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PREFACE

Parts of the information in this paeper have been previously
included in a U. 8. Army Intelligence document (Fosberg and others,
1956) but are presented here in somewhat modified form to be generally
available to the scientific public. The present paper was first writ-
ten in 1954 for publication as a Professional Paper of the U. S.
Geological Survey, under which auspices the work vas done. Extended
delay and the prospect of still more [inally brought about the decision
to publish it in the Atoll Research Bulletin, thus avoiding continued
inaccessibility of the information. We apologize for the long delay,
and for any feilure to take into account literature published after the
paper had reached its present rform as well as later iield work, the
results of which have not yet been analyzed.

The U. S. Board on Geographic Names has, since the 1956 publica-
tion, issued decisions on Marshallese place names which take up dif-
ferent gspellings for meny of the islet names used in 1956, different
nanes altogether for some, reverse the application of several names,
and in at least one case (Jaboero and Jabwelo), adopt varients of the
some name for two different islets in the same atoll (Bikar). In
order to reduce confusion resulting from place names differing in the
two reports, a complete list of the islets of all the ~tolls for which
maps are provided in this peper is given in Appendix ITI, with
parallel columns giving names adopted by the Board on Geographic Names
and used in this paper, those used in the 1956 maps (Fosberg and
others, 1956), and those from z monuscript list supplied by E. H.
Bryan, Jr., of the B. P. Bishop Museum. These latter were compiled by
Bryan in consultation with Dr. Leonard Mason of the University of
Hawaii, and a number of Marshallesc informants from most of the atolls
concerned. It is hoped that this will meke the present paper intelli-
gible to those who have used the Army publicetion (Fosberg and others,
1956), as well as to Marshallese and others familiar with the names
actually used in the islands.

The maps (figures 5-15) are adapted by change of islet names
from originals prepared by F. Stearns MacNeil for the 1956 report
{Fosberg and others 1956, figs. 2-13) which were there wrongly listed
as bhased on Hydrographic Office charts. These maps vere based on air
photographs.

Grateful acknowledgnent must be made to Prof. E. L. Stone, Jr.,
Dr. K. 0. Emery, and Mr. Z. S. Altschuler vho reviewed and made sug-
gestions on an early draft of the manuscript, and mony of whose sug-
gestions have now been incorporated. The editorial criticism of the
present manuscript by Miss Natelie Jones and by Mrs. vWenonah E. Ber-
guist is greatly appreciated. The figures were redrafted by Miss
Barbara Geyer. Great credit is due our several typists who have pro-
duced the several draifts of the manuscript, especially Mrs. Josephine Q.
Barton, who did much of the final version, and to Mrs. Ann Chamberlain,
who cut the stencils. J. Anthony Denson gave valuable advice and much
help with improved prints of meny of the photographs as did Norman
Prime. Finally, we wish to thank Dr. Marie-Héléne Sachet, whose assis~-
tance with the manuscript at all stages has been indispensable.
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ABSTRACT

An investigation was made of surface geology, islet formation,
sedimentation, and physical and chemical nature of loose sedimeate on
atolls of the northern Marshall Islands.

Islets in their present form are of three types, based on origin
and position: (1) formed by partial removal by planation of precxistirg
reef platform, leaving remnents around which sediments accumulate:

(2) formed by accumulation and stabilization of detrital deposits o=
reef flats, and (3) formed by sccumulation of detrital deposits lucally
within the lagoon, especially just inside channel mouths. Physioyrapnic
features of islets--ecrosion ramps, sand lobes, sand horne, sand aprons,.
tidal and storm beeches, rock shores, beachrock, marginal ridges, Junes,
interior flats and depressions, parallel ridges, and blowdown mounds ar:
described, and their principal orgeanic components listed.

Mechanical analyses were made of semples of beach sands ond solls.
Size classes were correlated to some extent with faunal composition of
the materials, small Foraminifera accounting for = large part of the
2-1 mm and 1-0.5 nm sizes. Larger fractions were made up of whole or
broken corals, large fragments of algae, and large shells. Fractions
smeller then 0.25 mm are mostly of broken unidentifiable fragments.

The frequency of the modes (or maximum grades) in the size dis-
tribution in the beach sands is as follows: 2 to 1L mm (-10 + 18 mesh)
21 percent, 1-0.5 mm (-18 + 35 mesh), U8 percent, end 0.5 ~0.25 wm
(-35 + 60 mesh), 17 percent. In none of the sands is there a vrimary
node in the + 0.125 mm, + 0.062 min, or less than 0.062 mm frectione.

Determination of mineral composition of the sediments by i-rey
diffraction shows a correlation of calcite:aragonite ratios with
original biological composition rather than with degree of westherin..
Considerable magnesium is present in the caleite, cspecially in sodi-~
ments largely made up of algae, and in the middle size grades of the
sediments.

Median grain diemeter, sorting coefficient, and skewmess werec
calculated rfor the samples. Size distributions, illustrated by histo-
grans, show that the beaches are, in general, similar from islet to
islet, even though the individual samples from a beach mey vary.

Beach materials do not become much smeller thun 0.25 mm grain
diameter, or else the smeller meterial ies lost by winnowing by vaves
end currents. Skewness in most sands is positive, indicating admix-
ture of coarse materisl and lack oi fines.

The soils resemble beach materials in their mechanical analyscs.
but the texture range is enormously wider and the raenge in sorting is
also wider. The soils are irregularly stratified, commonly with veak
profile development, but with strate mostly representing stages os
events in deposition. Most soils can be assigned to three previously
described series, the Shioya, Arno Atoll, and Jemo, but certain highly
organic soils could not be definitely assigned to series. Those
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series differ chemically in the amounts of orgenic matter in the A
horizons and the presence or absence oi a phosphatic B horizon. Aj,
horizons and B horizons are found only in the Jemo series soils, usu-
ally correlated with the presence of Pisonia forest vegetation.

Chemical analyses show that vertical trends in the amounts of
certain elements in the difrerent layers are discernible: magnesium
increases dovnward; calciwn is lowest in layer 1 because of the higher
orgenic content, and this is especially obvious in the Jemo series. Of
the minor elements, iron, cobalt, nickel, molybdenum, and zinc are umuch
higher in the raw humus layer oi the Jemo series profiles, suggesting
accumulation of these elements by the Pisonia tree in its tissues.

Most of the metallic constituents, except calcium and magnesium, are
present in extremely small amounts. Serious deficiencies in most
mineral nutrients of plants, except calcium, magnesium, phosphorus, and
possibly potassium, would be expected. These might be intensified, in
some cases, by the strongly calcareous environment.

pH values are high in 2ll layers except the raw humus layer of
the Jemo soils where the pH ranges between 4 and 6.



