amsunt of water withdram
by plants from the body <¢an: be-lost from the body only by flow to its
margins at the shores.- Thi;?flowfcan be induced only by & hydraulie
gradient tovard the shores,-and by the Ghyben-Herzberg law the hipgher
heads inland must be balanced by greater 6epths of fresh water inland.
“Agsume for a moment that the permeability is constant and the yrainfall,
-or rather its excess over itranspiration and evaporation, is wniform both

in space and time. “Through the shore edges of the fresh water body all

o]

of the rainfell excess over the vhole island mwust be flowing. Yet the
hesd is low nesr the shore, and the thickness of fresh vater small. By
Darey's law, the combination of high rate of flow and small cross sec~
+tional area must be balanced by & high shoreward hydraulic gradient, and

rapid increase of both head and depth of fresh water inland. In sections

of the island nearer to the center the head and depth of fresh water are
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greater, and the smount of reinfall excess, being the part derived from
the ceriral part of the islend only, is less. The hydraulic gredient must
be smaller, and the rate of increase of head and fresh-water thickness
intland is smaller. The fresh-water body, therefore, has a lenticular

shape with a bow-shaped water table that is convex upward and with a

~. lower, salt-water contact that is similarly but exaggeratedly convex dovn-

ward.

In any island of wniform permeabiliiy the mawximum head and thick-
nesg of fresh water will be greater if the rainfall is grester, smaller
if the rainfall is less, If the rainfsell is not vniform but varies sea-
gonally there will be a =easonal change in the head and thickness of
fresh weter. Even the eifects of delly variation in rainfall may cause
variaticn in the head, although the effects of shert term variations will
lag behind the criginal variastions and are not zs great as the effects of
long term variations of the seme amount. The lag and damping are even
greater in variations in the depth of £resh water then in variations in
head.

In tve islands of the same size and rainfali, the one with the lower
permeability will have the higher head and the thicker fresh-water lens.
In two islands of dissimilar size. but having the same permeebility and re-
ceiving the same rainfall, the larger island will have the higher head and
the thicker fresh-water lens. Because of the qhaﬁge in shapes of the

 fresh water lens with change in size, the relationships of rainfall rate,
island size, and permesbility to the thickness of the fresh water lens
are complicated and not those of direct proportionality.

The sea level, which conirols the position of the fresh-water lens,

is, of course, not constant but has tides. The loss of water from the
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fresh ground-water lens is, therefore, controlled not by a constant base
level but by & variable one; the hydraulic gradients throughout the lens
and the rate of loss are, therefore, variable. As a consegquence, the al-
titude of the ground-water table itself is varizsble, showing a tidal
fluetuation much like the oceans but smaller and with a time lag. The
‘lag and the degree of damping of the tide in the fresh water hody are de-
pendent on the distance from the coast, the permesbility and depth of the
aguifer, and the porosity of the section allernately saturated and drained.
e greater the distance, the sm&ller the permeability and depth of
“aquifer, and the greater the porosity, the greater are the tidal damping
and lag.

Fresh water resting upon selt water in the open wili, cf course,
‘guickly mingle with the salt by diffusion and by mixing through turbu-
lence accompanying eny wave motion. TIn. the medium of a permeable rock
+he rate of nmingling is greatly reducedi: Diffusion becomes an unimportant
process, and there is no ordinary wave.motion except at ithe extreme mar-

gins of the lens.. However, the tidal movement of the lens and the alter-

" inate swelling and shrinking of the leng by increases and decresses in the
g g ¥

“rate of recharge, as compered to loss. by withdrawels by plants and flow
%4 +the sea, result in raising and lowering of the salt-fresh contact. As
the contact is raised, some fresh water is left in the rocks below the
contact to mingie with the invading salt water, and as the contact is
lowered some salt water ig left above to mingle with the fresh. Conse-
guently, the contact is not az sharp one but a graduval transition..

