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GEOLOGY OF SAIPAN, MARIANA ISLANDS

GENERAL GEOLOGY

By Preston E. CLoup, Jr., RoBERT GEORGE ScaMIDT, and HaroLp W. BUurkEs

ABSTRACT

Saipan, situated about 15° N. and 146° E., is one of the larger
and more southerly of the Mariana Islands. The 15 small
islands of this chain are strung along an eastwardly convex ridge
for more than 400 miles north to south, midway between Honshu
and New Guinea and about 1,200 miles east of the Philippines.
Paralleling this ridge 60 to 100 miles further east is a deep sub-
marine trench, beyond which lies the Pacific Basin proper. To
the west is the Philippine Sea, generally deeper than 2,000
fathoms. The trench coincides with a zone of negative gravity
anomalies, earthquake foci occur at increasing depths westward
from it, and silica- and alumina-rich voleanic rocks characterize
the emergent island chain itself. The contrast between these
features and those of the Pacific Basin proper to the east is held
to favor the conclusion that the Mariana island arc and trench
define the structural and petrographic front of Asia.

Magellan touched at the Marianas in 1521. After him came
adventurers, traders, and priests. They found the temperature
warm and little varied, rainfall seasonal, and resources modest.
Saipan was occupied in 1564, and the name Mariana Islands
was applied to the chain by Sanvitores in 1668. In the late
18th and early 19th centuries the Marianas were visited by the
scientific exploring expeditions of Malaspina, von Kotzebue, de
Freycinet, and Dumont d’Urville. Primarily geologic studies
began at the turn of the 20th century, and there has been an
increasing number of publications on the geology of the region
since 1935.

Although second in size among the Mariana Islands, Saipan has
a land area of only 48 square miles. It consists of a volcanic core
enveloped by younger limestones. From axial uplands that
rise to a maximum altitude of 1,555 feet, the slopes of the north-
south elongated island step down to the sea in a succession of
mainly erosional terraces that become conspicuous away from a
strongly dissected central voleanic area. The lowest bench
and the western coastal plain, however, are in large part of
constructional origin.

The oldest rocks are andesitic inclusions in dacite, but the
island began its decipherable geologic record with the subaerial
accumulation of dacitic pyroclastic and flow rocks known as the
Sankakuyama formation. The Sankakuyamsa is dated as
Eocene (?) on the basis of late Eocene fossils in overlying strata,
and the presence within it of tridymite and cristobalite—meta-
stable forms of silica that are yet unknown from pre-Cenozoic
rocks.

Over and around the Sankakuyama formation were deposited
the andesitie pyroclastic and greatly subordinate flow rocks of the
Hagman formation, and both andesites and exposed dacites were
extensively reworked in bordering tropical seas to form the
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Densinyama formation. This consists mostly of conglomerate
and sandstone. The reworked voleanic sediments of the Densin-
yams grade laterally and upward into a 500-foot succession of
warm-water bank limestones known as the Matansa limestone.
All three of these units (Hagman, Densinyama, and Matansa)
have yielded camerinid and discocyclinid Foraminifera distine-
tive of the upper Eocene (Tertiary b); this indicates relatively
short time span and partial lateral equivalence for them.

The Mariana geanticline presumably originated in early
Tertiary time, before or during Eocene volecanism. Its growth is
believed to have been closely related to the construction of a
central voleanic core, which, on Saipan, presumably continued
into or through Oligocene time.

Rocks believed to be of Oligocene age are the interlayered
andesite flows and marine tuffs of the Fina-sisu formation.
These contain smaller Foraminifera considered indicative of
moderately deep tropical seas. Included also are planktonic
species that imply approximate correlation with the upper
Oligocene Globigerinatella insueta zone of the Caribbean region.

The 4,600 feet or so of Eocene and Oligocene rocks of mainly
voleanic nature that form the core of Saipan are succeeded by
1,500 feet of bioclastic limestones and some coral-algal limestones
and unconsolidated sediments of Miocene, possibly Pliocene, and
Pleistocene to Recent age. The limestones generally contain
Foraminifers and abundant coralline algae of both articulate
and crustose types. Locally they also display reef-building
corals, Halimeda and other calcareous green algae, mollusks,
echinoids, and other fossils. Complicated facies relationships
are characteristic.

The early Miocene Tagpochau limestone, like the late Eocene
Matansa limestone, includes mostly bank-type deposits that
accumulated in a tropical sea of shallow to moderate depth. The
general scarcity of significant coral masses suggests depths
mainly a little too great for vigorous reef growth, although
within the zone of photosynthesis and in warm water. At
deeper levels, downslope from the Tagpochau bank deposits,
reworked tuffaceous sediments accumulated to form the Donni
sandstone member of the Tagpochau. Orbitoid, miogypsinid,
and other larger Foraminifera indicate a Tertiary e age for these
beds and possible approximate equivalence to the Aquitanian of
Europe. Smaller Foraminifera and mollusks indicate early
Miocene in a broad way, without sure ties to specific sections.
Two faunal zones are recognizable on the basis of larger Fora-
minifera, with an intermediate interval of mixing. The lower
zone, characterized by Heterostegina borneensis van der Vlerk, is
referred to the lower part of the Tertiary e beds. The upper
zone, characterized by Miogypsinoides dehaartii van der Vlerk
and Miogypsina s. s. denotes the upper part of Tertiary e.
Neither the Heterostegina borneensis zone nor the Miogypsinoides
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2 GEOLOGY OF SAIPAN, MARIANA ISLANDS

dehaartiz zone appears to be related to sedimentary facies as
mapped.

The Pliocene may be represented by terrace deposits on
benches that truncate Miocene strata at levels above the highest
probable Pleistocene limestones. However, no fossils are known
from these thin terrace sands and gravels.

Younger still than these possible Pliocene terrace deposits is
the Mariana limestone of supposed older Pleistocene age,
reaching to 500 feet above present sea level, and the Tanapag
limestone of late Pleistocene age, restricted to elevations below
100 feet. The Mariana limestone consists of lithified reef-
complex and bank-type or lagoonal deposits; whereas the Tana-
pag is an elevated fringing reef complex. Both contain domi-
nantly modern types of algae, Foraminifera, corals, and mollusks.

Only two new stratigraphic names are introduced for the
. succession outlined, the presumably Oligocene Fina-sisu forma-
tion and the lower Miocene Machegit conglomerate member of
the Tagpochau limestone.

Miocene deposits overtopped the volcanic core, and subsequent
fluctuating relationships between land and sea led to the forma-
tion of somewhere between 12 and 25 marine bench surfaces.
Three principal sets of terraces are recognized, according to eleva-
tion and intervals of terrace formation: an upper, late Pliocene(?)
set with surfaces above 500 feet; an intermediate, middle(?)
Pleistocene set between 100 and 500 feet; and a lower, late
Pleistocene set below 100 feet. The rock benches below 100
feet tend to be veneered by, or are parts of, the elevated late
Pleistocene fringing reef complex. The higher terraces were cut
in preexisting rocks by marine erosion. Some are veneered by
stratified Pliocene(?) and Pleistocene nonmarine terrace sands.
The limesands of the western coastal plain seem mostly to
veneer a recently down-faulted part or parts of the lowest con-
structional bench.

A solution notch at 5 to 8 feet above present sea level gives
further evidence of the now widely recognized 6-foot eustatic
stand of the sea that may correlate with a late subpeak of the
postglacial thermal maximum. The fall from this eustatic level
was interrupted by a stillstand at about 2 feet. Evidence of
other possible eustatic levels is found at 12 to 15, 40, and about
100 feet above present sea level and probably below it. If the
100 foot level is eustatic it may correlate with the last major
interglacial or interstadial epoch, and deposition of the Tanapag
reef limestone would seem to have been in progress during some
part or parts of the last Pleistocene glacial advance.

Parallel to the long axis of Saipan are steep, north-northeast to
northeast-trending, west-dipping faults, along which dip-slip
movement has been relatively down on the west. A few cross
faults add to the complexity of this pattern, and minor local
folding has taken place. The basic fault pattern may well have
originated in Oligocene time, but the oldest clearly datable
offsets are post-early Miocene and pre-late Pliocene. There-
after four intervals of recurrent fault movement can be recog-
nized and closely dated in the local sequence: post-upper
terrace formation, or late Pliocene(?); post-Mariana limestone
deposition, or early middle(?) Pleistocene; post-intermediate
terrace formation, or late middle(?) Pleistocene; and post-
Tanapag limestone deposition but before the retreat of the sea
from the 6-foot eustatic level, latest Pleistocene or early Recent.
The general shape and location of the island are probably in
significant degree fault-controlled.

Emphasis is placed on the ecologic implications and age signif-
icance of the fossils, and on the origin and historical analysis of
the rock succession and geomorphic features.

Descriptions of stratigraphic sections and economic geology
are appended to the report.

INTRODUCTION
BASIS AND SCOPE OF THE REPORT

Following World War II the U. S. Geological Survey
has been engaged in a program of areal studies in the
western north Pacific Ocean under financial sponsorship
of the Corps of Engineers, U. S. Army. As a part of
this program, geological, soils, and ecologic field work
was carried out on and around Saipan (figs. 1, 2; pls.
1, 2) from late September 1948 to mid-July 1949 by the
authors, soils scientists Ralph J. McCracken and Ray
L. Zarza, and briefly by Allen H. Nicol and Jarvis H.
O’Mara. These investigations were supplemented by
the laboratory studies of paleontologists Milton N.
Bramlette, W. Storrs Cole, C. Wythe Cooke, Julia
Gardner, J. Harlan Johnson, William Riedel, Ruth
Todd, and John W. Wells.

Because studies basic to the evaluation of military
problems yielded much purely scientific information, it
was decided to publish separately that information and
the interpretations that are based on it. This chapter
of the resulting report relates to the general geology of
Saipan. It is planned that subsequent chapters will
deal with soils, petrology of the volcanic rocks, petrog-
raphy of selected limestones, discoasters and related
objects, the larger calcareous algae, Radiolaria, Foramin-
ifera, echinoids, and submarine topography and shoal-
water ecology. The mollusks are being reserved for in-
clusion in a proposed general study of Cenozoic mollusks
of the Pacific islands by H. S. Ladd.

For this chapter, “General geology,” Burke pro-
vided the first draft of descriptions of the Matansa
limestone; the equigranular, inequigranular, and tuffa-
ceous facies of the Tagpochau limestone; and the Tanke
cliffs stratigraphic section. This was done in the field
in mid-1949 and Burke is not responsible for subsequent
variations from his original descriptions or for inter-
pretive sections. Schmidt is responsible for basic
description of the Sankakuyama, Hagman, and Densin-
vama formations; the Machegit conglomerate member
of the Tagpochau limestone; the rubbly facies of and
thick residual clays over the Mariana limestone; all
terrace and slump deposits; stratigraphic sections at
Machegit cliffs, Talofofo ridge, and Mount Achugau;
and the petrology and classification of the volcanic
rocks. He shares responsibility for deseriptions of the
Fina-sisu formation, for the Donni sandstone member
and transitional facies of the Tagpochau limestone, and
for the thick residual clays over the Tagpochau lime-
stone. Schmidt and Cloud prepared the Appendix on
economic geology together. Cloud is responsible for
general coordination, for descriptions of geologic units
not attributed to Schmidt or Burke, and for micro-
scopic and paleoecologic studies of the limestones in
all unit descriptions. The writing of all general sections
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GENERAL GEOLOGY 3

of this chapter was also by Cloud, with Schmidt’s
extensive help in general organization, the writing of
paragraphs relating specifically to volcanie rocks, and
in preparation of illustrations. Responsibility for
mapping is indicated on the maps themselves.

Although Saipan includes an area of only 48 square
miles, it displays a varied and complicated succession
of rocks, and reconnaissance of other islands in the
Marianas suggests that it may provide good exposures of
some rocks not elsewhere well displayed. This stratig-
raphy is described in detail, both because it illustrates
well some of the complexities of “high island’’ stratig-
raphy and because such a study has not previously
been published for any similar island nearby.

