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GEOLOGY OF SAIPAN, MARIANA ISLANDS

PETROLOGY OF THE VOLCANIC ROCKS

By Roeerr GEORGE ScCHMIDT

ABSTRACT

The rocks that comprise the volcanic formations of Saipan
are of two prineipal types: dacites, which are characteristically
glassy, and andesites, which are comparatively crystalline. The
dacites consist primarily of silicic glass, oligoclase, and silica
minerals (quartz, tridymite, cristobalite, chalcedony, and opal).
Minor constituents in these rocks are green hornblende, biotite,
magnetite, and hematite. The andesites are composed princi-
pally of labradorite, hypersthene, augite, and subcalcic augite.
Minor but also characteristic constituents of the andesites are
quartz, tridymite, cristobalite, anorthoclase, and accessory mag-
netite, ilmenite, rutile, and apatite. Nine varieties of dacite
and andesite are recognized on the basis of chemical composi-
tion, mineralogy, and texture. These are dacite, dacite vitro-
phyre, dacite perlite, hornblende-bearing dacite porphyry, aug-
ite-hypersthene andesite, quartz-bearing augite-hypersthene
andesite, quartz-bearing augite-hypersthene andesite porphyry,
augite andesite, and hypersthene andesite.

Chemically, the volcanic rocks of Saipan are characterized
by a high silica and alumina content and a low potash, tita-
nium dioxide, and phosphcrus pentoxide content. Quartz is
universally present in the norm, attaining as much as 49 per-
cent in the dacites. The andesites are extremely calcic and con-
tain a large excess of lime over alkalies.

The andesites and dacites of Saipan generally are close in
composition to volcanic rocks of other islands in the system of
arcs extending from Japan to the Palau Islands. Apparently
the great bulk of the volcanic rocks in this region belong to a
characteristic calc-alkaline suite and form a well-defined petro-
graphic province. The general uniformity of composition of
the rocks throughout the province is a reflection of origin under
similar geological conditions.

Many features of the andesites and dacites of Saipan, espe-
cially the high silica eontent and peraluminous nature of the
dacites, are difficult to reconcile with simple differentiation of
a primary basaltic magma. Providing these rocks are related
to ancestral basalts, it seems necessary to assume assimilation
of important amounts of siliceous and aluminous crustal mate-
rial to account for their composition. The absence of basalts
on Saipan, and the wide compositional gap between the andes-
ites and dacites, may indicate that the andesitic and dacitic
magmas originated independently.

Volcanism is a normal accompaniment to the structural de-
velopment of the island arcs which border the western and
northern Pacifle Bagin, and this suggests that igneous activity
and structural evolution of the arcs are interrelated phenomena.

The andesites and dacites of Saipan lie within the western
part of the circum-Pacific province in which the characteristic
volcanic association is basalt, andesite, dacite, and rhyolite or

388406—57——2

some combination of these types. This rock kindred is in
marked contrast to that of the adjacent intra-Pacific or Pacific
Basin province in which the typical rock association is de-
cidedly more alkalic and consists of olivine and picrite basalt
and smaller amounts of their differentiation products such as
oligoclase andesite and trachyte. Around much of the Pacific
margin the transition between the circum-Pacific and intra-Pa-
cifie rock provinees seems to be across a relatively narrow zone,
and it is this narrow transition zone that has been called the
andesite line. 'The significance of the andesite line, from the
standpoint of petrogenesis, is that it marks a combined petro-
logie, structural, and physiographic boundary separating a con-
tinental-type region (the circum-Pacific province) in which rock
evolution and rock composition are related to orogeny and the
presence of a sialic layer, from an oceanic-type region (the
intra-Pacific province) in which rock evolution and rock com-
position are related to crustal stability and the absence of a

sialic layer.
INTRODUCTION

This report presents the results of laboratory studies
carried on from 1950 to 1952 as part of a general investi-
gation of the geology of Saipan. Its purpose is to de-
scribe the physical and chemical characteristics of the
volcanic rocks, to discuss their relationship to rocks of
adjoining regions, and to make deductions and sugges-
tions as to their origin.

Laboratory investigation of the volcanic rocks has
involved microscopic examination of 350 rock sections,
X-ray studies of the groundmass of dacitic flow rocks,
and microscopic study of rock-forming minerals. Point-
counter analyses (see Chayes, 1949, p. 1-11) were made
on sections of chemically analyzed rocks to obtain the
volumetric mineral composition of principal rock types
and the composition of their groundmass. The average
chemical composition of plagioclase feldspar pheno-
crysts in several varieties of andesite was determined by
specific-gravity measurements. Chemical analyses were
obtained for 10 samples of volcanic rocks from Saipan,
1 of andesite from Guam, and 5 of basalt from the
islands of Alamagan, Pagan, and Agrihan (Agrigan).