Vhere the spread of sgalt water inte the fresh-water zone is larger
than the dowhward component of the movement of the fresh water -in response

to recharge, the zone of mixture will extend clear to the top of the lens,
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and if the rate of mixing iz large enough or the recharge small enouyh,
the water even at the tov of the lens may be too brackish for drinking,
or even for wvwtilizetion by mos®t plants. Bea water contains rouvghly 2
per cent chloride ions (equivalent to about 0.2% NaCl). Drinking wmater
skould prefersbly contain no more than 0.03 per cent chlorides and cer-
tainly no more than 0.1 per cent, or one itwentieth the amount in sea
‘water. Tae rate of movement of salt into and up through the fresh-
water zone is depencdent on the amount of climatic and tidal fluvcituation
of the theorstical sali water-fresh water boundary, on the veriical salt-
content gradient, on the nature of the porositv (the mixing effect
probably being heightened in material of variable pore size)}, and on the
vertical comvonent of the salt-content gradient (the transfer of salt
being most rapid where the change in salt eontent with depth is highest).
At the center of an island the +tidal Tluectuation is a2t 2 minimum, and
the depth of fresh water is-at a maximum, so thet the rate of salt trans-
fer is at a minimum, and there may be a Yow salt content and compsratively
little change of szt content with depth near *the top of the Ghyben-
‘Herzberg lens. MNear the coast the tidel range is grester in the ground-
- water body, and the total depth of fresh water is less, so that the salt
gradient is steeper and the freshest water more brackish. At the shore the
“hide range 1s at & maximum and the depth of fresh water is at 2 minimum.
Furthermore, at high tide there is a reverse hydraulic gradient carrying
salt waler inte the island. Consequently all of the water emerging at. the
shore ig brackish, and the change in salt content with depth and time is
complex.

The averags salinity at any point in & Ghyben-Herzberg Jlens in a

small island is, therefore, complexed controlled by the size of the island,
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the horizontal leocation of the point on it with reference to the coast
iines and the vertical location. of the point in the lens, by the aver-
age recharge (that is the average excess of rainfall over transpiration
and evaporation losses) and by the variability of the recharge, by the
rermeability and porosity of the rocks, and by the ftidel range in the sur-
rounding water. The salinity at the point may be a2t a particular time
greatly aifferent from the average salinity at the point. Near the svr-
-face of the lens, except at the shore, the salinity will depend princi-
pally on the time elaspsed since the last rainfalls and the magnitudes of
those rainfells in relation to the porosity and permeability. Soon after
& raln the salinity will drop‘fairly quickly and then return gradually to
& normel value which will be Cetermined, like the salinity deeper in. the
iens, principslly by seasonal changes of recharge; again with relation to
the permeability. As has been already indicated, the salinity at the
shore will be greatly influenced by. the tides.

In the discusgion so far, the rocks of the. island have been assumed
to have uniform permeability. That this assumption is unrealistic has
-been. shown for Ine Island in the preceeding section, and the consequences
"+ of some of the expectable variability of permeability will be discussged
“here.

" The difference in origin and texture between the reef problem and the
“igiands on top of it constitutes perhaps the major source of a possible
difference in permeability, but the permeability of each ie highly wvariable,
and no-offhand guess can be made as to whiech has the larger overall per-
meability., TIf, on the other hand, the reef platform has a considerably

lower permeability than that of the sediments of the overlying island, the
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Ghyben-Herzheryg principle might apyly se far as the depth of the firesh~
water lens, tut the part of the fresh-water body in the island sediments
wovld function very nearly as if it were =zn independent body ot an im-
permecble layer. The tidal response would be considerably less than if
the reef platform had egusal permeabiliiy, but the fluctuaiions of hnead with
variations in rainfall would be much greater. There would be much lese
ovuortunity for mixing, end the ground-water would be much fresher. If,
on the other hand, the reef pialform were much more permesble than the
“'{g5land sediments the svetem would function wery much as if it were uni-
formly as psrmesble as the reef platform.