The reader should not be lulled into a sense of finality,
however, by the attempt here made to provide as com-
plete coverage as possible. In spite of intensive efforts
in the field over a period of 9 months, and the laboratory
studies that have been made since then, much could
still profitably be done, both in the field and in the
laboratory. There is need for further study of rock
weathering and solution. Larger megafaunas could
be obtained with intensive collecting—localities in north
Saipan that we had intended to revisit for collecting
were closed because of fire in an ammunition dump
during the latter part of our field work, Offshore and
beach zone studies were incidental to the main project
ashore, and thus incomplete. Even the stratigraphic
succession and subdivision of the rocks have their
points of uncertainty and many of the facies contacts
mapped are highly generalized. Mapping in the thickly
vegetated and precipitous terrain was slow, interpreta-
tion of the complexly intergradational rock units is
difficult, and some possible lines of investigation had to
be foregone or abbreviated for lack of time or means to
follow them up. As for geomorphology, it is not fea-~
sible to go much beyond the incidental observational
data. What is needed here is a unified regional study
of the Mariana Islands as a whole, carried out under the
continuous field leadership of one person.

In fact, topical studies in the western Pacific, are now
needed more than ever—mnot only of geomorphology,
but also of stratigraphic correlation, paleoecology,
structure, the voleanic rocks, and geophysical patterns.
In the hope of bringing Saipan into better focus and of
encouraging further investigation, an effort will be made
in later parts of this report to summarize the present
state of knowledge in some of these fields. It is in-
evitable that time and new evidence will modify or
invalidate some or many of the opinions to be expressed.
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ters relating to Saipan geology at a 2-day conference
with Cloud and Burke in Sendai, Japan, in July 1949.
Also of help was Dr. Ruiji Endo, who prepared for our
use in the field “A lexicon of geologic names of Saipan
Island,” giving translations and page citations of
Tayama’s original descriptions.

Temporary members of the mapping party not in-
cluded among authors of reports resulting from this
field work are Ray L. Zarza and Jarvis H. O’Mara.
Buenusto Reyes of Saipan also assisted with the field
work.

GENERAL HISTORY OF THE REGION

Midway between Honshu and New Guinea, and
about 1,200 miles east of the Philippines, the convex
eastern margin of the Philippine Sea is festooned by 15
widely separated islands that define a remarkably
symmetrical arc more than 400 miles long. These are
the Mariana Islands (figs. 1 and 2).

They were first seen by people of European descent

1 All military ranks here mentioned refer to those held at time of fieldwork,



4 GEOLOGY OF SAIPAN, MARIANA ISLANDS

on March 6, 1521, when the desperate little squadron
of Fernan de Magalhaes (Magellan), sailing the 13th
paralle] westward in the neighborhood of 146° E., “dis-
covered in the northwest a small island, and afterwards
two others in the southwest” (Pigafetta, as translated
by Pinkerton, 1812). According to a translation from
the original logbook of navigator Francisco Albo
(Stanley, 1874, p. 223), “On the 6th [March, 1521]
* * * we saw land, and went to it, and there were two
islands, which were not very large; and when we came
between them, we turned to the S. W., and left one to
the N. W. * * * and there I took the sun, and one of
these islands is in 12%°, and the other in 13° and more
[north latitude].”

Historians have generally agreed that the island at
which Magellan landed and spent three days (Albo,
in Stanley 1874, p. 223-224) was probably Guam, and
some have even pinpointed his stopping place as Umatac
Bay (southwest Guam). In fact, however, the original
accounts are ambiguous, and Tinian, rather than Guam,
may have been the site of Magellan’s landing. Even
Rota is a possibility, as one of Magellan’s sailors was
found living there in 1526 (Pinkerton, 1812, p. 324).
Recorded latitude and distance between islands seem
to favor Guam, however, even though the point can-
not be settled conclusively. In any event, Magellan
did sight two or three of the Mariana Islands, landed at
one of them, and opened a route of travel that was
followed by Eltano in 1524, Loaisa in 1526, and many
others in later years.

Magellan found the Marianas inhabited by Microne-
sian people of presumed Indo-Malayan derivation, with
a distinet language and distinetive physical characteris-
tics. Pigafetta, who wrote the history of Magellan’s
voyage, observed that some of the men had “black
hair, tied over the forehead, and hanging down to the
girdle,” and that these “wore small hats made of palm.”
They would have been according to Mr. Elias Sablan of
Saipan, the Chamorri, or nobility, a term that was ex-
tended by later explorers to all natives of the Mariana
group (see also Safford, 1903, vol. 5, p. 291; 1905b, p.
104; Prowazek, 1913, p. 29; Joseph and Murray, 1951,
p- 18).

Chamorro discovery of the Marianas is buried in
legend and disputed as to approximate date. The age
indicated by carbon-14 activity of a shell associated
with pottery 1.5 feet below the surface of the sandy
coastal plain at Chalan Piao in southwestern Saipan
was originally given as 3,479+ 200 years (Libby, 1952,
p. 680), but recent studies of organically precipitated
calcium carbonate suggest a negative correction of 1,500
to 2,000 years on this date (J. L. Kulp, letter of Janu-
ary 15, 1953, to Cloud). In this same excavation
Alexander Spochr found pottery to a depth of 6 feet,

about at present sea level. Thus it appears that man
already had a history of residence in the Mariana Islands
more than 1,500 and perhaps more than 3,500 years
ago—Ilong before Magellan arrived.

The first definitely recorded European occupancy. of
Saipan occurred in November 1564 when Adm. Miguel
Lopez de Legaspi landed there and proclaimed Spanish
sovercignty over the Mariana Island group. The
islands, which had been called Islas de los Ladrones by
Magellan, were at this time renamed Las Islas de las
Velas Latinas. It was not until 1668 that the Jesuit,
Diego Luis de Sanvitores, fulfilling a long ambition to
establish a mission in these islands, gave them their
present name in honor of Maria Ana of Austria, Queen
of Spain, widow of Philip IV, and patroness of the
Jesuit order.

The Spanish occupation of the Mariana Islands
lasted more than 200 years (until 1899) and greatly in-
Hluenced the language, habits, religious beliefs, and
racial composition of the inhabitants. Government
was difficult, and although there were enlightened and
thoughtful men among the succession of Spanish gov-
ernors, the accounts of historians indicate that their
efforts were nullified by those who thought that display
of force would insure obedience. Punitive expeditions
against unruly natives, famine, disease, and mass evac-
uations reduced the population from an estimated
70,000 to 100,000 in 1668 to fewer than 4,000 natives
at the time of the first census in 1710. In the next 50
years or so the population fell to fewer than 2,000.
Recovery from this point of near extinction was steady,
however. By 1816 the Chamorro population for the
Marianas was back up to 2,559 in a total of 5,389,
(Prowazek, 1913, p. 24); and by 1898 the total popula-
tion had inecreased to about 10,000. By this time, how-
ever, pure-blooded Chamorros had all but disappeared
(Joseph and Murray, 1951, p. 23), and the present much
more humerous inhabitants of the Marianas are mainly
descendants of mixed blood from this small group.
Caroline Islanders, Japanese, Koreans, and Okinawans
were later numerous in Saipan, Tinian, and Rota where
they apparently rarely interbred with the Chamorros
and are minority strains today.

Throughout Spanish and later times Saipan itself
underwent even more drastic population shifts than the
Marianas as a whole. In 1694 the Spanish governor of
the Marianas, Don Jose de Quiroga y Lossada, had sub-
jugated the natives of Saipan in a series of bloody skir-
mishes from which, it is said by local elders, several of
the present geographic names on Saipan are derived
(Matansa, for massacre, and Kalabera, for skeleton). In
1698 the entire remaining population was removed to
Guam where it could be kept under close surveillance,
and Saipan remained supposedly uninhabited for more
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than 100 years. An abortive effort at colonization was
made by Americans and Hawaiiansin 1810, a more suc-
cessful attempt by Caroline Islandersin 1815, and the
Chamorros finally began their return in 1816 (Joseph and
Murray, 1951, p. 23). Emigration from the Caroline
Islands to Saipan became active about 1842 (Marche,
1887; 1898, p. 60; Seidel, 1904a, p. 280). Marche
(1898, p. 60) reports that in 1887 two-thirds of Saipan’s
small population was Carolinian and the other third
mostly Chamorros not visibly different from those of
Guam. By 1937 the balance between Chamorro and Car-
olinian has swung in the other direction, the native
population of Saipan then being said to include 2,170
Chamorros (as the term is now used) and 796 Carolinians.
In addition, however, the island was occupied by 20,696
Japanese, Koreans, and Okinawans (U.S. Navy, 1944, p.
35). Finally, in September 1948, the total native popula-
tion of 4,962 persons included 3,890 Chamorros and 1,072
Carolinians (Bowers in Freeman, 1951, p. 227). Nearly
half of these were under 16 years of age (Joseph and
Murray, 1951, p. 81).

During the Spanish rule of the Marianas, Guam was
the capital and its Umatac Bay was a world-reknowned
port for exploring expeditions and trading galleons
plying between Mexico and the Philippines. Like the
masters of the galleons, the English privateers and
pirates who preyed on them also stopped here on oc-
casion with their Spanish prizes and prisoners. Among
these were Eaton and Cowley in 1685, William Dampier
in 1686, and Woodes Rogers in 1710. Other early
visitors to the Marianas included the crews of Anson
in 1742, Byron in 1765, Wallis in 1767, Crozet in 1772,
La Perouse from 1785 to 1788, Malaspina in 1792, von
Kotzebue in 1817, de Freycinet in 1819, and d’Urville
in 1828.

Spanish rule of the Mariana Islands ended in 1898~
99. Guam was occupied by American forces in 1898
and later purchased from Spain by the United States.
In 1899 the remaining Mariana Islands were sold to
Germany by the Spanish. During the brief German
occupation of the Marianas (1899-1914) the copra
industry was considerably expanded, food and stock
farming was encouraged, a few schools were established,
and Capuchin priests were substituted for Augustinians
and Jesuits; but otherwise the handful of German
officials seem to have left things essentially as they had
been under Spanish rule.

Japan seized the Mariana Islands (except Guam)
from Germany in October 1914, and Japanese mandate
over these islands was approved by the League of Na-
tions in 1920. Headquarters for the Japanese mandated
Marianas were on Saipan. Under Japanese rule an
important sugar cane industry was developed in the
Marianas, phosphate and manganese were mined, and

trade with other mandated islands and Japan was en-
couraged. Okinawan and Korean laborers were im-
ported to work the sugar fields. The Japanese segre-
gated the Chamorros and restricted their holdings but
apparently did not interfere with their religious activ-
ities or social customs.

On June 15, 1944, American troops landed on the
southwestern beaches of Saipan, and within 2 months
the 30-year Japanese occupation of the Marianas was
ended (for an account of the campaign see Hoffman,
1950). Guam, which had been taken by the Japanese
on December 9, 1941, was retaken by American troops,
and the United States trusteeship of the remaining
islands, including Saipan, was approved by the Security
Council of the United Nations on April 2, 1947, and
accepted by the U. S. Government on July 18, 1947.2

GEOGRAPHIC TERMINOLOGY

The geographic names used in this report are those
approved by the U. S. Board of Geographic Names as
recommended in a ‘“Preliminary gazetteer of geographic
names for Saipan’” (Cloud, 1949). The specific parts
of the Chamorro names are adhered to throughout; but,
in the text itself, the generic parts at most places are
translated to English in the interests of smoother
reading—thus Ogso Tagpochau is written Mount Tag-
pochau and Ogso Talofofo is Talofofo ridge. At
irregular intervals bracketed Chamorro translations
follow the names of geographic features as a form of
translation aid. The maps give the entire approved
name in Chamorro only, together with a translating
key to generic parts.

Translation of Chamorro specific terms is given in
the reference mentioned, and other information may
be found in a Chamorro grammar by W. E. Safford (1903—
1905a, see also Safford 1905b, p. 113-116) and a dic-
tionary by the Capuchin Father Callistus (1910).
Safford also refers to a small Spanish-Chamorro
dictionary by Father Ibafiez del Carmen, published in
1865.

One matter needs to be clarified. The Chamorro
words for the cardinal directions somehow became
confused between Guam and Saipan (perhaps at the
time of the repopulation of Saipan during the middle
and late 1800’s). On Saipan north is kaeian, south is
luchan (san lichan, toward the south; gi lichan, south
of, south from, on the south of), east is Aaya (pronounced
h#i’za), and west is lagu (sometimes given as lago). On
Guam lagu (or lago) means north, haye south, katan
east, and luchan west. This seem incredible—but the
usage for directions on Saipan was verified at every
opportunity and is surely correct for that island; the

2 Most ot the foregoing information was obtained from Treferences cited. A fuller
and more recent account of Marianas history is given by Reed (1952).
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usage for Guam is given on the authority of Safford
(1903-1905a, v. 7, p. 315), and Father Callistus (1910,
P. 50, 52, 67, 81) substantiates the double usage. More-
over, Albo’s log of Magellan’s voyage (Stanley, 1874,
D. 223), as quoted on an earlier page, bears out Safford’s
contention (1903, v. 5, p. 291, 307) that the Spaniards
were called ¢i lago, and their language Finolago, be-
cause they first appeared to the natives coming from
a northerly direction.