INTRODUCTION

by F. R. Fosberg

In spite of the great amount of attention that has been paid to
the geology of coral atolls, relatively little detailed information is
available on the chemical and physical properties of the sediments
which make up atoll islets, on their weathering, their origin, their
gtratigraphy, or the conditions under vhich they were laid dowvn. The
availability of a large series of samples representing sections dowvm to
the weter table or to bedrock in the northern Marshall Islands, and of
a considerable body of chemical and mechanical analyses of these sam-
ples has made it possible to remedy this deficiency to some extent.
The study of this material has yielded a picture oi the general nature
oi' the sediments, but has also brought out certain problems which only
further regearch will solve.

Mield work

The material considered here was collected on a reconnaissance
survey of the military zeography of a number of the atolls in the
northern part of the Marshall Islends, and this paper is a by-product
of that investigation. This survey was carried out by a field party of
the U.S. Geological Survey working Tfor the Office of the Engineer,
Headqguarters, U.3. Army Forces, Far East, during 1951 and 1952. Most
of the soil samples were collected by F. R. Fosberg, some were col-
lected by Ted Arnow, hydrologist of the party, during the digging of
wells. Beach sand samples were gathered by F. Stearns MacNeil and
Charles G. Johnson, geologists. The sampling is admittedly inadequate
because of the broad nature of the assigaoment snd the fact that only
minutes, hours, or at the most, parts of e few days, were available for
work on soils of any given islet.

The circumstances of the survey (Fosberg, 1955) were such that it
wag possible to obtain a scattering of material from over a wide area
but impossgible to study eny single etoll or islet in detail. Further-
more, lack of any previous soils work in this area made the sampling,
especially in the earlier atolls visited, a random procedure rather
then one designed to bring out any specilic type of information or to
investigate particular problems.

Laboratory work

After the samples collected had been brought in, described, and
the soils assigned to previocusly known or to new atoll soil series, it
was Telt that for the purposes of the military geography report (Fos-
berg and others, 1956), more should be known about the physical proper-
ties of the sands and soils and that some chemical studies should be
made in order to understand the severe agricultursl limitations of
these soils. A selection of samples wag made that it was hoped would
prove representative of the goils in the area studied. It was unfor-
tunate, but unavoidable, that this selection had to be made before the
problens regerding these soils were clearly formulated. Because of
the unusual interest of the phosphatic materials a more complete
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representation of them was analyzed than of the other materials. The
lower layers of all the types of soil profiles are poorly represented in
the analyses. Organic carbon in less humic soils was not determined.
Future work, on more critically selected complete profiles down to
ground water in all the series, is much to be desired.

Previous studies

Studies have been made on various atolls as part of the Coral
Atoll Progrem of the Pacific Science Board (Stone, 195la, 1953, Cloud,
1952; Hatheway, 1953, 1957; Fosberg and Sachet, 1953; Newell, 195U4b,
1956; Sachet, 1955; McKee, 1956, 1958; Fosberg, 1957b; Catala, 1957,
McKee and others, 1959; Tracey and others, 1961), on Bikini and nearby
atolls by the Crossroads Operation Survey and subsequent surveys (Emery,
Tracey, and Ladd, 1954), and on Ulithi Atoll by Schlanger and Brookhart
(1955). These, as well as the investigations reported here (also
reported in Fosberg, 1954, 19572, Fosberg and others, 1956), make it
possible to know what to expect in the way of soil and sediment types,
as well as areal and stratigraphic arrangements of sediments, and to
define at least some of the problems which should be investigated. Cer-
tain earlier literature, especlially the publications resulting from the
expeditions that made the boring on Funafuti in 1896 (Sollas and others,
190k4), those of Wentworth and Ladd (1931) on the Central Pacific Atolls,
and those of Kuenen on East Indian Atolls (1933, 1950) also contribute
important information. The paper by Ladd, Tracey, Wells, and Emery
(1950) is of special significance in understanding the origin of the
seCiments with which ve are dealing.*/

Land areas

The Marshall Islands comprise 31 atolls and single low islands
scattered over an area nearly 700 miles from north to south and about
the same distence from west to east, between 4°34' N. and 14°43' N. and
160°48' E. and 172°10' E. They form two very irregular, roughly
parallel chains that trend northwest-southeast. The western chain is
called Ralik, the eastern Radak. This arrangement, however, is diffi-
cult to discern on a map. Before reading further, the reader is urged
to consult the section "Synonomy of place names' at the end of the
report.

o Since this paper reached its final form, a number of pertinent and
important papers have appeared, such as Blumenstock, ed., 1961, Guilcher
et al., 1965, Hoskin, 1963, McKee, 1959, Newell, 1960, Russell, 1962,
1963 and Stoddart, 1960, 1962a, 1962b, 1963, 1964, 1965. None of them,
however, appear to necessitate serious modification of interpretations
presented here, though not all these authors would agree completely with
our interpretations.
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The present paper is concerned only with these 21 atolls or
islands lying north of 8°30' (fig. 1), hereafter veferred to as the
northern Marshall Islands. These are, from north to south and west to
east, Taongi (Pokak), Bikar, Eniwetok, Bikini, Ailinginae, Rongelap,
Rongerik, Taka, Utirik, Ujelang, Wotho, Likiep, Jemo, Ailuk, Mejit,
Ujae, Lae, Kwajalein, Wotje, Erikub, and Maloelep, 21 in 2ll. Maloelap
could equally well be included in the Southern Marshalls. Observations
were actually made and material collected Tor study on Taongi (Pokak),
Bikar, Taka, Utirik, Ujelang, Wotho, Likiep, Jemo, Ailuk, Ujae, Lae,
and Kwvajalein. In addition, use has been made of certain observations,
analyses, and collections made by the geologists of the Crossroads Sur-
vey in Eniwetok, Bikini, and nearby atolls in 1946.

The land on these atolls is nowhere much above sea-level,
averaging between 4 and 10 feet sbove mean low tide. The highest
elevations are beach ridges, piled up by storms, and sand dunes. The
highest recorded elevation in the group is a sand hill or beach ridge
on Likiep Atoll, variously said to be 25 to 37 feet high. These higher
features are all composed of loose sediments. The consolidated plat-
forms on which much of this loose material rests are mostly between
mean low tide level and about & feet above, with a very few humps
extending up a few feet wore {only seen on Bwokwla (Bokla or South)
Islet, Taongi (Pokak) Atoll). The relationship of the individual
igslets of an aloll to the underlying reef is shown diagrammatically in
figure 2.

Climate

The climate of the northern Marshall Islands is tropical, with
very little variation in temperature. The extreme variation is from
about 68° F to 97° F, but most of the time the range is from 76° F to
87° F, with a mean of about 82° F. The sunlight is intense and the
sky usually characterized by considerable scattered cumulus cloudiness.
Really cloudy days are rare but do occur. The islands all lie in the
trade-wind belt, with prevailing winds from the east to northeast,
strongest in the winter and spring months. Calms, weak, variable winds
or southeasterly winds may occur from June to September. Storms are
likely to come from the south. Typhoons are rare but sometimes
extremely severe and destructive. These, also, usually travel in a
general northerly direction and rotate counterclockwise. Both typhoons
and trade winds are of great importance in determining the topography
of the islets and the nature and distribution of sediments.