The predomiﬁgnce of boulders,-cobbles, and coarge gand in the ocean
beaéh and ﬁhe predoninance of fine Sénd in thé lagoon beach suggest
strongly a greatsr pergeability_in éﬁe eceanwafd parts Qf the Ine Island
than in the 1&{{09{1?{&3@ perts. This; ciifferg'nce may EI'LQ;_O].Y iln other is~
lands. The difference in wéyg.iﬁtengiﬁy on the tﬁo siéés ofr{herreef
mey result in meking one side éf the :eef é}atform ﬁoré permeaﬁle than
the other. The effects of asymmetry in tﬁe nermeability of the reef
platform should be much more importsnt than those of asymmetry in the
permeability of the overlying sediments. My asymmetry in thé distribu-
tigg of permeabilities would result in a lower water table, aithinﬁer-
Vfreshwwaﬁgr_layer, a greater tidal effect, and a greater Salinityléﬁ the
high permeebility side than on the low permesbility sics.

The beeci rock found on both ocean and lagoon shores is much less
permeable than the uncemented sediments. Where there is beach rock at the
shore, either on the{surface'or buried under new sand, it should serfe_as

a barrier to outflow of the fresh water. If the reefl platform is permeable
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the effect of this barrier should be small, btut if the reef platform is
impermeable the beach~rock barriers might serve almost like the sides
of a tank, effectively sealing off the fresh water from the ocean and
czusing a high head, very little tidal effect, and low salinitby.

Beach rock relsted to old shore linesg and buried now in interior
parts of the islands might meke similsr barriers within the islands re-~
sulting in the separation of two or more independent fresh-water bodies
if the reef nlatform were impermeable. Such layers of beach rock might

also result in the perching of thin bodies of fresh water above sea level.

Ground-water observations on Arno

The asccompanying diégramé summarize the most imporfant part of the
observations on ground—waﬁef conditions on Ine Island; The ground-water
conditions are shown acrosé ﬁhé islend at a poinf east of Ine Village
vhere it is néarly l&DO?feét wide and at a poiht west of Ine Village where
it is dﬁi& a little more fﬁan 300 feet ﬁide. The conditiéns can best be
di:e.acussad as they confiz.'i-n,- eﬁalue.:l:e- and ex?and the previously discussed
priﬁéiﬁles of ground water occurrence.

The relationship between the head and the distence from the ghore-
wlines ig shown by diagram A, a cross-section of the wide part offfﬁé'
island with 2 great vertical exaggeration. Three water-table positions
ldre‘shown, the uppéf and lower being the tidal limits of the water table
and the middle one being the mean position. Fach slopes coﬂtinudusly
téﬁérd the shorelines from a high point about a third of the way from the
lagoén to the ocean shore, except where high-tide water table slopes in-
1and %or;a short distance at each shore and also‘slopes toward the lagoon

for a short distance near the center of the island. The probable
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explanztion for these deviatvions will be discussed shortly. The variation
in mean head with distsnce from sherelines ig shown with still greater
vertical exaggeration by the two solid Lines in diagram C. The heavier
of these lines sghows elevaticas of the mean water table for one day above
long-term mean sea level. The lighter line indiecates elevations of the
mean water table for the same day above the mean sea level for that day.
The latter line is probably move dirvectly meaningful, because the heads
may be expected to ke very largely adjusted to tides of periods longer
“than' a’ day.

Diagrams E end G indicate that the head at the center of the narrower
part of the island is less than the head in the wide part of the island
shown in disgrams A and C, Disgrams E and G do not show well the shape
of the water table because there wos only ohe measuring point in the nar-
row section of the isgland. -

Diagrams B and F indicate the undistorted theoreticel shapes of the
Ghyben~Earzberg lenses in the cross sections of the wide and narrow paris
of the island respeétively. The depths of the lenses have merely been
computed from thie heads above mean sea level for the day on which they were
measured, assuming that the heads were fully adjusted to long period tides.
The lower limits shown may be regarded as the approximate levels of water
helf as saline as ocean waber. Much of the water above these levels is
too sally Tor humans or even plants fo use.