CLIMATE

Japanese climatic records for Saipan have been sum-
marized in compilations by the U. S. Navy (1944,
p- 3-8) and the U. S. Geological Survey (1944, p. 46-47).
Temperature and rainfall data from the latter reference
are further condensed in table 1.

Saipan is characterized by a tropical oceanic climate.
Recorded mean annual temperature ranges from 78° F
at an altitude of about 676 feet on the central ridge
east of Tanapag to about 85° F in the southwest low-
lands. Recorded deviations from the mean are as low
as 67° on the central ridge and as high as 102° in the
southwest lowlands. The mean annual relative humid-
ity is about 82 percent, with a monthly average between
79 and 86 percent (U. S. Navy, 1944, p. 5). The axial
uplands and east slope of the island, being exposed to
the easterly trade-winds, are cooler and generally less
humid than is its western slope and coastal area.

Average annual rainfall, according to Japanese
records, varies from 81.0 inches in the southwestern
lowlands to 90.7 inches at an altitude of 676 feet on the
central ridge. Mount Tagpochau, which rises to a

TABLE 1-—Temperature and rainfall data for Saipan (averaged from 9 years of Japanese records)

Temperature (Fahrenheit)

Rainfall (inches)

Mazimum monthly

Mean  Maxi- Mini- Mean Months with  Rainiest Less rainy
Station annual  mum mum  annual Mean  Absolute <1 in. months months
Axial ridge (altitude 686+ ft)__ 78° 89° 67° 90. 7 15. 7 27+ Apr. July-Oct. Nov.—June
(Sept.) (Jan.) (Sept.) (Sept.)
Southwest lowlands (altitude 10 85° 102° 68° 8L 0 13. 6 25.7 Feb., Mar., July-Nov. Dec.~June
to 200 ft). (Sept.)  (Jan.) (Sept.) (Sept.) Apr.

peak of about 1,555 feet, would doubtless show a higher
rainfall still, and a maximum annual precipitation of
130 inches has been recorded at an unidentified locality
(U.S.Navy, 1944, p. 5). Records kept at the Tanapag
Naval Air Base from September 1948 to August 1949
show only 51.44 inches of rain. This is the minimum
yearly rainfall so far recorded for Saipan, but it is con-
celvable that rainfall in this lee area would average less
even than that in the southwestern lowlands. ILess
than 1 inch of rain has been recorded in some years for
the months of February, March, April, and May, but
as much as 18.4 inches has fallen in January. Septem-
ber is the wettest month, with averages at two stations
of 13.6 and 15.7 inches, and maximums of 25.7 and 27.0
inches. However, in the 1948 to 1949 period noted,
July was the wettest month, having 12.81 inches.

The table shows that one may recognize a rainy
season and a dry season. Some rain falls on a majority
of the days in all months of the year; but rains are
heaviest and rainy days are most frequent from July
through October on the axial uplands and from July
through November on the low ground in the southwest.
The dry season extends from November or December
through June. This is the time of generally continuous
easterly trade winds and pleasantest weather. The
rainy season is the time of shifting winds and typhoons.
During this season the wind comes most frequently
from the southeast to east, but it may blow from other

quarters, particularly from the south and southwest.
Typhoons come generally from the south or southwest,
most frequently toward the latter part of the rainy
season. During typhoons the wind may rise to very
high velocities and do great damage, and the combina-
tion of high wind and heavy rainfall almost always
does some damage.

A high degree of cloudiness prevails over Saipan, as
it does over all the Mariana Islands, which usually can
be located from far away by the banks of clouds above
them. Over an 8-year period of observations, the
mean annual cloudiness averaged 6.7 on a scale that
ranges from 0 for cloudless to 10 for completely overcast
(U. 8. Navy, 1944, p. 6). However, about 59 percent
of the hours between 6 a. m. and 6 p. m. are hours of
sunshine. Cloudiness is greatest from July to Septem-
ber and least in April. Days with clear skies occur
most frequently in February.

WATER RESOURCES

About 73 billion gallons of rain falls on Saipan in
an average year. If the rainfall were uniformly distrib~
uted in time, which it is not, this would amount to
about 200 million gallons per day. The ultimate prob-
lem of water supply on Saipan relates to how much
of this rainfall can be recovered in usable form.

Sources of potable water on Saipan before American
occupation were Donni springs (Bobo I Denni, flowing
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80,000 to 400,000 gallons per day), about a dozen
smaller springs (such as Talofofo springs, Nicholson
spring, Achugau springs), cisterns for catchment of
rainfall, a few drilled wells, and several hundred dug
wells. Slightly brackish water for industrial purposes
was obtained from the starch factory spring, or salt
spring, near Tanapag. This spring normally flows
from 100,000 to 130,000 gallons daily, and has a chloride
content of 480 to 1,200 ppm. Hagoi Susupe, a slightly
brackish and generally contaminated lake, furnished
water for operation of the Japanese sugar mill at Chalan
Kanoa. Dug wells in the low coastal plain along the
west coast provided generally brackish water. A few
drilled wells in the southern fourth of the island pro-
duced fairly large quantities of water of good pota-
bility at a fairly consistent flow. Cisterns provided
most of the water for individual dwellings away from
the villages.

After the American landing many wells were drilled,
and a large proportion produced potable water. One
Maui-type infiltration tunnel (U. S. Maui No. 1) was
extended from the base of a 100-foot shaft near the
center of the south quarter of the island. Another
Maui-type tunnel was extended from the base of a 200-
foot shaft driven down from the 200-foot terrace surface
near the center of the west side of the island (U. S.
Maui No. 4). Other proposed Maui-type wells were
abandoned before completion, but the two mentioned
have continued to produce a large part of the potable
water used on Saipan since their completion, giving
trouble only when the water drops below the level of
withdrawal owing to unusually low tides.

The only reasonable possibility for obtaining addi-
tional water from surface sources on Saipan consists of
utilizing the two small perennial streams and several
small springs of the Talofofo grasslands (Sabanan
Talofofo) in the east-central part. Small artificial
catchment reservoirs might prove feasible; but in the
absence of data on runoff and silt carriage, it also seems
probable that silting behind a dam or dams in the
Talofofo drainage area might easily occur too rapidly
to warrant such a venture.

All possible sources considered, development on
Saipan of a regular daily supply of almost 5 million gal-
lons of potable water at the source points seems prac-
ticable. It should be emphasized, however, that pre-
vention of excessive loss of water enroute to points of
demand requires excellent pumping and piping facilities
and proper maintenance of them. Deterioration of
such facilities in the tropics is rapid but their main-
tenance is at least of equal importance with the develop-
ment of original supply and is a commoner source of
difficulty in the larger islands.

GEOLOGY 7

LAND CLASSIFICATION

The soils and areas of little or no soil on Saipan are
grouped into five major land classes. As summarized
from the chapter on soils by R. J. McCracken these are:

1. Arable land on gentle slopes originally covered
4,960 acres or about 16 percent of the total land area on
Saipan. Between 10 and 20 percent of these arable
lands have been rendered indefinitely unfit for agri-
cultural use as a result of military construction during
World War II.

2. Marginal land suitable for limited crops or grazing
land formerly comprised 12,620 acres or about 41 per-
cent of the total land area. Between 10 and 15 percent
of this land is estimated to have been indefinitely with-
drawn from use owing to military construction.

3. Nonarable land usable as grazing land or for
limited forest growth underlies about 12,660 acres or a
little over 41 percent of Saipan. This land is largely
rough, stony land, mainly barren of soil, or with thin or
very patchy development of relatively infertile soil.
It also includes marshland.

4. Low-quality land suitable for grazing but not for
crops or forest growth covers 250 acres of north central
Saipan. This is essentially an area of outcrop of dacitic
breccia and flow rock, comprising slightly less than 1
percent of the total island area.

5. Quarries and the lake known as Hagoi Susupe to-
gether account for 230 acres, or less than 1 percent of
Saipan’s surface.

The uses to which the natural land classes may be
put are, of course, further limited by the necessity of
replacing large parts of the present plant cover
with appropriate new types—for instance, areas of
swordgrass would need to be replaced with suitable
forage stock before they were actually usable as grazing
land.

PLANTS AND ANIMALS

The vegetation of Saipan has been so altered by
cultivation, burning, and importation of foreign species
that it is difficult for any but the skilled botanist to
know what plants are indigenous and which introduced.
S. J. M. von Prowazek (1913, p. 104-121) listed the
flora, discussed floral communities and relationships,
and cited important previous publications. According
to the U. S. Navy’s “Civil affairs handbook’ (1944,
p. 16), Sigeki Kawagoe in 1915 recorded a presumably
inclusive flora of 107 species grouped in 51 genera. Of
these the grasses and legumes include the largest num-
ber, with 10 species each. Safford’s book on ‘“The
useful plants of Guam’ describes with care and dis-
cusses a flora similar to that of Saipan. We have not
attempted to go beyond the sources cited and are not
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here concerned with inclusiveness or distinction between
endemic and introduced.

In the past the coconut palm was of leading impor-
tance in the native economy. However, as a result of
blights, an extensive but now defunct Japanese sugar-
cane industry, and war, the coconut is no longer
abundant. Bananas, taro, tapioca, yams, and sweet
potatoes are extensively raised, and the breadfruit,
pandanus, and soursop are important food sources.
Mangoes, papayas, and pineapples are grown locally,
and coffee, citrus fruit, cotton, tobacco, and kapok
trees were introduced and raised in varying quantities
in times past. Ifilwood (Intsia bijuga®) and daog
(Calophyllum inophyllum) are potentially important
timber species.

In terms of broad vegetation patterns, dense and
varied jungle growth characterizes the immediate
vicinity of the limestone cliffs, whereas the pliant but
vicious sharp-edged swordgrass (Miscanthus foridule
or M. sinensis) is the characteristic plant inhabitant of
the volcanic areas or areas of highly tuffaceous or argil-
laceous limestone. Under Baron Mitsui and the South
Seas Development Company (Nanyo Kohatsu Kaisha),
the Japanese developed an extensive sugarcane in-
dustry, and second growth cane occurs over much of
the island. The casuarina tree (Casuarina cf. C.
equisetifolia, Australian pine, ironwood) grows exten-
sively along the beaches, and locally it and the xero-
phytic fern Gleichenia compete with swordgrass for
living space on the volcanic soils and weathered vol-
canic rocks. Casuarina has also been planted in wind-
breaks. To the foot-traveler the deceptively smooth-
looking areas of thick growth of swordgrass are the
most nearly impassable vegetation; second and third in
order of difficulty are jungle and second-growth cane.

Leguminous trees and shrubs are among the com-
monest and most varied on the island, and, of these,
the introduced scrub “acacia’” Leucaena glauca is the
commonest and most widely distributed. In fact it is
rapidly becoming another serious impediment to cross-
country foot travel. Another common leguminous tree,
the Formosan koa (Acacia confusa), was widely intro-
duced by the Japanese as a windbreak, woodlot, and
shade tree. The locally extensive patches of this low
tree constitute the pleasantest woodland on Saipan,
their dense shrubbery so completely shutting out the
sunlight as to inhibit the growth of all underbrush
and provide free, if cramped, passage beneath their
canopy.

Excepting insects, there is little variety among the

3 Founders’ names are omitted from species names that are merely quoted from
previously published records or based on field determinations and not reconfirmed by
specialists for this study. The original data are mainly in U. S. Navy (1944) and
von Prowazek (1913).

land animals of Saipan, and much of what is known of
this is summarized in the “Civil affairs handbook’’ for
the Marianas (U. S. Navy, 1944, p. 18-20). The only
native mammals are two species of bat, of which the
larger, known as the fruit bat or flying fox (Pteropus
kerandreni), is eaten by the Chamorros, who call it
“fanihi.” The other species of bat is the common,
small, night-flying bat (Emballonura semicaudata)
Rats are abundant and are generally considered to have
been introduced. A few deer (Cervus mariannus) were
seen in the volecanic terrain of north central Saipan.
Pigs, cattle, and chickens are fairly common domesti-
cated animals, but more could easily be kept. Oxen,
carabao, and horses are rare. Feral goats were observed
in the isolated bluffy area south of north Laulau Point
(Puntan Laulau Katan).