Avallable moisture is of primary importance in the weathering and
leaching of sediments, soil formation, and in determining the nature and
luxuriance of vegetation. The islands are relatively dry, compared to
the southern Marshall Islands and the Caroline Atolls. The rainfall
decreases rapidly to the northward, with a total range from a recorded
extreme of 149 inches to 25 inches or less, possibly almost no rain in
very dry years in the northernmost of the atolls. The annual averages
range from an estimated 4O inches in the north to a recorded 106 inches
in the south. The rainfall is strcngly seasonal, December to April
being the driest months, June to November the wettest. The rainfall in
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any one atoll varies tremendously from year to year, even in corres-
ponding months. The extreme annual figures recorded for Ujelang are a
low of 52 and a high of 116 inches. Comparable figures for Kwajalein
are 82 and 149 inches; for Eniwetok, 24 and 73 inches. It will be noted
thet none of these figures indicate a dry climate as understood in con-
tinental regions, but with the special soil conditions on atolls, the
lower figures are correlated with an aspect of relative aridity in the
landscape. The relative humidity is ordinarily fairly high, as might be
expected from the proximity of the ocean, the lowest monthly mean
recorded being 66 percent for noon readings on Eniwetok. In the more
northerly atolls it doubtless reaches a lower {igure then this occasion-
ally. '

Tides

Tidal date for coral atolls are generally unsatisfactory, as there
are few stations and the lagoons with openings of different sizes intro-
duce complications. In the U.S. Coast and Geodetic Survey tide tables
for 1966 information for the Marshall Islands is calculated from predic-
tions made for Kwajalein. There is no indication as to whether the
observational data on vhich these predictions are based were collected
in the lagoon or on the windward or leewvard seaward coasts. Because of
the peculiar geograephic relations introduced by the difference in size
and in number of openings into a lagoon, the tidal behavior, and
especially the lag in tidal events inside compared with outside of the
lagoon, will be highly wvariable from atoll to atoll. An extreme exsmple
may be cited, that of Teongi (Pokak), where the opening is so smell that
the tide level inside the lagoon never ialls significantly below the
level of the reef, though outside the spring tide renge is .7 feet.
Keeping in mind these reservations, data from the tables for 1966 show
that the mean tide ranges, presumably outside the lagoons, in the
northern Marshall Islands are from 2.7 to 3.7 feet, the spring ranges,
3.9 to 5.1 feet, the moximum difference in one day, 6.6 feet; the mini-
munm difference between high and low, 0.0 foot, the minimum difference in
one day, 0.0 foot. These fipures are, of course, also subject to varia-
tion due to weather conditions both local and general, or even elsewhere
in the Pacific. It is probable that careful studies would show that
signitficant averege figures for any given locality could be derived from
the vertical distribution of certain sessile organisms in the intertidal
zone, rellecting their cepacity to endure exposure to air. Such studies
are not, to the best of my knowledge, available yet in sufficient detail
to be used.
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PART I: GEOLOGY
by F. R. Fosberg

The geology of these atolls has been described in several pub-
lications (Tracey, Ladd and Hoffmeister, 1948; Nugent, 1946; Emery,
Tracey and Ladd, 1954; Fosberg and others, 1956, p. 7&-132; and
Fosberg, 1957 a). A summary of the geology follows.

Physiographically an atoll is the upper calcareous part of
a broadly conical or irregularly pyramidal mountain mass rising
from the floor to the surface of the ocean. Only the top of this is
usually considered, geographically, and of this only the part which
breaks the surface of the sea need be discussed here. Thus restricted,
the northern Marshsll Islands are a series of narrow platforms or
reefs, usually irregularly ring-shaped or polygonal, commonly
enclosing a shallow body of ocean water called a lagoon (pl. 14). Of
these platforms by far the largest areas lie at or just above or
below tide level and are called the reef flat. The outer edge of
this either falls off abruptly, as on leeward sides, or is elevated
in the form of a low ridge, as on windward sides. The inner margins,
where not occupiled by islets, shelve off into the lagoon. The surface
of the reef flat may be relatively smooth or locally quite rough or
strewn with great boulders. BScattered along these platforms are
areas that rise above high-tide level, called islets (perhaps a better
term is the Polynesian word motu, but even this is not completely devoild
of ambiguity) (pls. 1, 2). These islets, though forming only an in-
finitesimal part of the ares and bulk of atolls, are in many respects
the most interesting one, and that with which this report is principally
concerned.

The entire structure of an atoll, except the deeply submerged
- part of the foundation, is made up of organic limestone sediments,
either loose or variously consolidated. Deep borings on Bikini and
Iniwetok have given much information on the nature of the sediments
making up the part below sea level (Emery, Tracey, and Ladd, 195k;
Ladd and others, 1953; Ladd and Schlanger, 1960.) These are mostly
unconsolidated material, and extend downward to more than 4,000 feet
below sea level. ©Some layers are consolidated or partly so. Most
of the material resembles that deposited in the lagoon today. A few
traces of carbonaceous material, with land plant pollen and fossil
land and fresh-water shells, suggest that some of these sediments were
once terrestrial and supported vegetation.

Origin of the reefs

Before considering the morphology and structure of the islets,
themselves, it will be necessary to give brief attention to the
origin and nature of the reefs and the materials of which they are
composed. This is, in certain aspects, a highly controversial sub=-
Jeet, and for more adequate treatment of it reference may be made to
the publications cited above. The limestone is made up of the skele-
tons of lime-secreting animals and plants, mainly corals. Foraminifera,
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and those algae which possess hard skeletons (see p. 56-Th).

These animals and plants add to the rocky structure on vhich they
grow in two different ways. Some of them are firmly attached and
cemented onto the rock, adding by the growth of thelr skeletons

to the material of the rock itself, either in the form of crusts

or as outgrowths. Storm waves may break these off. Others are
either free or loosely attached, becoming free when they die. The
loose material so formed, as well as that resulting from breakage,
accumulates on the reefs, on the islets, in the lagoons, and on the
submarine outer slopes of the atolls. That on the lslets comprises
the sediments that are the subject of this report.