‘That there is & greater effective permeability on the ocean side of
at least the wide part of the island is indicated definitely by the rela-
uﬁively low head inland from the ocean ghore and relstively high head in-

land from the lagoon shore asghovn in diagrams A and C. : The sszme asymmetry
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- "in permeability probably exists in the narrow section teo, but cannot be
proved with only the one central measurirng station.

The difference in permeability is also indicated by the greater
Ydamping and lag of the tideg as they move in from the lagoon shore than
gs the move in from the ocean shore. In the tidal graphe, dizgrams D
and H, the demping and lag of the twe principal tidal components, semi-
givrnal and divrnal, are shown separately. Congideration of the tide as
8 whole would result in confusicn, because the periods of the components
ere effective ag well as the charscteristics of the aguifer in determin-
".ing the damping ewd lag, and the two components do not, therefore, behave
as a unit as they move into the aguifer. Thé guantity 2/x is a parameter
degceribing the tidsl progression as 2 whole and the values plotted were
“averaged from values cobtained from both phase lag and damping effects
in poth semi~divrnal and divrnal components.

Attention hasg already been called 3o the landward slopeg of the near-
‘shore parts of the water fable at high tide. Such & reversal of slope is
expectable in most Ghyben-Herzberg lenses discharging without restraint
" to the sea. Because of the large range of the tide alt Ine as compared to
" the maximum head the ocean and lagoon levels are actually nearly three
" feet higher than the highest part of the ground-water table st high tide.
"Because of the lag in the inland progression of the tide, the two lines
representing the high- and low-tide limits of. the water table_dg not‘reu
- present two respectively contemporasnecus positions of the waterrtable. At
" 4imes of high tide in the ocean the tide in the ground-water body is still
‘pi&ing toward the high-tide limit shown, and the landward siope is even

more extreme than is shown. The lagoonward slope of the high-tide water
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table near the center oi the island probably results from the ground-watler
in the higa permeability, oceanward part of the island scting iteeif 1jk
the sea in controlling the discharge of the grouwnd-weter from the low-
permeabliity, lagoonward part cof the island. This behavior suggesss a
rather sharp discontinulty in the permeability near the center of the is-
1and.

As @ result of the lower Lead and grester tidal fluctuation in the
. gceanward pert of the island than in the lagoonward part, the water at the
top of the lens is freshest in the lagoonward part of the island, as
shovn by the dashed line in disgram C which represents the salinity of
sampies dravn nearly simulianecuvely from the several wells across the wide
part of the isiand and ploited on a logarithmic scale. The water in well
g econtained 2 ppm. chlorides, the same concentration as in the original
rainwater, &nd an emoun? astonishingly low to anyone accustomed to the
range in salinities to be found at far grealer dist ences from the sea in
the Ghyben-Herzberg lenses of volcanie islands like Hawaii. Vater of 250
ppm. chlorides or less could be found within 70 feet of the lagoon shore
but not closer than 750 feet from the ocean shore, znd water of 1000 ppm.
chlorides within 60 feet of the ®8°%P shove but mot closer then 400 feet
of the ocean shore.. The salinity at the center of the narrow part of the
island st the same time wag 5500 pom. as shown irn diagram G, indicating
the very great importance of the widith of the island on the minimum salin-
ity in the Ghyben-Herzberg lens.