Only one land snakeis known from Saipan. This
is a harmless, small, slender, black, burrowing snake,
rather resembling an earthworm—a species (Typhlops
braminus) which has attained an almost world-wide
distribution through artificial means. Marine snakes
that are occasionally seen in the shallow water about
the island are generally poisonous, but are not aggressive
and ordinarily refuse to bite even with provocation.
A large monitor lizard (Varanus indicus), sometimes
erroneously referred to as the iguana, is apparently
common but is seldom seen because of its secretive
habits. It attains a maximum length of about 4 feet,
is dark with yellow spots, and occasionally makes a
nuisance of itself by feeding on young chickens. The
monitor lizards also eat rats, however. A small blue
tailed skink (Emoia cyanura) and several species of
chirping geckos are common throughout the island.

The house fly is an abundant pest, and mosquitoes
are locally a nuisance. Several species of wasps and
bees occur on Saipan. One small wasp with an un-
forgettable sting and a belligerent disposition locates
its small nests at shoulder height or lower positions
through brush and along walls of buildings and rock
faces. Ants are common and some can inflict painful
bites. Centipedes, as much as 10 inches long, and
small, broadbacked scorpions are probably abundant
but are seldom seen. Ticks are reported. Beetles,
butterflies, dragonflies, spiders, moths, locusts, termites,
fleas, and grasshoppers are common.

A variety of sea and shore birds, as well as a few
native land birds, were observed. Apparently most
of the native jungle birds recorded by earlier visitors
have been exterminated.

Fish and eels of great variety occur in the shallow
water around the island, and at least one species of
fresh-water eel (Anguilla marmorata Quoy and Gaimard)
and a small basslike fish [Kuhlia rupestris (Lacapéde)]
occur in Talofofo stream (Sadog Talofofo), in east
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central Saipan. A small, wide-clawed, edible crayfish
[Macrobranchium lar (Fabricius)]* also occurs in
Talofofo stream, and shellfish of various sorts are
abundant in the coastal waters. As would be expected,
the marine fauna is far more abundant and varied than
the fauna of the island itself. This, however, is dis-
cussed and tabulated in part 4, chapter K, under shoal-
water ecology.”

The importéd African land-snail (Achaotina fulica)
is a familiar pest. It attains lengths exceeding 4 inches,
and is extremely abundant in some parts of the island,
particularly in areas underlain by limestone. It seems
to feed on almost any vegetation, and efforts to eradicate
it have so far failed. )

MINERAL RESOURCES

The mineral resources of Saipan are both metallic
and nonmetallic. The metallic ores include manganese
oxides, ocher, and iron oxides. Previous reports of
bauxite, however, have not been authenticated. Ta-
vama (1938, translation) reports traces of gold and
silver in grains of pyrite and sphalerite in quartz
boulders of the Densinyama formation. Nonmetallic
resources include phosphate, sand and a little gravel,
clay, building and decorative stone, and sources of
riprap.

These commodities will probably never be of much
importance. Phosphate deposits in northern Saipan
were fairly well exhausted by the Japanese, and
attempts to develop the manganese resources of the
island seem to have been disappointing. It is possible
that, with careful exploration and intensive develop-
ment, somewhere between 12,000 and 160,000 tons of
high grade manganese oxide might yet be recovered from
Saipan, but it is unlikely that the volume would be
significant in terms of world markets beyond Japan.

A more comprehensive survey of the commodities
mentioned is given in an appendix to this chapter.

PREVIOUS STUDIES

Excluding an abstract by ourselves (1951), we know
of only seven published reports that deal exclusively or
primarily with the geology of Saipan (Seidel, 1940b;
Tada, 1926; Tayama, 1938; Asano, 1939a; Imaizumi,
1939; Yabe and Sugiyama, 1935; Cole and Bridge,
1953). Geologic and geographic reports that make
reference to Saipan, however, are scattered through
the published and unpublished record. Moreover, in
the following summary, reports on the larger Marianas
other than Saipan and on the western Pacific structural
province as a whole are considered to be of coordinate
importance for understanding the geology of Saipan.

4 The fish and eel were identified by Leonard Schultz and associates in the U. S.
National Museum, the crayfish by Lipke B. Holthius of the Leiden Museum.

Although a complete survey of the published record
has not been attempted, references noted were traced
to original sources. It is thus probable that the bibli-
ography includes most papers that are either significant
to the immediate problems or of special interest as
related to the development of geologic thought about
the region. In the rare instances where the original
text or a translation of a paper listed has not been seen,
reference is made to the actual reporting source. Cita-
tions of Japanese-language papers in the bibliography
are accompanied by indication of place of availability of
an English translation or abstract. Omission of page
reference in citation indicates either that the entire
reference is pertinent or that we worked from & transla-
tion that did not indicate original pages.

In the following review special attention is given to
papers that are primarily of historical interest and to
those not specifically utilized or discussed in other
parts of the report.

EARLIEST SCIENTIFIC EXPLORATIONS, 1792-1839

The earliest expedition to visit the Marianas with
scientific exploration as its primary objective was that
of Alessandro Malaspina. Malaspina touched at Guam
in February 1792, in the service of Carlos IV of Spain.
With him as naturalists were Antonio Pineda, Thadeus
Haenke, and Luis Née. Pineda, who studied the geol-
ogy and zoology, died soon afterwards in the Philippines,
Haenke never returned to Europe, and full accounts of
the observations of Née and Malaspina have never been
published (Safford, 1905b, p. 25-28).

Otto von Kotzebue, accompanied by the talented
and many-named man who most of the time called
himself Adelbert von Chamisso, sailed the ship Rurik
past Rota and laid over for 6 days at Guam in late
November of 1817 (Kotzebue and Chamisso, 1821, Band
2, p. 126-135, Band 3, p. 77-84; Chamisso, 1883, Teil 1,
p. 238244, Teil 2, p. 89). Chamisso and Kotzebue
recorded that the Mariana Islands were a volcanic
chain, with young volcanoes in the north of the chain,
noted the occurrence of raised coralliferous limestone .
on Guam and the recent reef at Apra harbor there,
and described the general topography of Guam.
They show Guam and some unrecognizable islands to
the north on a chart of “Der Carolinen Inseln” (1821,
Band 3, facing p. 85).

On March 17, 1819, Louis de Freycinet reached Guam
aboard the French corvette Uranie and had to lay over
for several months because of illness among the crew.
During this interval side trips were also made to Rota
and Tinian. With de Freycinet were the zoologists
J. R. C. Quoy and J. P. Gaimard, and the botanist
Charles Gaudichaud-Beaupré. Gaudichaud (1826, p.
64-87) described the botany and general appearance
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of Guam, Rota, and Tinian and recognized the general
difference between volcanic and limestone terrains and
their floras, He began a stubborn botanical legend
when he attributed the barrenness in vegetation of
certain volcanic soils to ‘‘destruction des hommes.”
Quoy and Gaimard (1824, p. 32-36, 592-601, 658-671)
describe the Marianas with special reference to Guam,
discuss the coral fauna and importance of corals as rock
builders, and describe the limestone terraces of Guam
and Rota. They report, on Guam, thousands of the
little axis deer, presumably introduced earlier from the
Philippines and Sulu (Smith, 1925, p. 41), as well as
hordes of rats. Quoy and Gaimard had a good idea
of the geology for their time, and, like Gaudichaud,
recognized a general correlation between vegetation
and terrain. Like him, also, they thought the latter
due to extraneous factors: ‘“Les montagnes, qui ont
toutes subi Vaction du feu, son arides et peu boiseés.
Les foréts recouvrent le calcaire et forment une de-
miceinture a P'lle” (p. 32). Quoy and Gaimard held
basically modern views about the formation and
growth control factors of living reefs (p. 660-661).

After the Uranie came the Astrolabe, under command
of J. S. C. Dumont d'Urville who brought a large
scientific staff. They anchored at Umatac Bay on
May 2, 1828 and remained on Guam 28 days to rest
and repair equipage. Quov and Gaimard were back
again, as zoologists with d’Urville, but their accounts
were purely zoological this time. In the great series of
reports on the results of investigations by this expedi-
tion the only comment on the geology of the Marianas
seems to be a remark by d’Urville (1830, tome 1, p.
xctii) that Guam, with its feldspathic lavas, reminds
him of the environs of Carteret, New Ireland. He
gives an account of his ‘arrival and stay at Guam in
volume 5 of the narrative (1833, p. 251-286), and atlas
3 has some interesting pictures of Umatac and vicinity.
This atlas also contains a map of part of the Pacific
Ocean by d’Urville and Lottin that shows Guam, Rota,
and Tinian, but not Saipan. D’Urville paid a second,
_but cursory, visit to Guam on January 1, 1839 (Safford,
1905b, p. 32).

MOSTLY DORMANT INTERVAL, 1840-1900

Little scientific interest was shown in the Mariana
Islands between 1840 and 1880, but there was a renewal
of attention to the area between 1880 and 1900. J. D.
Dana, who never visited the area, quoted some of the
observations made by Quoy and Gaimard on Mariana
geology in his book on “Corals and coral islands”
(1872, p. 306-307, 344-345). He also (1885) discussed
Guam as an example of an island where volcanism
may have been concomitant with subsidence of the
sea floor. J. A. Guerra wrote a general account of the

Marianas which we have not seen, but which was
summarized by Ferdinand Blumentritt in 1883. Blum-
entritt’s summary briefly mentions features of the reefs,
channels, and islands and comments on Apra harbor
(Guam), but it is too generalized to be of present
value.

The only accounts that appear to be of interest for
the period 1840 to 1900 are those of Alfred Marche
who traveled extensively in the Marianas from April
1887 to March or May 1889. He visited most of the
islands, spent more than 2 months on Saipan, and took
particular interest in archaeological ruins, water supply,
topography, and geology. A letter from Marche,
published in the Société de Géographie in 1887 gives
a brief account of his first impressions and is followed
by a curiously inaccurate statement from Instructions
nautique (Hydrographie frangaise) No. 584 to the effect
that Mount Tagpochau (Ogso Tagpochau) and Mount
Achugau (Ogso Achugau) are extinct volcanic cones.
Marche himself later climbed Mount Tagpochau and
clearly recognized that it was of limestone from base
to top (Marche, 1890, p. 25; 1898, p. 65-69). His
longer account (1898) in particular treats of the history
of exploration of the Marianas, discusses the natives
and their past, and gives measurements of and shrewd
observations about the archaeological ruins on Tinian,
Rota, and elsewhere. Marche also correctly recognized
the northern Marianas as young volcanic islands and
the southern Marianas as mainly elevated limestone
islands, His accounts of the harbor facilities and water
supply for Guam especially, but also for other islands
visited, are excellent for their time and would until
very recently have been considered useful sources of
such information. At the time of Marche’s visit the
town of Garapan (then known as San Isidore de Gara-
pan) was the largest town on Saipan, and second in
size only to the colonial capital of Agafia on Guam.

The 10-day visit of an official German party to the
Marianas during November 1899 (von Bennigsen,
1900, p. 108-111) is of interest only because one member
of the party, the botanist Volkens, was later cited
(Seidel, 1904b, p. 219) as of the opinion that Mount
Tagpochau was a volcano. In his own account of the
trip Volkens (1902, p. 414-422) merely comments briefly
on the vegetation and general geography of the

Marianas.
INTERVAL 1900-1920

In 1902 S. Yoshiwara published the first paper re-
lating to the outer margin of the Philippine Sea that
presents results sufficiently advanced to be, in them-
selves, of interest in apresent-day report. He announced
the presence in the Bonin Islands of Eocene cam-
erinids associated with andesitic pyroclastic rocks and
overlain by limestone with Miocene orbitoids—both
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new stratigraphic records for the open Pacific. He
concluded (1902, p. 301) that ‘“the submarine volcanic
eruption of the Ogasawara group |Bonins] began in
the Eocene epoch, and had already ceased before the
Miocene.” Yoshiwara also noted the occurrence of
felsic volcanics in the Bonins, and discussed the recent
and historic volcanic activity of the Volcano and Nanpe
Shoto Islands. He directed attention to a report by
Susuki in 1885, of serpentine from Kurose in Ototo
Jima (one of the Bonins) but does not confirm this
report. In an English translation of Susuki’s paper,
on file in the U. S. Geological Survey, however, the
only mention of serpentine in the Bonin Islands is that
it in places forms an alteration product of hypersthene
in the andesitic rocks.