The firmly attached organisms are of many different shapes
and grow together very abundantly in the warm seas of the tropics.
Attaching themselves to each other, as well as to the rocks, their
skeletons form a rigid latticework of limestone, which may be filled
in either by growth or by deposit of loose sediments in the inter-
stices. Most of the corals (pl. 3) are branched; often they are
miniature treelike structures that are rather fragile and easily
shattered or torn loose by storm waves (pl. 3A, B). Some of those
exposed to direct wave action have more compact growth forms and are
more resistant. By themselves, however, most of the corals would
not be able to make the stable structure known as coral reefs. The
function of cementing and binding these corals together into a mas-
sive rock is performed by certain of the calcareous algese (plants)
(pls. %, 5) and by certain colonial hydrozoans (Millepora) (animals)
related to corals, which grow with no fixed or definite Forms but
which make a shapeless hard crust over the surfaces of the other
animals, smothering them, filling in the holes and spaces between
them, thus presenting a smoother and more resistant surface to the
force of the waves. These binding organisms, especially the plants,
thrive best in the roughest, most thoroughly aserated water. For this
reason the firmest structures of the atolls are on the windward sides
where the swells break comtinuously. Growth of reef-building organ-
isms, generally, is faster on the outer edges of the reefs where
waves break, thus building up these portions more repidly than the
more protected parts (pl. 54, C). Usually the most perfect and most
intricately branched coral skeletons may be found in quiet places,
such as lagoons (pl. 3), or in water below the active turbulence zone
on the outer slopes, where they are not smashed by heavy waves. How-
ever, the greatest amount of limy material is added on the outer edges
of the reefs. This area is also the source of much of the fragmentary
material which forms the sediments that £ill large parts of the reef
structure. It has been shovm by the studies at Bikini (Ladd and
others, 1950) that loose material detached from the reefs, especially
on the windward sides, is carried by currents, waves and winds and
deposited in various other parts of the atoll structure to form the
sediments of which the atoll is largely composed. Any hole in the
latticework, any protected pool or cavity, as well as the lagoon
itself, tends to be filled in by this loose material. This debris
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may become cemented either by growth of such binding organisms

as those mentioned above or by deposition of lime from the sea
water, thus adding to the strength of the reef structure, or it
may remain indefinitely as unconsolidated sediments protected from
wave action by the surrounding rigid framework of the reefs.

Tt might well be supposed. that these masses of limestone had
grown up directly from their volcanic foundations until they reached
the surface of the ocean. This cannot be true, however, because
none of the important reef-building organisms can thrive in water too
deep to permit a significant amount of light to reach them. The
actual limits of growth of these organisms vary greatly, but there
is certainly little material added below a depth of 300 feet, and
the important addition is ebove 150 feet. 'These facts have been known
for s leong time and recent investigation has tended to confirm and
amplify previous knowledge of these limitations. Therefore, it is
clear that other principles must be involved in the presence of
enormous masses of limestone below the limits of effective penetra-
tion of light into sea water. These principles have been the center
of violent scientific controversy for more than a hundred years, and
only the investigations of the last 20 years have brought matters to
a point where a brief, reasonably convincing generalization can be
made of the mode of origin of coral atolls.

There now seems little doubt that all reef growth took place
in shallow water and that the volcanic foundations of the atolls
have subsided with relation to sea level, the relative change in ele-~
vation being slow enough to allow upward growth to keep pace with
the subsidence. In this way the zone of active growth would have
remained within the levels where light was sufficient. Whether this
relative change was due to actual subsidence of the volcanic islands
or to worldwide changes in sea level is not certain, but it is probable
that both took place. During the glacilal perlods, especially, there
are known to have been considerable shifts of sea level and unques-
tionably these have had a profound effect on the present form of coral
islands. Tt is believed, for example, that within the last few
thousand years there has been a fall of approximately 6 feet (or 11
feet according to some authorities, especially Fairbridge , 1950,
1952) in sea level, leaving extensive areas of coral limestone reef
rock sbove water. Remnants of these form much of the consolidated
part of most of the islets on present-day atolls, the rest of it hav-
ing eroded away since exposure took place.

The geology of the islets, themselves, may be treated in great-
er detail as these structures are largely made up of the sediments
to be discussed in the present paper.

General features of islets

All the northern Marghall Atolls have some dry land in the form
small islets (pls. 1, 2) scattered along the reef flats (pls. 6, 8).
These range from tiny deposits of sand and gravel (pl.10) almost awash
at high tide to flat expanses as much as several miles long and almost
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half a mile wide. Not counted as islets are the rubble tracts (pl. 9)
and storm-cast boulders lying on the reef flat (pl. 5D), though some of
them may be exposed even at high water. The islets are essentially
portions of the reef which lie above the general level of the reef
flat. The materials are the same and there is no real difference
except that they are exposed above sea level.

The surface of most islets lies between U and 10 feet above mean
tide level but practically no accurate measurements of heights are
available, nor have all the islets in the northern Marshall Islands
been visited. Areas denuded by storms may lie close to high-tide level
or even lower. Some islets have central depressions with bottoms at or
slightly above high-tide level. Dunes, beach ridges, and boulder
ridges may rise 6 to 12 feet or rarely even as much as 25 feet or more
above mean tide level. A boulder-capped ridge on the south coast of
Lae Islet has an altitude of about 18 feet. The highest altitude in
the Marshall Islands is believed to be a beach or dune ridge on the
lagoon side of Labinwor Islet, Likiep, on the leeward side of the atoll.
Some parts of this ridge are more than 25 feet above meen sea level.

The islets may be regarded as ephemeral from a geological stand-
point. This is shown by such evidences as ancient shorelines, indicated
by beachrock, which do not coincide with the outlines of present islets,
striking differences between outlines observed at present from those on
maps of early surveys, and the relatively youthful character of the
vegetation on some islets. That they are reasonably stable from a human
standpoint however, is shown by the fact that a distinctive human
population has occupied them for many generations; many islets show a
well-developed vegetation, as well as populations of land animals, some
of the letter unknowmn anywhere else.

Types of islets

Examination of a large number of islets shows that they are of
three principal kinds: (a) those having & remnant of emerged reef
rock, a mass of reef rock not yet eroded away, as a core; (b) those
that are simply an accumulation of limestone detritus on the present
reef flat; and (c) islets within lagoons. Type (a) islets are the
result of a general lowering of sea level in relation to the reefs.
This lovering of sea level is considered to have started several thou-
sand years ago. Type (b) islets can be observed at present in all
stages of formation in the northern Mershall Islands (pls. 9, 10). The
three types and variants of them will be discussed separately, as they
differ in some important respects. Types (a) and (b) are illustrated
in figures 3 and 4. - -

Islets with a remnant of emerged reef rock as a core

By far the greater number of islets on atolls in the northern
Marshall Islands are essentially platforms of reef breceia or conglo-
merate stending above the present reef-ilat surface, with associated
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accumulations of sand, gravel, and larger debris. Most windward islets
are of this type, as well as those on south reefs. This type of islet
(fig. 3) may be readily identified by the presence of a rock platform
(pls. 11-13) above high-tide level, protruding from beneath the sandy or
aravelly vegetation-covered part of the seaward side of the islet. The
platform may extend beneath the loose material of the islet for as much
as a third or even two-thirds the distance to the lagoon beach. More
rarely it may extend all the way and protrude from under the sand at the
top of the lagoon beach (pls. 11B, 12C). On the seawsrd sides of wind~
ward islets the platform may be of considerable extent (pl. 24). It
presents a rough pitted surface, blackened by the growth of microscopic
algae. The rock of which it is composed is generally a highly consoli-
dated reef conglomerate or breccia of unsorted, often very angular frag-
ments, case-hardened by exposure to air. The highest rock surface
observed, excepting the remnants of Bwokwla (Bokla) islet, Taongi (Pokak),
was about 5 1/2 feet above mean low tide. Others were from 1 to 2 or
more feet lower, having probably been eroded by slow solution by rain
water. The pitting of these surfaces shows that this solution process
is constantly taking place (pls. 1L4-16).