The permesbility of the near-surfacs sediments may be estimated from
the hvdfaullcs of the shallow wells and from the characteristics of the
matprlal thaf oP ‘the zone gecupied by the Glyhen—ﬂerzberg lens‘ﬁay be

stimated from the gradients of the water table, and that of the much deeper
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" ‘zone affected by ticdal flow from the tidsl lag and damping. The theories
linking permeability with these variocus meagurabie effects are, unfortun-
ately, poorly worked out, but the rouzh approximations pogsible provide
some very useful results. The water—tatle gradients on the two sides of
Ine ITsiand indicate an effectlve permeabllity ten times or more greater
in the zone occupied by the Shyben-Herzberg lens on the ocean side then
on the lagoon gide. The permeability coefflcients computed for this zone
are much greater than those expecteé in the kinds of sediments found near
the water-table, indicsting that the reef platform must be a permesbility
discontinuity beiow vhich the permeebility i greater than ahove. The
tidal effects indicate that the high permeability continues to a depth
sreater then that of the Ghyben-Herzberg lens.

Thege observetions, with a rumber of scattered observations of tidal
fluctuation, salinity, and havdness of water not fully worked up yet, in-
dicate that on the wide partslof the islands of Lrne Atoll, end prcobably
on wide stoll isiends with a similar climate generally, there ig a well
develioped Ghyhen-Herzberg lens with o maximum hesd of zbout & foot sbove
mean sea level containing fresh water in its upper part. ‘the highest
head and freshest water is tb be found toward the side of the island
under which the average permesbility is lowest, vhich on Ine and Arno at
least, and probaily very com#only, ig the lagoon side. Toward the ocean
gide the lower head end s greater tidal fluectuation resulit in greater

mixing of the [resh water with the underlying salt water.

Seasonel changed in ground-water
The field observations on Ine were all made during the rainy season

in the Marshsllis. The heads measured should, therefore, be expected to be
Ly ’ o
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near the maximum to be found during the year, and the salinities ﬁeasured,
therefore, near the minimum. It seems certain that the patierns of head
and sélinity differences over the width of an isiand will not differ sig-
nificantly at any season from that noted, but the amount of decrsase in
head and of increase in salinity cannot at presenf be predicted. Monthly
measurements of head in a key well are being msintained through a yeaf by
the scribe of Ine, so that considerabiy more‘information will be available
on this point. The data received sc far fill not be listed here, because
they have not yet been corrected for tidal effects and are ﬁséleéé until so
corrected. |

Native reports indicate that fhe salt content at the freshest wéiis
on Ine and Bikarij rises epougﬁ to be noticeable but not enough to make

domestic use of the water impossible.

Utilization of ground-water

The Marshallese draw directly only a small guantity of grouvnd-water.
There are no wells irn the densgely populated part of Ine Village, and the
whole wster gupply there comes from rain catchment. In the more rural
areag of both Ine and Arnc there are a number of Jdug wells vsed almost en~
'tireiy to supply weter for washing clothes. Even where there are wells,
the water used for other purnoses is rain water. In view of the probable
eage of biological contemination of the ground waler under such a low,
previous terrain, the failure to use much ground water fbr drinking is
probably fortunate. Two of these wells sunk in comparatively high ground
were lined with blocks of beach rock. Most were sunk in low places and
lined with oil drums with the ends.cut out, two oil drums, one on top of
snother, being used in some. O0il drum wells were seen also on Bikarii by

Squires. HNone of the wells extend more than a couple of feet into the water.
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Besides the wells used for wash water tuere are a number of piis
”excavgﬁed to a foot or two below the water taliie for use in retting COCo—
puf husks. The husks of copra nuts are merely piled in these pits,

covéred with leaves and tragh, aﬁd allored to decompose for a few months,
_éfﬁer which the filbers are easily separated for uéé"iﬁ‘ﬁaking cordage.
There is apparently no ilmportant salinity control on the retting process,
some of the reiting being done in pits excevalted in the beaches Or’mereiy
in piles covered with rocks on the beachés. The retting pits in the in-
tericr of the islands are apparently located there merely to be conven-
ient to the source of nuts.

| The small direct draft of grovnd-water is no indication of the over-
all importance of the wéter that Seeps inte the ground. As has alpeady
been discussed, the weter in the'ﬁhséiur&téé vart of the soil is probably
primarily responsible for supporting therheavy vegebation of wet atolls
like Arno, but some of the plants are wholly_or partly dependent on ground-
vater from the saturated zone.