Also at the turn of the century, G. Fritz, the German
district commissioner on Saipan, wrote general ac-
counts of Tinian (1901a), Rota (1901b), and a trip to
the northern Marianas (1902). Fritz described the
anchorage at Tinian, observed that the island’s surface
was of coralliferous limestone and deep-red clays, and
noted the presence of potable ground water. He also
remarked on the vegetation, fauna, topography, ar-
chaeology, and history of Tinian and made a few brief
comparisons with Saipan. Concerning Rota, Fritz
observed that the terraced limestones enclosed a vol-
canic core which he supposed might be intrusive, com-
mented on the perennial steams of the south and east
coasts, mentioned the useful plants and animals, de-
scribed the early history and archaeological ruins, and
presented a sketch of the island and its anchorage. He
spent 20 days on a cruise of the northern Marianas
aboard a Japanese ship in May 1901, and made many
careful observations on their general shape and topog-
raphy, vegetation, fauna, general rock types, mineral
products, water resources, and archaeology. Fritz ob-
served that the Marianas are sharply divisible into
two groups of islands (Fritz,*1902, p. 96). Although
all were recognized as basically voleanic in origin, those
from Medinilla south were seen to have their highest
peaks surmounted with limestone, while those to the
north were recognized as wholly volcanic. He also
notes that even sparse growths of coral are rare in the
northern voleanic islands and records that he saw no
elevated coral limestone there.

The earliest petrographic investigations of volcanic
rocks from the Mariana Islands were made by Kaiser
(1903, p. 114-120), who described and published chemi-
cal analyses of single specimens of andesite from Pajaros
and Saipan. These samples were collected by G.
Fritz, who sent them to Kaiser for study at Leipzig.
According to Kaiser, however, the specimen of andesite
from Saipan was obtained from an ancient ruin at
Magpi, in the northern part of the island, and may not

have come from Saipan. The composition of the rock
does not agree with analyses of andesite known to be
from Saipan.

Alexander Agassiz (1903, 365-378, 392) reported the
results of a brief visit to Guam and a passage near Rota
on the U. S. Fish Commission steamer Albatross in Feb-
ruary 1900. He took four deep bottom-samples in the
general neighborhood of Guam—notable for the pres-
ence of manganese, red clay, pumice, and fine volcanic
sand. He noted the “distinct coralliferous limestone
terraces, marking the position of former sea level and
indicating the periods of rest during the elevation of
Guam,” and he counted not fewer than seven such ter-
races on Rota. He also observed lines of caverns in
vertical limestone faces and accurately described the
irregularly pinnacled surface of the weathered limestone.
He mentioned records of a destructive earthquake in
1849. Like Gaudichaud and Quoy and Gaimard before
him, Agassiz recognized the association of thick jungle
vegetation with limestone terrain and barren slopes
with voleanic rocks, and he observed the general distri-
bution of volcanic rocks and limestones. He states
that Saipan, Tinian, and Aguijan, like Rota and Guam,
are partly volcanic and partly limestone, and that there
are 12 young volcanoes in the northern islands. Agassiz
did not, however, appreciate that the blanketing lime-
stones over the volcanic cores of the southern islands
originated through normal sedimentary overlap. He
referred at several places (p. 365-367, 371-372) to
“yolcanic outbursts” that have “burst through the
coralliferous limestone,” citing photographs purported
to show such pnenomena, describing supposed contact
metamorphism of the limestones, and even concluding
as he steamed past the north end of Rota ‘“that the
slope of the northwestern point, as well as * * * the
vegetation, indicated a volcanic outburst.”

In 1904 L. M. Cox, an engineer in the U. S. Navy,
published an account of Guam in the Bulletin of the
American Geographical Society. He correctly con-
cluded that the volcanic rocks were the older and that
they were overlapped by younger limestones—a conclu-
sion strongly implied but not specifically stated in
Marche’s reports of 1890 and 1898. He also describes
some effects of the destructive earthquake of September
22, 1902, gives an account of the general natural history,
and provides a land classification map.’

H. Seidel (1904b) summarized geological information
available on Saipan at the beginning of the 20th century
in his brief paper “Der geologische Aufbau der deutschen
Marianen-Insel Saipan’” and, even more briefly, in a
general paper on Saipan published in the same year

5 The ““college” of which Cox writes was the Colegio de San Juan de Letran, en-

dowed by Queen Maria Ana for the teaching of Catholicism and elementary practical
crafts (see Safford, 1905b, p. 21-22, 127-128).
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(1904a). His sources of information included the al-
ready referred to accounts of G. Fritz, Alfred Marche,
and de Freycinet, as well as oral accounts by Hermann
Costenoble and his own observations. He recognized
the presence to the very summit of Saipan of upraised
and terraced limestones and rejects an opinion attrib-
uted to a letter from the botanist G. Volkens that
Mount Tagpochau is volcanic. Seidel also describes
the notched shore line of Saipan; gives data on the his-
tory, fauna and flora, earthquakes, topography, drain-
age, and water supply; records his belief that the natives
had known the use of fire before the arrival of Magellan;
and recognizes the twofold subdivision of the Marianas
into young volcanic islands and older islands with
eruptive cores capped by limestone. Later Seidel also
published general accounts of Rota (1914a) and Tinian
(1914b). He describes briefly the general geography
and natural history, reiterates the twofold subdivision
of the Marianas, takes note of the well-defined terraces
on both Tinian and Rota, and remarks on Anson’s stay
at Tinian. A contemporary of Seidel, H. Hofer (1912),
also wrote briefly of Tinian, but we did not see his
report, which is not known to be available in the United
States. Reference to another hrief account of the
Marianas by G. Volkens (1901) is made by Utinomi
(1944, p. 98) but we have not seen Volkens’ account
either.

H. H. L. W. Costenoble, a Thuringian emigrant to
Saipan in 1903, apparently lived there with his family
for some time and traveled among the other German
Marianas and to Guam. He gives a good general ac-
count of the Marianas for his time (1905). Like most
of his predecessors, Costenoble recognized the northern
islands as volcanoes and the southern islands as com-
posite structures of volcanic rocks and limestone, but,
as did Agassiz, he wrongly concluded that the volcanics
were at least partly intrusive into the limestones:
“Nur an wenigsten Stellen ist der Kalkiiberzug durch
vulkanische Ausbruchsmassen unterbrochen” (p. 5).
He tells of the 1902 earthquake on Guam, how at
Agafia ‘“das heute noch die halbzerstorte Kirche und
zahlreiche Hausruinen an jenes Ereignis gemahnen’
(p. 5). Costenoble, like others, was impressed by the
terraces. With reference to Saipan,.he correctly de-
scribed the configuration of the slopes and terraces of
Mount Tagpochau and their “coral” limestone nature.
He also gives a brief account of water resources, notes
flowing streams, and describes two ‘Brachwasser-
lagunen” (presumably Lake Susupe and a subsequently
filled lake or swamp in the horn of land at Muchot
Point). The occurrence of eels and fresh-water fish in
the running streams of Saipan is noted. Costenoble
makes some cogent observations on the native inhabi-
tants, their history, and the effects of European occu-

pation, and remarks prophetically about the utilization
of natural resources and the economic future of the
Marianas.

In 1905 W. E. Safford gave a general account of the
natural history of Guam under the title “The useful
plants of Guam.” While serving as assistant governor
of Guam from August 1899 to August 1900 he pored
through the archives and added to his notes from wide
reading and travel to produce an excellent general ac-
count of the geography, climate, hydrography, vegeta-
tion, fauna, history, and people of Guam, with many
original observations. Safford’s ideas of the geology
(1905b, p. 46-52) were apparently derived mainly from
Agassiz, and he unfortunately perpetuates the latter’s
misconception of the relationships between limestone
and volcanic rocks: “All of the mountain peaks of
Guam are undoubtedly of volcanic origin. In some of
them the outlines of the craters may still be traced”
(p. 51). He records some of the severe earthquakes of
the historical period on (Guam, cites one not men-
tioned by other writers (April 14, 1885), and gives a
good account of that of September 22, 1902, which al-
legedly did $22,100 worth of damage on Guam and
strongly affected the region at least as far north as
Saipan.

Eduard Suess, in his monumental “Das Antlitz der
Erde” (1909, especially p. 336-339), described the
Mariana Islands on the basis mainly of the ealier ac-
counts by Fritz and Agassiz. It is interesting to note
that Suess, without having seen Guam, was correctly
skeptical of Agassiz’ conclusion that the volcanic rocks
were intrusive. Suess also was the first to express in
writing the opinion that the Marianas and related
island arcs were structurally allied to Asia.

S. J. M. von Prowazek in 1913 wrote the fullest ac-
count to date of the general geography, history, and
natural history of the Marianas. Prowazek accom-
panied a Prof. Leber t8 Saipan, Tinian, Rota, and
Guam, but he did not visit the northern islands and
gets his information on them from Fritz (1902). He
made large natural history collections whose species
were identified for him by specialists in Germany.
Prowazek’s book summarizes geographic data for all
the Mariana Islands (p. 3-5); discusses their discovery,
exploration, history, ethnology, and archaeology (p.
6-73); discusses their geology, water resources, and
climate (p. 74-81); describes in particular the scenery
and topography of Saipan, Tinian, and Rota (p. 82—
86); gives a remarkably complete faunal summary
with special reference to terrestrial forms (p. 87-103);
lists the flora and describes floral communities and re-
lationships (p. 104-121); and provides a bibliography
of 76 pertinent and varied titles (p. 122-125). He de-
scribes Anson’s visit to Tinian in 1742, as well as many
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other early explorations, expresses the unorthodox and
probably incorrect view that the Chamorros were of
Japanese derivation, and records data on the causes
and history of depopulation of the Marianas during
early Spanish occupation. He provides a sketch of the
former lake at Muchot Point in western Saipan.
Prowazek also gives a record of 22 earthquakes for
1901 to 1903, notes damage to the archaeological
“Houses of Taga’ on Tinian and the church at Garapan
by a strong earthquake in 1902, and records a severe
quake in 1849. Prowazek (p. 74), like Suess, held that
the Marianas, Yap, and Palau were structurally a part
of Asia.

In a provocative paper R. A. Daly (1916) called atten-
tion to the work to be done in Pacific geology and re-
corded andesites and felsic volcanic rocks from the
Mariana and Bonin Islands. Soon afterwards, W.
Koert and L. Finckh (1920) stated that the Marianas
from Anatahan to Pajaros are dominantly andesitic and
reported serpentine on Tinian and Agrihan. Schmidt,
however, found random samples from Pagan and Agri-
han to be dominantly basalt, and andesite dominant
only in samples from Alamagen, Sarigan, and Anatahan.
The reports by Keert and Finckh of serpentine from
Tinian and Agrihan have never been confirmed and are
highly doubtful unless reference is made to spot altera-
tion of mineral grains.

SINCE 1920

W. H. Hobbs made cruises to the Bonin, Volcano
(or Sulphur), Mariana, Caroline, and Palau Islands in
1921 and 1923. He stopped at several of the islands
(apparently including Saipan), observed their regional
arrangement, and published a paper on ‘“The Asiatic
arcs”’ (1923). Hobbs recognized that the Mariana
Islands are not arrayed in a simple line, with the young
volcanic islands on the north and older, more complex
islands on the south. He believed that there were
three lines of islands in the Marianas (see his figs. 2
and 3): (1) an easterly belt of elevated reef-terrace
islands (Medinilla and Rota, alined with Santa Rosa
reef south of Guam), (2) a middle belt of old volcanic
and limestone islands (Saipan, Tinian, Aguijan, Guam),
and (3) a_westerly belt of recent volcanoes (islands
north from Anatahan, alined with Esmerelda shoal
west of Saipan). The old volcanic core of Rota, how-
ever, indicates that his first and second belts should be
combined. Hobbs shows several profiles through
-Saipan and other islands and (his fig. 2) labels what
from the profile given can be only Mount Tagpochau
as ‘“Volcano (Extinct).” This perpetuated an error
that dates to at least 1887 and is still a popular legend.
‘Twenty-one years later Hobbs (1944), in an expanded

version of his 1923 paper, again labeled Mount Tag-
pochau as a volcano (map 18, p. 242).