The suggestion has been made that some islets apparently of this
type may really belong to the second type, the pletform being simulated
by subaerially consolidated sediments. This possibility is hard to
eliminate unless reef material in growth position is found. It is by no
means certain that such consolidation does actually take place under
atoll conditions, but it is possible. Petrographic studies of the type
of cementation and recrystallization involved might yield dependable
criteria for distinguishing subaerial from intertidal and submarine con=-
solidation, but we know of no such studies on atolls as yet. At present,
degree of consolidation, indications of planation surfaces, and fossils
of intertidal orgenisms in their characteristic growth habitats and
positions are the best availlable criteria for concluding that the appar-
ent platforms are of formerly submerged rock.

The edge of this pletform mey be more or less abrupt and ledgelike

or it may slope. Commonly a remplike slope of irregulerly eroded rock,

a fev to many yards wide, extends from the edge or base of the ledge dowm
to the reef flat just above low-tide level. There mey be a transitional
area of irregular or roughened rock slightly higher than the reef flat.
The ramplike slope has been termed the erosion ramp (pls. 11A, 1ka, B,

D, 15, 16, 17B, D), as it is here that the active erosion of this ele-
vated reef rock is taking place. Comparable erosion ramps may also be
cut in beach rock (pl. 14A).

Several processes were observed which contribute to this erosion.
Solution, by rain water and possibly by sea water also, is a factor, as
is shown by the prevalence of the pitted surfaces characteristic of
limestone erosion. The outlines of the animal skeletons of which the
rock is composed are often left in relief. Solution basins (pls. 15,
17D, 20C) from about an inch to as much as a foot deep, with straight or
slightly undercut sides, are commonly seen. An abundance of small mol-
lusks (such as Nerita, Littorina) and other snimels that feed on algae
in the surface of the rock undoubtedly contribute to abrasion of the
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surface in this zone. Abrasion by rolling back and forth, or swirling
in pot-holes, of gravel, pebbles, and even larger rocks by waves leaves
noticeable effects (pl. 19C, D). A conspicuous process is the spalling
off of slabs of rock (pl. 16) from a foot to as much as 6 feet across,
presumably due to sudden chilling of sun-heated rock by the rise of
water with the tide. Spall planes cut through coral fragments and
interstitial material alike, leaving smooth surfaces (pl. 16B). The
constantly moving water of even small lagoon waves tends to cut away
weaker beds and areas in the limestone, often undermining stronger
rock, which then may collapse (pl. l4A, B), contributing large angular
fragments to the loose rubble mass lying on the reef flat or erosion
ramp. Just how important this process is and just how much of it
oceurs in normal weather and how much in storms are hard to estimate,
but a combination of storm and normal erosion of thls sort unquestion-
ably accounts for the removal of a sizeable volume of material. Much
of this material may be identified in the rubble deposits around the
peripheries of the islets. What is probably the most important process
of all is the weakening and crumbling of rock in the intertidel zone
that result from the activities oi boring orgonisms, especially one or
more species of sipunculid vorms. In many localities a narrow band of
rock on the erosion ramp was seen to be riddled with the burrowg of
these worms, usually with the animals still inside. How the sipunculids
accomplish the boring is not known, as they do not have boring mouth-
parts. They may, of course, dissolve away the limestone by acid body
secretions. Other worms, mollusks, echinoids, sponges, and blue-green
algae were also observed to contribute to the disintegration and
erosion of limestone by boring in this intertidal belt.

The total effect of all these processes is the removal of an
enormous emount of rock, resulting in planation down to low-tide level,
and the production of large quantities of sediments. The extent of
present-day reef flats (pls. 1, 2, 6, 8, 9), frequently half a mile to
a mile vide, is a measure oi the planation that is thought to have
taken place since the fall of sea level which happened several thougand
years ago.

Iocally, the erosion ramp may be covered by beaches (pls. 17, 18)
of sand, gravel, or cobbles, or the beaches may be restricted to an
area above the edge of the protruding rock platform.. The ramp itself
ig commonly found on the seaward side of the islets and frequently
extends along the channels between islets, but has only racely been
observed on the lagoon side by us. Deposits of any sort of material
such as sand, gravel, boulders, unsorted rubble, or even large slabs
(pl. 20D) may be piled on and around the hard rock core of the islet.
They may even cover it completely, in which case the islet may be mis-
taken for type (b). The lagoon side of type (a) islets is usually
built of sand or small gravel (pls. 17A, 18). Oiten there are evi-
dences of successive deposits of sand in the form of beaches or ridges
which have been added lagoonward.

There is a tendency for islets of this type on windward reefs to
be strongly convex on the seaward side and somewhat concave on the
lagoon side, with prominent angles on the lagoon corners. The islets
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may be widest in either direction but those elongated perpendicular to
the trend of the reef have a tendency to broaden along the lagoon beach
so that they are roughly T-shaped, with a narrow rock platform extending
seavard from a bar of sand along the lagoon shore. Sand horns (fig. 3,
pl. 2B) and sand lobes, spits extending from the inner corners, are cor-
mon on islets on windward reefs. Sand aprons are broad deposits of
material in shallow water just inside the reef, especially windward
reefs.

Islets formed of accumulations of loose material on reef flats

Accumulation of sand, grevel, or unsorted material on the surface
of the reef may result from any one of several causes or combinations of
them: (1) Storms may deposit tracts of large boulders (pl. 9) on the
reef, which are too heavy to be removed by ordinary wave action; later,
smaller material mey be piled around and among these; (2) The reef may
be so wide that the force of normal waves is insufficient to carry loose
material completely across and into the lagoon, and it may pile up on
the reef; (3) The same thing may result from lagoon waves neutralizing
sea waves, causing them to drop any loose materials they are carrying.
Bars (pl. 10) formed in any of the above ways nay become large enough to
resist moderate storm waves which may then pile the material up above the
high-tide level, or wind may also pile it up. These bars may become
partially consolideted into beachrock (pls. 19, 20), which mey survive
even severe gtorms and serve to catch more loose material. Burfaces
above high-tide level soon become colonized by plants (pl. 27B) the
resulting vegetation further stabilizing the islets.