Conscious use is made of ground-water in taro culture by the iMar-
shallese. The wet-land forms of tarce will grow only in soils saturated
with water, and also, it is believed in Hawali, only vhere the wate? is
in movement. With no surface streams, the Marshallese have been eble to

" meet the reguirements by excavating pits from the surface of the ground
& or 6 feet or more deep, penetrating the water-table. Taro is grown in
organic muck, accumulated by rotting vegetation in these pits. The sur-
face of the muck is generally at about mean water-table, so that wéier
stands in the pits about half:the time. - The.tidal fluctvation of the

 water-table apparently induces sufficient movement of the water. The area
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occupied by taro pits on Ine Island corresponds to the distribution of
- the freshest ground-water in the lens, that containing 20 ppm. or less
of chlorides at the time of sampling. The taro pits on Arno Island oc-
cupy a corresponding position, uwndoubtedly because of the same control.
Taro is known in Hawzii to be rather intolerant of salt.

Ground-water appsrently plays an additional important part in sus-
taining breadfruit trees. Breadfruit is not generally regarded as a
phreatophyte (plant utilizing ground-water from below the water-table)
and on high islands it is clearly not a phreatophyte. Eowever, the dis-
tribution of productive breadfruit trees corresponds so closely with
the pattern of salinity of the ground water that some ground-water con-
trol seems certainly effective. It is possible that the contrel is
exercisad only during the dry season vwhen vadose water (that held in the
mngaturated soil sbove the water-tgble) ig inadevuate to meintain growth,
or itself reflects the salinity of the underlying ground water duve to
capiliary rise. In general, the breadfruit trees are limited to a zone
ineluding the taro pit zone and extending beyond to & position corres-
ponding to perheps 200 to 400 ppm. chloride content in the underlying
water at the time of sampling. There are a few breadfruit trees growing
oti Ine Island seaward of this limit, and a few on Arno that vprobably are
also. HNone of these seaward irees are as large as many of the trees in
the center and lagoonward parts of the lislandsg, and it is noted by the
Marshallese that they fail to bear or are at best poor bearers. There
are no bresdfruit trees on narrow parts of the islands. Tt should be
remembered that the limits of a few tens of parts per million chlorides
for taro and a few hundreds for breadfruit esre wet-season limits. Un-

doubtedly the dry-sesason limits representing the real control are con-
siderabl; higher.
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© ¢ The distribution of setilements and roads, close to -the lagoon shore
‘on ﬁearly 211 of the islands of Arno Atoll, is probably very closely the
‘result of the breadfriiit and taro distrivution.
Banana and papaya trees show distributions similar to that of taro,
"t more limited, nrobably as a result of limiting plantings close to
settlements. HNo other economically important plants seem to be limited