In a broadly conceived paper dealing with the dis-
tribution of the land snail Partule in the Marianas,
H. E. Crampton (1925, p. 5-8) makes reference to the
geology of the larger Mariana islands. He presents,
without indicating his source of information, the erron-
eous view earlier expressed by Agassiz that the volcanic
rocks are intruded into the overlying limestones.
Contrary to fact, he states that through the northern
plateau of Guam ‘“volcanic masses have broken their
way, as attested by the metamorphosis of the contiguous
rock,” asserts that ‘“Barrigada [a Cenozoic limestone
hill] is such an intruded mass” (Crampton, 1925, p. 6).

In 1926 Fumio Tada visited Saipan and Yap for
“no more than 4 days” (each?), and his paper on
“Abrasion terraces of the South Sea Islands’ appeared
in the same year. In it he discusses the terraces, with
special attention to those of Saipan. He presents
evidence favoring origin of most of these terraces by
marine erosion, describes the reefs and offshore bank
west of Saipan, considers that the swamps of the west
coast are the sites of old lagoon depressions, and con-
cludes that the west coast is sinking and the east rising.
He recognized that the terraces of Saipan are difficult
to correlate within the island and suggested that
cliffs were best developed on the east side of the island
because of ‘‘irregularity of the wave force.” Tada
also makes reference to a paper by Tsujimura (1917) in
which the latter is quoted as describing on Iwo Jima
6 to 10 terrace benches and a top plateau with ‘“‘remains
of elevated coral reef.” Insofar as they overlap,
Tada’s findings are in essential accord with conclusions
expressed in the present report.

From Hydrographic Office charts, W. M. Davis in
1928 (p. 243) concluded that there were two and only
two lines of islands in the Marianas—a conclusion
substantiated by the present studies. He describes
the conical form of the northern young volcanic islands,
and, on the basis of previously published accounts,
gives brief descriptions of all the larger islands (Davis,
1928, p. 243, 391, 420).

In 1928 P. J. Searles wrote a popular account of the
geology of Guam, which was later reprinted in the Guam
Recorder; and he followed this with a similar account of
the “Geology of the Marianas Islands” (1936). Be-
cause Searles spent some time in the area, and because
his accounts appear to have been widely circulated,
it seems necessary to refer to errors contained in them.
These include references to a probable volcanic origin
for “all the mountain peaks”’ and to nonexistent vol-
canic craters, assignment of the Marianas to the Sunda
Arc (Indonesia), and interpretation of the volcanic
rocks as intruded into overlying limestone.
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The Guam Recorder also provides other popular
notes on the local geology by Norah D. Stearns (1937a,
1937b, 1938) and a very good account of the ‘“Seis-
micity of the island of Guam” by the Jesuit W. C.
Repetti (1936), then chief of the Seismic and Magnetic
Division of the Manila Observatory. Repetti states
that during 12 years between 1915 and 1930 (for 3
yvears the seismograph was inoperative), 900 earth-
quakes were recorded on Guam, and 130 of these were
felt. However, destructive or semidestructive earth-
quakes are known only for the years 1825, 1834, 1849,
1862, 1863, 1870, and 1902. According to Repetti,
the majority of the earthquakes that affect Guam
originate in the Nero deep. In 1939 he published a
list of earthquakes felt in Guam.

In the decade 1931 through 1941 came a series of
Japanese publications on the Marianas and other islands
of the southwestern north Pacific. Early in this
decade appeared B. Koto’s important paper on ‘“The
Rocky Mountain arcs in eastern Asia’” (1931), of which
plate 4 is a reproduction of Japanese Hydrographic
chart 6080 (also in Hobbs, 1944, map 7, p. 231). This
chart extends from Kamchatka to New Guinea and
Formosa to the Marshall Islands. It shows in crude
form most of the submarine structural features that
later appeared on U. S. Hydrographic Office chart
5485 (see Hess, 1948).

Then came papers by Tsuboya (1932), Yoshii (1935),
Tayama (1936a, b, 1937, 1938, 1939a, b), Tayama and
Ota (1940), Otuka (1938), Asano (1939a, b), Motizuki
(1940), Tanakadate (1940), and four papers in the two
Jubilee volumes commemorating Prof. Hisakatsu Yabe’s
60th birthday (Asano, 1939b; Imaizumi, 1939; Kodaira,
1941; and Sugawara, 1941). The titles of these papers
as listed in the bibliography give a fair idea of their
contents, and they will subsequently be referred to as
appropriate. The Sixth Pacific Science Congress was
the occasion for a brief but important summary paper
by Yabe, Hatai, and Nomura (1939) on “The Tertiary
stratigraphy of Japan,” which gives correlation data
for Saipan, the Ryukyus, Formosa, and Korea, as well
as Japan proper. At almost the same time there ap-
peared Cole’s important paper on Miocene ‘‘Large
Foraminifera from Guam’ (1939), and a record of the
key echinoid Sismondie from the Miocene Eulepidina
beds of the Bonin Islands (Nisiyama, 1937). These
last reports, together with Imaizumi’s description
(1939) of a new decapod from the Tagpochau limestone,
and that by Yabe and Sugiyama (1935) of Saipania
tayamas from a “boulder” in the Densinyama beds,
constitute the total previous descriptive paleontology
of the Mariana and Bonin Islands available during our
field work. Other papersof the Japanese decade are list-
ed by Tayama (1938, 1952) and in other references cited.

During and following the decade of accelerated
Japanese activity H. T. Stearns was a heavy contributor
to the published and unpublished record of the geology
of the Mariana Islands. Since World War IT, A. M.
Piper, R. W. Sundstrom, Josiah Bridge, the present
writers, and others have also visited and described
parts of the region in unpublished reports or reports
of very limited distribution, and one rather extensive
published report by Cole and Bridge (1953).

Various strategic reports issued by the U. S. Army
and Navy contain compilations of geologic and related
data available at the beginning of the World War II
campaign in the Marianas, but they are of limited
accessibility and specialized treatment and are mainly
not cited or listed.

Most recently N. M. Bowers has summarized the
geography of the Mariana Islands (in Freeman, 1951,
p. 205-229); Tayama (1952) has published his large
and profusely illustrated volume on “Coral reefs in the
South Seas,” with scattered references to and a number
of photographs and maps of the rocks and terrain
features of Saipan; and W. S. Cole and Josiah Bridge
(1953) have prepared a summary of the geology and
larger Foraminifera of Saipan, based mainly on infor-
mation and collections avoilable before the beginning
of our field studies. Also of interest is an excellent
summary by John Rodgers (1948) of the phosphate
deposits of the former Japanese mandated islands; as
well as papers by Krauskopf (1948), Macdonald (1948),
and Swenson (1948) which deal with the geology,
petrography, and ground water of Iwo Jima and con-
firm the bench system and high reef remnants reported
by Tada (1926). A recent paper by Ma (1953) sug-
gests fluctuations in the latitude of Saipan, which,
incidentally, are not confirmed by paleoecological data
in the present report. Cloud and Cole (1953) recorded
an Eocene foraminiferal fauna from Guam and ques-
tioned the occurrence of significant post-Eocene vol-
canism in the southern Marianas. Since then, how-
ever, Todd, Cloud, Low, and Schmidt (1954) have
shown that primary voleanic rocks of late Oligocene age
occur on Saipan, and that volcanism in the Marianas
probably recurred through Cenozoic time.

GENERAL COMMENTS

The views of the Japanese geologists and the results
of immediate postwar reconnaissance as related to
Saipan are extensively summarized by Bridge (Cole
and Bridge, 1953). Here we need only to note that,
excepting the Fina-sisu formation and the Machegit
conglomerate member of the Tagpochau limestone, all
names here used for stratigraphic units of Saipan are
attributed to Tayama (1938). Our descriptions of the
stratigraphy, however, are based entirely on original
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data and our interpretations differ in a number of
particulars from Tayama’s. Such differences are under-
standable, not only because of time limitations on
Tayama’s field work, but also in view of the really
complex stratigraphic relations.

On a regional scale H. H. Hess (1948) has provided
the major synthesis and summary of facts and interpre-
tations for the western north Pacific. The Mariana
arc, however, has been mentioned by nearly everyone
who has written about island arcs or the western north
Pacific, notably by J. H. T. Umbgrove (1945, p. 207-
208; 1947, p. 171-177, 188-189, 202-205, 210, 211; and
1949, p. 47). Some other papers that contain material
related to problems of regional structure are by R. N.
von Drasche (1879), W. J. Sollas (1903), Eduard Suess
(1909), W. H. Hobbs (1914, 1923, 1944), Patrick Mar-
shall (1924), J. W. Gregory (1930), B. Koto (1931),
F. A. Vening Meinesz (1931, 1948), Philip Lake (1931),
A. Born (1932), A. C. Lawson (1932), L. J. Chubb
(1934), Gutenberg and Richter (1939, 1941, 1949),
Otto Jessen (1943), H. M. Schuppli (1946), J. Bridge
(1948a), G. A. Macdonald (1949), P. H. Kuenen (1950),
J. T. Wilson (1950), and the several brief papers of a
colloquium on plastic flow and deformation within the
earth, published under the general editorship of Beno
Gutenberg (1951).

As concerns insular water-supply problems in general,
in addition to unpublished reports by Piper, Stearns,
and Sundstrom, papers by C. K. Wentworth (1942,
1947, 1948b) are of special interest in presenting con-
trolling principles clearly and graphically.

The larger Foraminifera proved to be especially help-
ful in field studies, and a paper by van der Vlerk and
Dickerson (1927) was a useful summary reference.
Much help was obtained from the summaries of larger
Foraminifera by T. W. Vaughan and W. S. Cole (in
Cushman, 1948) and by M. F. Glaessner (1947).

Other papers listed in the bibliography are of inter-
est mainly in relation to specific problems and will be
referred to at appropriate places. The reader desiring
further references to Micronesian geology or general
natural history is referrnd to bibliographies by Prowazek
(1913, p. 122-125), Reid (1939), and Utinomi (1944).
The ‘“Selected bibliography of Micronesia” prepared
for the U. S. Navy in 1946, was seen by us in carbon
copy form only, and the annotated list of references
prepared by the U. S. Navy (1948) in connection with
a summary of the geology of Guam is of very limited
distribution and essentially unavailable.

REGIONAL GEOLOGY

In 1879 Richard N. von Drasche concluded that
the island arcs and seas adjacent to the Asiatic main-
land had been continental in distant geologic periods.
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His evidence was petrographic, continental affiliation
being indicated by metamorphic and plutonic rocks.
He extended his continental boundary southward from
Kamchatka, and oceanward from Japan, the Philip-
pines, New Guinea, New Caledonia, and New Zealand.
Eduard Suess (1909, p. 336) subsequently affirmed
that the true eastern boundary of Asia really lay still
farther seaward, that it is, in fact, defined by the deep
sea trenches east of the island arcs that enclose the
Philippine Sea. Stille (1944) supports the views of
Suess and argues that the Philippine Sea is actually a
former continental area. ITess (1948) and Gutenberg
and Richter (1949, p. 26) also indicate a close relation-
ship of the Philippine Sea and its outer arcs to Asia,
and- several other recent writers have implicity sup-
ported this view (Born, 1932, fig. 306; Bridge, 1948,
fie. 3; Ladd, 1934, fig. 6).

In contrast to the views of Suess, Stille, and others,
however, several recent writers have favored exclusion
of the Philippine Sea from the Asiatic block. TLawson
expressed this view in 1932, Umbgrove has expounded
it in several papers (for example, 1947, p. 204, 211), and
Irving (1952, p. 445) adheres to the same opinion.

There is, it scems, little dispute with the broad thesis
that the western Pacific borderlands, together with
Asia proper, can be referred to an Asiatic structural
block, separable on the basis of geological and geo-
physical data from the Pacific Basin proper to the
east, and from the Australian structural block to the
southeast (fig. 1). It is, however, a subject of lively
discussion whether the Philippine Sea and the Mariana
arc may properly be regarded as parts of this same
Asiatic block, whose eastern boundary would then be
approximately defined by the south to north Palau-
Yap-Mariana-Japan trench system. In the following
pages the evidence in support of this conclusion is
summarized and the origin of island arc and trench sys-
tems is briefly discussed.