Regardless of how the loose material has become stabilized, these
islets are essentially only piles of detritus on the flat surface of the
reef. The core may or may not be of large boulders or consolidated
material. Some islets which appear to be of this type may actually be
of type (2)} described above, but with the entire platform or remnants
of it completely buried by loose material (fig. 4B).

Detrital islets may form on any part of the periphery of an atoll
but are usually found on wider parts of the reef. Practically all islets
on western reefs, many of those on southern reefs, and some on windward
reefs may be so formed. They are of all sizes and shapes. Those on
widened corners of atolls tend to be triangular or prolonged in the dir-
ection of the angle of the reel. Those on straight or gently curving
reefs tend to be elongate in the direction of the length of the reef.
Small bars tend to be crescent shaped, with the horns of the crescent
dovnwind, or, rarely, concave towsrd the wind, but with the tips of the
horns recurved in a downwind direction. Such small bars are frequently
high around the periphery and depressed in the middle. Finer material
-is often removed from the surface by wind or waves, leaving a layer of
loose gravel. .

Islets of this sort, at least while small, are more vulnerable to
the force of typhoons and lesser storms than those with a hard rock core.
Storm waves, if severe enough, can move enormous quantities of loose
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material, even chunks. They may, on the other hand, add material either
from the outer margin of the reef or from nearby islets, or occasion-
ally, perhaps, from sand aprons in the lagoon.

Islets within the lagoon

In addition to the two mein types a few islets exist within the
lagoons, especially just inside the passes. Most of these (perhaps all)
are composed entirely of sand accumulated on patch reef’s at or just
below the level of the lagoon water. The sand is piled up in low hil-
locks or dunes and may be well vegetated. Such islets occur in the
lagoons of Likiep, Kwajalein, Wotje, and Eniwetok, and perhaps one on
Rongelap would be in this class. Eniwetak islet in Kwajalein Lagoon,
wag the only one of this sort examined closely. and that during a very
short visit only. It consists of a relatively small flat area of sand
6 or 8 feet sbove lagoon level, with steep sides, and with one corner
at a lower level forming a terrace. It is bordered, at least on one
side, by a fringing reef.

The origin of these lagoon islets is obscure. They may be simply
of sand deposited on the reefs by wind, but this does not explain their
being usually located just inside passes. It has been suggested (K. O.
Emery, oral communication) that the sand may have been deposited by
currents prior to the fall of sea level; if so, these islets are a
special case of type (a).

Shores

Shores (the strips of land between mean low tide and the high-
water mark of ordinary storm waves), may be divided into those pre-
dominantly of loose or unconsolidated materials, called beaches (pls.
17, 18), and those of hard or consolidated materisls or rock. These
are not sharply separated, as loose materials may be scattered or spread
in various manners over rock shores, rock may be variously exposed by
erosion of beaches, and beaches may even become consolidated to form
beachrock. Generally, the two types and obvious combinations of then
may be easily distinguished.

Beaches

Beaches are, within certain limits, continuously and locally
variable and may be classified only arbitrarily. Furthermore, the same
beach may change completely even during the course of a single storm.
Therefore, it is possible to speak only in generalities and in terms of
what may be reasonably expected in certain situations. As to topo-
graphic position, beaches are readily divided into tidal and storm
beaches (pls. 11B, 17A), the tidal beaches lying between low-tide level
and extreme high-tide mark, storm beaches lying obove high tide. In
texture both of these may be sand, pebble, cobble, or boulder beaches,
any combination of these, or intermediate between them. Beaches
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commonly (but not universally) slope from the land toward the water,
the nature and steepness of the slope being determined by the nature or
the detrital material, the substratum on which it is lying, and a com-
bination of all the forces of waves, currents, and winds which have
acted upon it. The analysis of these forces is extremely difficult,
formulation of it is not yet in a very advanced state and our data are
not adequate for such detailed consideration.

Beaches exposed to the direct force of waves generated by the
trade winds, or of frequent southerly storm waves and swells are gener-
ally much steeper than those on more sheltered coasts. Lagoon beaches
generally are less steep than seaward beaches, except on leeward sides
of large lagoons where strong waves mey be generated. The slope is
usually in the form of one or two shallow concave curves with a break ot
high-tide level. High sand or gravel beaches frequently have a sand
terrace or berm (pl. 17A) at high-tide level between the storm and tidal
parts of the beach.

Sand beaches (pl. 18A) may be found in any situation on either
windward or leeward islets. However, they tend to be both more cormmon
and more extensive on lagoon shores than on seaward shores. On the
lagoon shores of windward islets the sand is usually finer than on those
of leeward islets, especially southern ones, where the beaches are fre-
quently of gravel rather than sand. The sand particles of beaches on
windward islets are generally much more angular than those of leeward
ones, where they are worn and rounded. On islets with an exposed plat-
form of rock there is frequently a storm beach above the rock platform.
Where no rock platform is exposed, the beach commonly extends from the
vegetation down to the reef flat, or erosion ramp, or on lagoon bheaches
dovm to the sand apron with which it merges. If there is a beachrock
formation along the shore, there is more often than not a storm beach
behind it, either continuous with the top of the beachrock or separated
from it by a low escarpment or cuesta.

Pebble beaches (pls. 1TA, 18B) are common slong windward shores of
windword islets. They also occur along the channel sides of 2ll islets
except those on the western reefs that consist mostly of sand; they are
especially common on the lagoon shores of leeward islets on the south
reefs. In texture pebble beaches vary from fine to coarse, where they
merge with cobble or boulder beaches, and the particles may be well
sorted or more rarely mixed in any proportion of sizes.

Sand and gravel beaches are commonly white to pinkish in color,
particularly where the meterial is frequently disturbed and worked over
by wind and waves. Where beaches are undisturbed for long periods of
time, the color of storm beaches becomes progressively more grayish or
even blackish, from the growbth of microscopic algae on the upper sur-
faces of the particles. '

Cobble or boulder beaches (pls. 13A, 17C, D) are commonly associ-
ated with storm deposits of coarse material (boulder or cobble ridges),
hence are more frequently found on southern seaward shores; they may,
however, be found in any position, though rarely on western leeward
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islets. The size of the fragments of rock varies but moy be a foot or
more in diameter. Cobble size, from 3 to 10 inches, is more common.
At times a combination of a storm beach of boulders or cobbles with a
tidal beach of sand or pebbles, or the reverse, mey be encountered;
more frequently both tidal and storm beaches are of material of similar
texture. Generally, the smaller sizes tend to be less angular than
large boulders, presumably because small pieces are more Irequently
rolled around. This, hovever, is by no means alvays so. DBeaches of
such coarse material occur rather rarely on lagoon shores except
adjacent to deep passes on south reefs. Even on Taongi (Pokak) where
there is a short beach ridge of cobbles along the lagoon shore of
Sibylla islet, the beach below it is of sand.

Rock shores

Rock shores are of two types, those of slanting beds of bheach-
rock (pls. 194, B, 20A, B) and those of reef rock (pls. 11A, 12) in
which the bedding is obscure or horizontal.