By the aveilability of fresh ground-water.::
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APPENDIX
Roinfall msagurenments on drno Atoll
1550
July
July August Sept. Qet.  HNov.
day  Ine Arno Bikarij Ine Arno - Bikarij Iune Ine Ine
1 0.50 - - 0.44 0.54  0.77
2 1.60 1.30 - 1.17 tr 0.07
3 2.52 0.91 - 0.11 0.50 0.40
A 0.58 +tr - ? 0.51 0.39
5 C.00 0.8L - 0.82 0.55 4.56
6 0.57 0.17 - 240 1.25  0.45
7 tr  0.35 - 2.10 0.05 0.01
8 0.7 0.09 - 0.55 1.20 tr
9. 0.37 2.26 L - 1.66 ' 0.24 0.03
10 0.66 0.21 - 0.34 1.17 0.64
11 0.07 0.10 0.18 - 0.89 .87 0.48
12 0.35 0.1 0.93 - 0.27 wr 0.60
13 0.32 0.30 0.02 - 0.01 0.00 0.00
14 0.17 0.30 1.26  tr - 0.02 0.0 0.00
15 0,03 0.23 1.2 0.68 - 1.16 0.14 tr
16 0.23 0.1% 0.2L - 0.31 0.47  0.00
17 0.43 ¢.,92 0.06 - 0.17 0.00 0.31
18 1.77 - 0.80 . 0.50 0.02 0.08
19 1.24 - - 02T - 2.77 0.08  0.23
20 0.'77 - .12 - 0.23 1.10  0.61
21 1.0 - 0.31 - 0.57 0.54  0.25
22 tr - 0.03 ~ .59 0.69 0.00
23 tr .07 - 0.18 - .07 .61  0.00
24 0.39 0.78 - 0.22 - 0.01 2.07 0.12
25 1,36 0.98 - 0.87 - 0.01 0.44 . 1.88
26 2.42 1.24 - 0.27 - 0.48 0.10 0.49
27 0.47 0.4 - 0.19 - 0.57 Q.02 0.54
<% 0.50 1.8 - 0.C9 - r 2.11 0.03
29 .00 Q.66 - 0.55 - 0.00 0.61 0.14
30 Q.00 - - A.14 - 0.14 0.1  0.00
31 0.03 - - .59 overilowing 0.64
Total 11.56% 6.05% 1.56% 20.35 7.91% 18.36  17.53 12.49
17.10P
flesn  0.55 - 0.66 0.61 0.57  0.42
tr Trace
-  MNot read. Rainfall included in succeeding reading.
? MNo record. May be incorporated in succeeding days' catch.
a Incomplete.
b  Estimate bssed on partial record.
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Bench Marks at Ine Village

Pench mark 1:

The top of head of galvanized spike driven into north side of
coconut palm tree about one foot above ground. Tree is nearest to
ocean on southeast.side of trail leading to beach from point on
main trail about 75 feet northwest of northwesternmost houses of
Ine Village, and about 450 feet northwest of main trail intersection
at church. -

Elevationﬁ 8.7 feet above mean sea level st Ocean.

Bench mark 2:

~ A small cowrie shell filled with cement and set into top of
unused .concrete foundation post on south corner of concrete plat-
. form sround house on north corner at trail intersection at church.
| Elevation: 8.27 feet above mean sea level at Ocean.

Bench mark.B:

-.A circle chigeled in beach sendstone on lagoon beach at foot
. of trail lesding lagoonward from church.

Flevation: /.39 feet sbove mean sea level at Qcean.

Benech mark A:

A circle chiseled on edge of east corner of concrete cistern,
30 feet northwest of trail from church te lagoon a point 125 feet
from intersection at church.

Elevation: 6.7, feet above mean sea level at Ocean.

Benich mark 5:

A circle chiseled in south corner of concrete foundation of
northwest concrete post at entrance to Ine Council House.

Elevation: &.80 feet above mean sea level at Ocean.

Bench mark 63

A ecircle chiseled in northwest side of concrete gill around
Iroij Well, about 140 feet south of main trail at point 75 feet
southeast of Council House.: '

Mevation: B8.14 feet above mean gea level at Qcean.

Bench marks established July 1950. Mean low water elevations and reduction
to mean sea level at ocean computed by U. S, Cosst and Geodetic Survey.
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Tidal data for Ine Island

A1l elevations referred to mean sea level in ocean.

At ocean At lagoon
Mean high water 1.90 1.93
Half tide level 0.00 ~0.02
Mean ses level 0.00 ——
Mean low weter -1.20 -1 .97
Mean low water springs -2.775 ~2 .82

Mean low water elevations and reduction to mezn sea level at ocean com-
puted by U. S. Coast and Geodetic Survey.
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