ISLAND ARCS OF THE PHILIPPINE SEA MARGINS

Vening Meinesz (1948) found that the Mariana and
Yap trenches (figs. 1, 2) coincide with marked local
negative gravity anomalies and less marked regional
anomalies, separating the Pacific realm of oceanic
basalts on the east from a region characterized by
andesites and silicic voleanic rocks with continental
affinities on the west. Matuyama (1936; see also
Hess, 1948, fig. 9) showed that a belt of negative anom-
alies is eccentrically situated to the west of the axis
of the southern Japan trench (fig. 1), perhaps because
of eastward migration of the topographic trench axis
caused by sedimentary filling from the west. The
trench system that borders the Philippine Sea at the
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east thus approximately coincides with marked nega-
tive gravity anomalies at at least three places, and
probably coincides with a negative anomaly belt.

This contrasts with Indonesia,® where the negative
anomaly belt is expressed as an outer island arc or
submarine ridge bordered oceanward by a trench
(fig. 1). Significant similarity, however, is found be-
tween the Mariana and Indonesian arcs in the distribu-
tion of earthquake foci. The locations and depths of
earthquake foci given by Gutenberg and Richter (1949,
figs. 16, 17; Hess, 1948, fig. 6) indicate that a zone of
weakness dips about 45° westward beneath the Philip-
pine Sea from the trench system on its east. This
zone is broadly divisible into a moderately dipping
part in the outer layers of the crust and a part that
dips 45° or more toward the continent at depth. A
similar pattern of earthquake foci dips beneath the
Indonesian arc and seas from the trench system on
their oceanic side.

The Mariana arc has been regarded as a simple arc
consisting of a single line of islands and contrasting
with the so-called double arcs of Indonesia and the
arcuate Ryukyu chain of islands at the western edge of
the Philippine Sea. Its double arc structure has been
shown by Hess (1948), however, and stratigraphic,
petrographic, and geographic evidence suggests broad
comparison between this and the Cenozoic parts of the
Ryukyu are. :

Reference to the inset map on figure 1 will show that
a line drawn to connect all islands of the Marianas
would make a sharp bend between Medinila and
Anatahan. A generalized connecting line would miss
these and immediatelv adjacent islands. Yet, if an
arcuate line connecting the young andesitic and basaltic
volcanoes from Anatahan northward is continued to
the south on the same radius, it intersects an inter-
mittent sulfur boil about 25 miles west of Saipan-and
a submerged peak having the shape of a volcanic cone
that lies to the west of Guam. In addition, all of the
Mariana Islands that have a core of older Tertiary
volcanic rocks mantled by younger Cenozoic limestones
are arrayed along a similarly curving line that parallels
the very young volcanic line 25 or 30 miles to the east.
These older voleanic-limestone islands show high-angle
normal faulting parallel to their long axes (north-south),
and on Guam folding and west-to-east thrust faulting.”

In the Ryukyus, as in the Marianas, an eastern belt
of mainly Eocene and younger Cenozoic sediments is
paralleled about 30 miles to the west by a belt of very
young volcanoes. A major difference is that the core
of the Ryukyu arc contains upper Paleozoic rocks

6 In this report Indonesia is the geographic area sometimes called the East Indies.

7 The Bonin Islands to the north, and the Yap and Palau islands to the south,
also include old Cenozoic rocks but do not show the very young voleanic rocks.

almost from end to end, as well as granitic intrusions
of late Paleozoic or Mesozoic age (Hanzawa, 1935, p. 11,
17). The Ryukyu arc thus appears to represent an
older and more complex structural feature than the
Mariana are, but not so complex as the Indonesian arc.

Their broad morphologic and stratigraphic similari-
ties and their relatively simple structure imply that the
Ryukyu and Mariana ares, if not basically homologous,
are at least more similar to one another than either is
to the very complex Indonesian arc. Coincidence of
the outer Ryukyu Islands with a zone of negative
gravity anomalies, in the manner of Indonesia, is
rendered improbable by the absence of a trench between
the two belts of Ryukyu Islands. Moreover, sound-
ings have revealed no submarme ridge between the
Ryukyu arc and the trench east of it that could form
the homologue of the Indonesian outer arc. When
gravity surveys are made of the Ryukyu arc, therefore,
the odds favor the likelihood that the Ryukyu Islands
will turn out to be sites of maximal gravity values,
while the Ryukyu trench, like the Mariana trench,
should approximately coincide with a belt of local
negative anomalies or minimal values of gravity.
Such a belt may well lie to the west of the trench axis
becausc of heavy sedimentation, and may show partial
regional compensation owing to relatively greal age.

All observers have noted the striking parallelism and
curving patterns of the island arc systemis, and the
continuity of some of them with folded mountamn
chains of the continents. This suggests relationship
between the two and a continental type of structure
for island arcs.

AFFINITIES OF WESTERN PACIFIC BORDER-
LANDS WITH ASIA

Umbgrove (1947) and others have concluded that
the Indonesian seas are eugeosynclines of relatively
recent origin, and that the Indonesian lands and seas
are properly part of Asia. Actual recent geographic
continuity with the land mass of Asia is strongly indi-
cated for at least the western half of this region and
probably all of it. The Philippines, as Irving (1952,
p. 445) shows, are structurally homogeneous with
Indonesia, and the Sulu and Celebes seas belong to the
same pattern. Cutoff and offset of Tertiary folded
belts along the abrupt north shore of Borneo indicates
that the deep Sulu Sea, like the Java Sea and probably
the South China Sea, has recently foundered (Reinhard
and Wenk, 1951, p. 15).

The granitic massifs and iutrusive rocks of Indo-
nesia, the Philippines, and the Ryukyus (van Bem-
melen, 1949, p. 236--242, 254, 371-372, fig. 73; Reinhard
and Wenk, 1951, p. 14; Suzuki, 1937; Hanzawa, 1935,
p- 11) are strong indication of continental affiliation.
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Moreover, Warren Smith (1925, p. 39-44) long ago
called attention to the Indomalaysian biotic affinities of
the Philippines, and Von Koenigswald (1953) recently
reported the occurrence of probable Pleistocene rhinoc-
eros and elephants on Luzon and a Stegodon on
Mindanao. The Asiatic biotic affinities of Indonesia
are summarized by van Bemmelen (1949, p. 4-5, fig. 5)
on the basis of the work of Wallace, Weber, Mayr, and
others. Rhinoceros and Stegodon roamed from Asia
proper to Formosa in the Pleistocene (Yabe, Batai,
and Nomura, 1939, p. 470). Rhinocerotids, gompho-
theres, an equid, and other land mammals traveled
from the mainland to Japan during the Miocene (Takai,
1939). The distribution of poisonous snakes and wild
boars in the Ryukyus (Hanzawa, 1935, p. 56—59), as
well as the occurrence of fossil elephants and deer
(D. E. Flint, oral communication), indicates a post-
Oligocene connection of the Ryukyus with Asia proper.

Indonesia, the Philippine archipelago, Formosa,
Japan, and the seas behind them each, thus, in some
place or places appears to have been continuous with
the Asiatic land mass during some of Cenozoic time.
Apart from independent evidence to the same effect, it
is merely corollary to this to consider that the Ryukyus
and the mostly very shallow East China Sea also are
properly a part of the geographic continent of Asia.
The question naturally arises as to whether the Philip-
pine Sea and the island arcs at its eastern border should
be associated with or excluded from the Asiatic con-
tinental block.

The petrographic, structural, and geophysical affin-
ities of the area in question with the Asiatic block have
been mentioned. There is, however, a recurrent idea
to the effect that the Philippine Sea is too deep to be
continental; and it is true that this is a very deep sea.
Perhaps 20 percent of its floor is more than 3,000
fathoms deep, and it attains profound depths. Never-
theless, the supposedly once dry Banda Sea attains a
depth of more than 4,000 fathoms, and 5 percent or
more of its bottom exceeds 3,000 fathoms. The floor
of the recently foundered Sulu Sea reaches more than
2,700 fathoms at places, and several large basins that
lie within the granite-intruded island chains of the
Australian structural block exceed 2,000 fathoms
(Glaessner, 1950, figs. 1-3).

Thus it is seen that, while the Philippine Sea does
attain greater depths than do the seas of Indonesia, and
more of it lies at great depths, parts of both are very
deep. Moreover, the scale of the differences indicated
casts serious doubt on the validity of depth as a criterion
for determining continental or oceanic affinities.
Topographically the Philippine Sea and arcs suggest no
important structural differences from the Indonesian
seas and arcs. Nor is there basis for regarding those
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parts of the Philippine Sea that lie below, say, 3,000
fathoms as having broadly different geologic affinities
from those that are shallower than 3,000 fathoms.
Gravity data suggest that the Mindanao trench is a
structural depression. The Palau-Kyushu ridge and
similar parallel ridges in the Philippine Sea may well be
geanticlinal.

The possibility that most or all of the Philippine Sea
was land in the past cannot be either confirmed or con-
clusively eliminated on the basis of present knowledge.
The absence of continentally derived sediments or
biotic links in the islands of its eastern arcs weakens the
likelihood that any of it was connected to Asia proper
at any time after late Eocene. But the distribution of
subaerial and submarine volcanics in the Mariana
Islands suggests more extensive land to the west of the
present islands during Eocene time, and the amphibolite
schists and gneisses of Yap may be considered suggestive
of a once large tract of parent sediments or volcanic
rocks in that area.

The conclusion that the boundary between the Asiatic
structural block and the true Pacific Basin is nearly
located by the Palau-Yap-Mariana—Japan trench sys-
tem is favored by (1) the seeming coincidence of the
trench system with a belt of negative gravity anomalies;
(2) the distribution of earthquake foci beneath and at
increasing depths westward from the trench system;
(3) the abundance of silica- and alumina-rich rocks of
the andesite suite in, but not beyond, the outer island
arcs; (4) the similar restriction of metamorphic,
plutonic, and highly silicic rocks; (5) the apparent
limitation of elevated Tertiary sediments to the area
west of the trench system; and (6) submarine topog-
raphy. In the Pacific Basin proper, approximate
gravimetric compensation prevails; seismic inactivity
is the rule; oceanic olivine-, picrite-, and nepheline-
basalts are abundant and andesites rare; plutonic,
metamorphic, and most highly silicic rocks are unknown;
Tertiary sediments are known only from the subsurface;
and the narrow trenches and ridges that are known lack
the arcuate curvature and alinement with known con-
tinental structures that is shown by the ridges and
basins of the Philippine Sea.

The Philippine Sea is, for these reasons, here regarded
as structurally allied to Asia, and in this sense a deep
epicontinental sea. Whether this area has long been a
part of Asia, or whether it is only in the process of being
added to a growing continental block (Wilson, 1950) is a
moot problem. The origin of the negative anomaly
belts and island arcs is also disputed. The negative
gravity anomalies indicate downward extending wedges
of light material, such as convection-current-induced
sial roots, crustal rocks that have been overidden along
a deep-reaching thrust zone, or sedimentary filling of
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a gigantic structural depression. Even though the
exact nature of these wedges is not understood, the
trenches with which they coincide appear to reflect
profound subcrustal phenomena.

ORIGIN OF THE ISLAND ARCS

The essence of the island arc problem involves
reconciliation of the gravity data with other geophysical
and geological evidence. Hypotheses of origin so far
advanced come mainly under the three general cate-
gories of contraction, convection, and geochemical
differentiation. .

The explanation for the peripheral negative anomaly
belts, an essential part of any hypothesis of origin,
was until very recently considered by most who have
dealt with the problem to be the downward protrusion
of sial roots. However, the recent discovery of probable
great thicknesses of sediments in the Puerto Rico
trench (Ewing, 1952) has suggested to some that the
negative anomaly belts may reflect sedimentary phe-
nomena, an explanation that evades the question of
trench origin. The already noted asymmetric rela-
tionship between the topographic axis of the southern
Japan trench and the linear trend of its negative gravity
anomalies bears on the significance of this point for arc
structure, as will seismic and gravity surveys of trenches
remote from sites of heavy Tertiary sedimentation, such
as the Mariana and Tonga trenches.