Beachrock shores (pls. 19A, B, 20A, B) may slope at the angle of
the bedding planes, ranging from 5° to more than 30°, or mey be trun-.
cated by erosion to a much gentler slope than the dip of the beds. Fre-
quently, where there is a wide series of beds, these may be represented
by & series of sharp parallel ridges at or Just above high-tide level.
Where beachrock is between tides it may be smooth from abrasion by wave-
rolled gravel, pitted with large potholes (pl. 20C) and solution basins,
or it may be cracked into large slabs or blocks (pls. 14C, 20D). These,
as on the lagoon shore of Yeldo (Enejelto) islet on the east side of
Wotho Atoll, may be thrown up into an irregular windrow on the storm
beach sbove (pl. 20D). Near and especially above high-tide level the
surface may be extremely rough and pitted (pl. 1LA, B), almost honey-
combed, from weathering by rainwvater. Here, also, the surface is likely
to be very dark or almost black from algal growth. To the casual
observer these Jjagged blackened surfaces may suggest volcanic rock,
which is not exposed on atolls.

Reefrock shores (pls. 11A, 12) are of two principal types, those
where a platform of elevated reef protrudes from beneath the vegetation
well above high-tide level, ending either in a ledge or an erosion
ramp; and those where the rock has been eroded down to high-tide level
or below. The latter type is commonly rather rough and may end in a
low cliff if on the lagoon side, or merge into an erosion ramp on other
sides of an islet. Both these types may commonly be partly covered by
beach deposits. On Bwokwla islet, Taongi (Pokak) Atoll, the lagoon
shore is a platform about 1 foot above high-tide level and is conspicu-
ously undercut. An approach toward this condition may be seen on other
lagoon shores of south reefs. Where a similar emerged platform pro-
trudes onto a reef flat there alvwcoys seems to be some development of an
erosion ramp (pl$. 11A, 15, 16). This may be broad, as much as 100 feet
vide, and gently sloping, or as narrow as 3 to 4 feet and steep. Steep
clifflike shores may also be found lining inter-islet channels where
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the islets are very close together, but still separated by water. Such
a situation is to be seen between Anenlik (Enelik) and Jabwe islets,
Ailuk Atoll.

Ledgelike shores frequently have their erosion ramps covered or
partly covered by accumulations of coarse rubble. This is commonly in
the nature of a mantle resting on the underlying rock, it is rarely
banked up in the form of a beach. This may be seen most often near the
seaward ends of pagsages between islets. The surface of the raup is
usually somewhat rough and pitted, sometimes extremely so. In other
examples the roughness mey be moderated by abrasion from wave-rolled
gravel, as on some beachrock shores. The transition to the relatively
smooth reef flat surface may be sbrupt or graduel, in places marked by
minor corrugations perpendicular to the waves. A good example of these
corrugations is shown by Schlanger and Brookhart (1955, pl. 1). Else-
vhere the edge of the ramp is irregular with many low spurs and
reentrants.

Beachrock

A feature of atoll islets so common and conspicuous as to deserve
special mention consists of narrow elongate beds of consolidated sand,
gravel, or even larger materiel, dipping at the angle of inclination of
a beach surface (pls. 19, 20). Such beds may consist of a single layer
a few inches thick, or more commonly many such layers superimposed and
dipping at the same angle. Owing to the small lateral extent of the
single beds the actual vertical thickness or depth of such a series is
very small. The total vertical dimension of the series is not more than
the distance between mean high and low tides, except where such beds
persist from an earlier higher sea level. In such cases, they nay
extend 1 or 2, or even 4 feet above mean high tide, and if recent beds
have been added to the series, down to low-tide level. A continuous
series of these beds may reach an extreme width of 20 yards or even
more, but usually such a series is not more than 3 or 4 yards wide.

The length is quite varied but may be as much as hundreds of yards.

Beachrock apparently forms beneath the surface of beaches and when
first exposed by wind or wave action may be very weakly consolidated;
the particles are cemented by a coating of aragonite needles. Exposure
to air tends to harden the rock so that it may persist for a long
period, as is shown by ancient beds now above high-tide level that must
have been formed while sea level was higher than at present. This is
undoubtedly a manifestation of ‘the general phenomenon of ‘case-
hardening" of exposed limestone, apparently due to recrystallization of
calcite, which shows in some thin-sections of old, hardened beachrock.

Long strips of beachrock commonly occur around the peripheries of
islets, usually sloping away from the islet, toward either lagoon or
sea, in the manner of beaches of loose sand. However, locally the dip
may be Jjust the opposite of what would be expected, suggesting that the
islet may not have always been in its present position. Such displace-
ment of islets is also indicated by strips of beachrock found in the
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interior of islets and in various positions on otherwise denuded reef
flats, between islets, or awey from them altogether. On some reefs,
such as that extending westward from Utirik Islet, Utirik Atoll, there
may be a number of parallel series of beachrock beds, the seawvard ones
dipping seaveard, those along the lagoon dipping lagoonward. It is
thought that a typhoon may have removed most of the loose material from
the reef flat here, leaving beachrock marking former shorelines of the
islet. In places, especially near reef angles and the corners of
islets, extremely complicated arrangements of beachrock may be exposed,
indicating many shifts in former shorelines. A conspicuous example may
be seen on the eastern point of Likiep Islet, Likiep Atoll.

Marginal ridges

Ridges (pls. 2L, 22A, B) of unconsolidated limestone detritus are
common Jjust inside the moargins of islets, especially along the seaward
sides. The material varies in texture from fine send, less than 0.5 mm
in diameter, to cobbles and even boulders. The ridges may be inter-
rupted or may extend continuously around an islet. Small islets are
especially likely to have ridges all around them. The ridges are likely
to be highest on the seaward side and the highest ones are on south
shores.

These ridges may be normal beach ridges, piled up by waves, or by
waves with the help of wind: they may be enormous masses of cobbles and
boulders probably cast up by typhoons; or they may be dunes resulting
from wind-blown sand caught by vegetation.

Beach ridges are the most common, existing at the tops of most
beaches at least to some extent.  They are commonly broad, low, and
rounded in profile, seldom more than 2 to 4 feet above the general level
of the islet surface. Where recent and not yet vegetated they may be
narrow with sharp tops. Frequently they are double, the Tront crest
sharp and narrow, the back one rounded and broad. In texture they
generally correspond somewvhat to the beaches that are in front of them,
being sandy along most lagoon slopes except those on south reefs and
frequently so along seavard slopes of windward islets. Along the
lagoon side of islets on the south reef they tend to be of gravel, which
often changes from coarse to fine from east to west along any perticular
islet, ending in sand at the west end. Gravel ridges as well as sand
ridges may also be found along the seaward south shores of the islets
where these are not occupied by storm deposits. The gravel is commonly
rather rounded but may be anguler in some situations. Many small sand
and gravel bars are simple peripheral ridges surrounding bowl-shaped
depressions.

The most conspicuous surface features of atoll islets are the
enormous boulder ridges (pl. 224, B), often termed "boulder ramparts",
which occur on some islets of most atolls. These are beach ridges
formed of large-size material. They are somewhat randomly distributed,
being known from coasts facing in almost all directions, and from lagoon
as well as seavard sides. They are, however, far more frequent along
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the seaward coasts of islets on the south reef's, and least frequent on
lapgoon coasts and on islets on west reefs. The texture of the material
ranges up through cobble to boulder sizes (pl. 22). Different segments
and layers in the same ridge often may be of very different average size
and have abrupt boundsries between them. The highest known boulder
cidge in the northern Marshall Islands is on the south coast of Lae
Islet, Lae Atoll. It is about 18 feet high, with the upper several feet
composed ofi huge boulders, a foot or more in diameter. Generally the
size range of the material is much smaller than this and the height is
between 5 and 10 feet. The rocks are frequently very angular and sharp
and the upper layers may have relabively little finer material in the
interstices. The profile of the ridges varies from narrow, with the
seavard side rather steep, to broad, as much as 100 yards wide, with very
gradual slopes. VWhere the ridge is wide a secondary ridge may fre-
quently develop et its seavard margin, this one much sharper and with a
steep seaward slope.

There is no sharp distinction between the boulder ridges and
ordinary beach ridges. Their occurrence in a more or less random dis-
tribution, with a predominance on south reefs, and the energy require-
nents for moving and piling up such large fragments suggest that boulder
ridges may be thrown up by typhoons, whereas ordinary beach ridges are
probably formed by milder storms or ordinary high waves in rough
weather.

Both beach ridges and boulder ridges in some situations ocecur in
series, with more recent ones partly superimposed on the older, arranged
from clder to younger in either a seaward or lagoonward direction,
starting from the interior of the islet. This arrangement is thought to
result from successive heavy storms, each depositing a great mass of
material. The vegetation on such @ series may be observed to be more
mature on the inner ridges, and the rocks may he more blackened. Islets
may be enlarged by such deposition, especially on the lagoon side, but
only where shallow water, a reef flat, or a sand spron exists along the
original shore. Often the lagoonward third or more of an islet seems
to have been built in this way, usually of smaller size material than
that found in seaward beach ridges or boulder ridges.

Dunes, likewise, may be found in almost any situation, but they
are most common along lagoon shores, especially on islets on west reefs
and the west ends of those on south reefs. They are also found on the
rare islets inside the lagoons. The dunes in the northern Marshall
Islands are all small and are mostly stabilized by vegetation. It is
likely that the vegetation is principally responsible for their forma-
tion by stopping the wind-driven sand and causing it to pile up among
bushes and trees. The presence of pebbles and even some cobbles and
boulders in many of these dune ridges shows that gtorm waves have fre-
quently had a part in their construction.
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Interiors of islets

Inside the marginal ridge an islet may have little relief'. It
cormonly shows an extremely slight slope upward from the lagoon side,
with a surface of sand near the lagoon, becoming gradually coarser
toward the sea. Boulders and blocks of reef rock, many of enormous
size, are scattered over the surface of many islets inward from the sea-
ward side to as much as 200 yards, or even more. These are more common
where there is a well-developed boulder ridge along the seaward coast.
The only apparent explanation is that they were carried inland by
enormous typhoon waves. Their presence vividly illustrates the powe:
of such waves, as the largest boulders must weigh tons. Occasionally
there are areas, termed block fields, which are thickly covered with
such boulders and large rubble, even to a depth of 1 to 4 feet. The
narrow seawvard parts of some windward islets may be composed entirely of
coarse, loose rubble. The seawvard sides of islets on south reefs may be
covered by several feet of boulders and blocks, & inches to 3 feet in
diameter, extending 200 feet or more back from the beach. This type ¢
deposit usually but not always assumes the Fform of a broad low ridge, esg
described above under boulder ridges. Holes, loose blocks and s
tangle of vines may make footing here precarious.

Other topographic features may be found locslly. Broad central
depressions may occur. On Lado Islet, Likiep Atoll, there are at least
two such broad depressions parallel with the long axis of the islet.

On long islets there may be two different types of transverse depres-
sions. One results from the filling in of the zap between tws islets,
uniting them into one, usually with some indiceation of the Tornmer
separation in the form of an inward scallop of the seawerd beach. The
depression is commonly very gradual and slight. The other type appar-
ently results from partial breaching of an islet by typhoon waves, which
sweep the loose material into sea or lagoon. This type of depression i3
likely to be more abrupt, with sand, rock, or coarse rubble on the bot.-
tom. The appearance of a reasonably recent scour of this type may resgen-
ble that of a dry stream bed, though of course there are no streams on
these islets. The inner ends of both these types of transverse depres-
sions are often filled by a lagoon beach ridge of gravel or sand. Rroad
1lat areas at lower levels than that of the rest of islets are usually
either recently filled by wind or storm deposits, or are areas scoured
‘by typhoon waves..

More abrupt, smaller, or irregularly winding depressions, from
pond-like to trench-like, 3 to 6 feet deep, surrounded by piles of
excavated sand and gravel, and usually with mucky soil in the bottom,
are ancient taro pits dug by the inhabitants but abandoned many years
ago. They are usually found near the centers of large islets or inward
toward the lagoon. They are rarely found on atolls north of Ailuk.
They are conspicuous on Wotho and Lae. Very rarely, small depressions
are found containing liny mengrove swamps. One such is found at the
south end of Pigowak (Bekrak) Islet, Utirik Atoli, another on Jeltcnet
(Jeltoniej) Islet, Likiep Atoll.
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Islets composed, entirely or in their lagoonward parts, of succes-
sive beach ridges have a topography of alternate ridges and furrows
parallel with the lagoon margin. At places, as near the north end of
Teka Islet, Taka Atoll, there is what appears to be & storm deposit of
small sharp rubble rising slightly above a general surface of sand or
gravel, well inward from the beach. This may be the result of growth
of the islet subsequent to deposition of the rubble.

In the interior of a number of islets, such as Utirik Islet, and
several of those on Wotho Atoll, are rounded mounds, a few yards in
diameter, of small sharp coral fragments. These mounds may rise 2 to 4
Teet above the general level of the interior of the islet. There is
generally little or no fine meterial in the interstices, at least in the
surface layers. The origin of these mounds is not clear but they may
result from the pushing up of rubble by the roots of trees, possibly
accentuated by the blowing down of trees by storms. Stages in this
process vere observed on the islets of Wotho Atoll. They differ, how-
ever, from the tree-fall mounds observed in continental forests in that
they commonly have no hollow alongside, of the sort regarded as charac-
teristic of such features. It may be that there is some other explana-
tion, entirely, for them.
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