Assuming the existence of sial roots, there is great
disagreement as to whether such structures are best
explained as a result of compressional elastic down-
buckling (Umbgrove, 1947, p. 173, 177-178), com-
pressional plastic downbulging (Vening Meinesz, in
Gutenberg and others, 1951), plastic downdragging by
convection currents (Hess, Griggs, in Gutenberg and
others, 1951), geochemical differentiation (van Bem-
melen, 1949, p. 281-295), or by downward dragging
beneath overriding thrust blocks (Wilson, 1950, p. 96).
Moreover, the distribution of earthquake foci is more
irregular than was once thought, and analysis of stress
patterns by Benioff (Wilson, 1950, p. 95) indicates
downward movement on the upper side of the supposed
seismic shear zone at depth—the reverse being true
above about 70 kilometers.

Stratigraphic data indicate the Mariana arc to have
been emergent through most of Cenozoic time and
suggest that present structure reflects an early Tertiary
arc and trench pattern. The absence of a folded ridge
or island arc above the negative anomaly belt and the
general prevalence of normal faulting suggests that the
region has not undergone strong compressive defor-
mation—perhaps the principal difference between it and
the Indonesian arc. In this connection Hess, among
others, has recognized (in Gutenberg and others, 1951,
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p. 529-530) that it helps greatly to explain persistence
of a sial root without mountains above it if one assumes
the existence of convection currents.

On the other hand, Francis Birch (¢n Gutenberg and
others 1951, p. 533—-534) has confronted the convection
hypothesis with serious irregularities in the elastic
properties of the earth’s mantle. The zone between
200 and 800 kilometers has irregular elastic properties,
as opposed to relative uniformity at depths between
900 kilometers and the base of the mantle, and general
uniformity in the uppermost 200 kilometers. These
irregularities do not eliminate the possibility of con-
vection currents, but they require a special explana-
tion for differences of elasticity, such as change of phase.
The possibility of having separate convection systems.
within zones of similar and uniform elastic properties
above 200 and below 900 kilometers has also been
advanced, although the adequacy of shallow convection
cells to account for sial roots of the dimensions necessary
is open to question.

Some of the mechanical difficulties in accounting
for peculiarities noted have been considered by J.
Tuzo Wilson (1950) to be resolved by calling upon a
contracting earth to produce normal faulting between
70 and 700 kilometers, with thrust faulting above a
level of no strain at about 70 kilometers. The distribu-
tion of earthquake foci and relative movements de-
termined by Benioff are consistent with this interpreta-
tion, and variations in the shapes of arcs may be
accounted for by variation in the locally determined
stress pattern above 70 kilometers. This needs to be
considered, however, in context with the thermo-
dynamic problems presented by a contracting and
radioactive earth.

The origin of island arcs remains a problem. It
appears that no explanation yet advanced is both com-
prehensive and consistent with all important facts and
probabilities. A useful interim working model, how-
ever, might include oceanward creep of the continental
blocks along deep reaching shear zones, combined with
convection currents to explain persistent trenches coin-
cident with negative anomaly belts.

GEOMORPHOLOGY
INTRODUCTION AND SYNOPSIS

Although it is the second largest of the Mariana.
Islands, Saipan is only 13 miles long north to south, and
it averages less than 4 miles wide. Its 48 square miles
are about 12 percent of the roughly 400 square miles in
the Mariana Islands. Tt is less than one-fourth as large
as Guam and only a little larger than Tinian, its neigh-
bor to the immediate south.® The principal geomorphic

8 Excessive estimates of area sometimes given for Saipan probably result from In--

clusion of the barrier reef and shallow lagoon along its west coast, and the fringing-
reefs along other parts of the shore.
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subdivisions of Saipan, exclusive of the offshore fea-
tures, are shown in figure 3 as summarized below.

This small and conspicuously terraced island juts
above the sea to maximum heights of 1,555 feet at
Mount Tagpochau (Ogso Tagpochau) a little south
of center, and 835 feet in the Matuis area, toward the
north end. From these highland centers a succession
of limestone benches, separated by scarps, falls away
stepwise to the sea. Toward the midlength of the
island they also descend to an intricately dissected
volcanic ridge that marks a part of the island crest be-
tween the limestone uplands. A second group of vol-
canic hills, centering about the Laulau area, abuts the
southeastern corner of the Tagpochau area. These
areas, together constituting the axial uplands, will later
be described as the terraced limestone uplands, the
central volcanic ridge and slopes, and the Laulau vol-
canic area.

The axial uplands are bordered by a set of low terraced
benches and limestone platforms that carry the terrace
pattern downward. The low limestone platforms are
conspicuous, broad, subequidimensional areas at the
south, southeast-central, and north margins of the axjal
uplands, The low terraced benches fit around and be-
tween them. A belt of clay hills along the middle
eastern margin of the island and two isolated fault
ridges along the southeastern coast complicate the geo-
morphic pattern. The northern margin of the southern
limestone platform is also complicated by two spurs of
low hills separated by a conspicuous shallow depression.
Voleanic rocks oceur in the western member of this pair
(Fina-sisu hills).

The eastern, southern, and northern coasts of the
island are backed by high to low cliffs which are mainly
of limestone, but which locally include deposits of vol-
canic origin. The west coast, however, is bordered by
a narrow coastal plain of limesand (calcium carbonate
sand) and volcanic outwash. Toward the south end
of this coastal plain is a small brackish lake, surrounded
by a rather extensive marshy area. A former lake at
Muchot point has been filled in. Other small depres-
sions are wet mainly after rains.

Westward from the west coast is a shallow lagoon
bordered by a barrier reef. Toward its north and south
ends the barrier reef approaches shore and changes to a
fringing reef. A wide pass interrupts the barrier reef
at midlength, and a small limesand islet lies just inside
the reef at the north side of this pass. Westward be-
vond the southern half of the reef is a broad submarine
platform, 15 to 30 fathoms deep, indented at its north
and south edges by deep valleylike reentrants,

Saipan, however, is considerably more complex
geomorphically than this brief description indicates.
This diversity results from a variety of mainly destruc-

tional processes acting upon an intergrading succession
of volcapic and calcareous rocks and sediments, over a
period of time that extends from the present day through
the Pleistocene and probably into the Pliocene.

MATERIAL AND STRUCTURAL FOUNDATIONS

The fabric from which the geomorphic features of
Saipan have been evolved consists of dacitic and
andesitic pyroclastic rocks and flows, marine sands of
volcanic composition, and a variety of limestones and
calcium carbonate sediments. The dacitic and andes-
itic materials together represent less than one-sixth
of the total land area of Saipan;limestone and associated
sediments comprise more than two-thirds of the island;
and the rest consists of various unconsolidated mate-
rials, marsh, and lake.

Table 2 summarizes the areal representation of the
outcropping rocks and unconsolidated mantling deposits
of Saipan:

TABLE 2.—Acreage of outcropping rocks and unconsolidated
mantling deposils

Rock type or covering element Area

Andesitic rocks: (acres)
Breccia, conglomerate, and associated finer sediments__._.______________.__ 1,915
OO R 480
Flow 10CKS e 80
2,475

Dacitic rocks:
Breeeia. - - - e 240
Aphanitic flow roek. - aiee 200
Tuff and mixed pyroelastics. - .o oo 15
455
Marine sandstone and conglomerate of volcanic composition. ... __.________ 840

Limestone:

Mainly ecompact. .- e 10, 845
Generally POTOUS - o . 6, 520
Marly and tuffaceous. ... 1,795
Rubbly and conglomeratic_ - .- 1,875
Unclassified but mainly impure_ ... .. 600
21, 695
Alluvium, clay wash, and clay over impure limestone. ... ___..________..._ 1,350
Terrace sands and gravels of volcanie source materials_ . ..o ... ... 577
Emerged limesand and caleareous gravel __.______________________________.__ 2,717
Marsh and lake deposits. .- el 600
Landslide and slump deposits. - - oo oo oo 11
5,255
30, 720

In addition to the limitations imposed by the material
foundation itself, however, the processes that produced
present land forms have operated. under certain struc-
tural controls., The shape of the island itself and the
general north-northeasterly trend of ridges and long
terraces is related to fault pattern and orientation of
the probably geanticlinal submarine ridge from which
the island rises. Some terrace benches at the north end
of the island have been tilted to the west by cross
faulting. Minor folds along northwest-trending axes
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GENERAL GEOLOGY

affect tuffaceous sediments in the lower east slopes of
the island. The broadly horizontal position of much
of the limestone has perhaps contributed to the general
evenness of some of the well-defined terraces. Steep
dips on the dacitic rocks have influenced the form of
the prominent strike ridge known as Ogso Achugau in
the north-central part of the island.

PREVAILING GENETIC PROCESSES AND
CHARACTERISTIC RESULTS

FORMATION AND MORPHOLOGY OF BENCHES
AND SCARPS

The terraces that dominate the terrain pattern of
Saipan consist of nearly horizontal or slightly sloping
benches, separated by seaward-facing scarps or steeply
sloping surfaces (pls. 20-23). At places the change
from one bench level to another is accomplished by a
relatively broad, moderate to gentle slope that is more
aptly termed a ramp than a scarp. The processes that
are effective in producing these features are marine
erosion, faulting, subaerial erosion, and, to a minor
degree, construction. ’

That the bench surfaces are for the most part of
marine origin is evident from their generally horizontal
attitude or gentle seaward slope, their concentric ar-
rangement, and the inadequacy of available terrestrial
processes to do the job. That they are mainly erosional
is shown by their habit of cutting across rock types, the
clastic nature of most of the underlying limestone, and
the evidence that much of the foundation limestone
was formed as bank deposits at depths averaging about
10 to 50 fathoms. Some of the bench surfaces, especially
in or near areas of volcanic rocks, are locally mantled
with bedded sands and gravels which have not yielded
fossils and which may be confluent fluviatile deposits
formed behind a retreating sea in low-level outwash
areas. Parts of the lowest benches mostly less than 80
feet above sea level but locally as much as 100 feet,
appear to be constructional in the sense that they
represent emerged fringing reefs only slightly modified
by subaerial erosion.

It appears that at various times in the Quaternary
history of Saipan marine erosion produced flat or sea-
ward-sloping benches near sea level, through solution,
abrasion, and biologic action in the intertidal zone.
Although at any given time these processes were active
only through a relatively narrow vertical zone, erosion
also served to produce scarps at the backs of benches
through undermining and collapse and through the
quarrying action of wave-confined water and air.
The slope of marine erosion benches may reflect the rate
of rise or fall of sea level. Chemical solution and
biologic destruction acting for a sufficiently long time

’
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at one level would produce a nearly flat bench, but if
the sea rose or fell quickly a seaward-sloping bench
would presumably result. A bench due primarily to
mechanical abrasion should also slope seaward.

The ability of warm marine waters to dissolve
calcium carbonate is believed to relate primarily to
diurnal variations in the carbonic acid equilibria of
intertidal waters, due to photosynthetic activities of
marine plants. Physicochemical solution is, pre-
sumably, most marked on unprotected rock surfaces
where such plants are abundant. Also of importance
is organic solution, as well as disintegration and abra-
sion, by algae and apimals that penetrate or cling to
rock surfaces (Otter, 1937). It is believed that the
present-day sea-level notch, as well as the 6-foot notch
above it, result from a complex of factors in which
solution plays a leading part. Intertidal marine waters
are probably slightly solvent during the later night
hiours, because changes in ionic equilibria due to night
time buildup of carbon dioxide (Orr, 1933, p. 52-53;

‘Manton, 1935, p. 281-298; Emery, 1946; Cloud, 19525,

p. 34-41) temporarily increase the relative capacity of
the water to hold calcium carbonate in solution.

The benches below 100 feet are probably attributable
to shifts of sea level, caused by melting and accretion
of Pleistocene ice. The many changes in the relative
position of land and sea that resulted in bench cutting
at higher elevations may be tectonic effects, or even in
part actual sea-level changes due to factors other than
glacial. A complicated pattern of incomplete terraces
has resulted from the fact that all intervals of bench
erosion tended to destroy or interrupt surfaces at higher
levels, and that subsequent erosion and tectonic
movement$ add difficulty to the correlation of bench
remnants.

The most recent extensive rock surfaces include
partly constructional and partly destructional benches
between about 12 and 100 feet above sea level. The
most conspicuous of these surfaces is between 20 and
40 feet. They appear to be parts of the surface of a
former fringing reef complex that descends from a
maximum elevation of around 100 feet. Organic
growth associated with this reef formed a nearly
continuous to spotty veneer on an emerging surface
that was simultaneously affected by marine abrasion
and solution. Where not artificially leveled, such sur-
faces tend to be conspicuously irregular, both from
subaerial solution effects and from residual features.
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