Saipan lies about midway between Japan and New
Guinea in the western Pacific Ocean (fig. 11). Itisone
of the larger of the Mariana Islands and is situated
near the center of that island chain, about 120 miles
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north of Guam. On the west the Marianas are bounded
by the Philippine Sea; the Pacific Ocean proper lies on
the east.

The Marianas form a principal link in the system of

MARIANA ISLANDS

island arcs that extends southward from the Izu Penin-
sula of Japan to the southern limit of the Palau Islands,
along the east border of the Philippine Sea. The salient
features of the Mariana arc are shown in figure 12. The
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islands form a smoothly curving chain 400 miles long
on the crest of a generally submerged ridge. Actually
the islands are divisible into two separate chains—the
southern Marianas, which include Saipan, alined along

After Hess, 1948, p. 427.

an eastern arc and consisting primarily of Tertiary vol-
canic rocks and limestones; and the northern Marianas,
forming a western arc of Quaternary volcanoes. On
the east the Mariana ridge is bordered by a narrow,
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arcuate deep, the Mariana trench, which attains a depth
of more than 3,500 fathoms throughout most of its
length. Volcanic activity has been confined to the west
side of the trench along or near the crest of the Mariana
ridge. Recent volcanic activity, centered in the north-
ern islands, is concentrated along an inner belt on the
back slope of the ridge, about 25 miles inside the line of
older, southern islands. There is no indication of vol-
canic activity in the vicinity of the trench or along its
east side. The regional setting and origin of the
Mariana arc are discussed in Chapter A, General
‘Geology (Cloud, Schmidt, and Burke, 1956).

The volcanic rocks of Saipan (pl. 2) are grouped in
four named formations: the Sankakuyama, Hagman,
and Densinyama formations, of late Eocene age, and
the Fina-sisu formation, of probable late Oligocene age.
These units consist mainly of flows and pyroclastic
rocks, the latter including voleanic sediments (con-
glomerates, sandstones) as well as rocks of a wholly
eruptive origin (breccias, tuff breccias, tuffs). The gen-
eral lithologic nature of the volcanic formations of
Saipan is summarized in table 1 and the chart. De-
tailed descriptions of the formations are given in
Chapter A (Cloud, Schmidt, and Burke, 1956).

Throughout the report, individual rock specimens are
referred to by their field locality number, consisting of
the letter S (for Schmidt) followed by a numeral or
numerals (for example, S185). The collection of vol-
canic rocks from the island of Saipan, upon which the
present study is based, is on deposit with the United
States National Museum, in Washington, D. C., and
bears U. S. National Museum collection number 108982.

PREVIOUS PETROLOGIC INVESTIGATIONS

A summary of previous investigations that relate to
the exploration, history, geography, geology, and
natural history of the Mariana Tslands is contained in
Chapter A (Cloud, Schmidt, and Burke, 1956). A
more extended account of those investigations that deal
with the petrography of the volcanic rocks of the
Mariana Islands is given here.

The earliest petrographic investigations of volcanic
rocks from the Mariana Islands were made by Kaiser
(1908, p. 114-120), who described and published chem-
ical analyses of single hand specimens of augite-
hypersthene andesite from Pajaros and augite andesite
from Saipan and who also described a specimen of
andesitic tuff from Saipan. However, according to
Kaiser the augite andesite of Saipan was collected from
an ancient and presumably prehistoric ruin at Magpi,
in the northern part of the island, and may not have
come originally from Saipan. The chemical analysis
of this rock is given in table 5 (analysis 4) of this report

GEOLOGY OF SAIPAN, MARIANA ISLANDS

and does not conform well with recent analyses of
voleanic rocks from Saipan.

TABLE 1.—Volcanic formations of Saipan

Maxi-
mum
Age Formation Character outerop
thickness
(feet)
Late Oligo- | Fina-sisu..__._ Andesite flow rock and marine andesite 400
cene. tuff.
Late Eocene_.| Densinyama._{ Impure limestone and calcareous con- 730
glomerate, andesitic conglomerate and
sandstone, andesitic breccia.
Late Eocene_.| Hagman______ Andesitic conglomerate and sandstone, 600
andesitic breccia and tuff, andesite
flow rock.
Late Eocene .| Sankakuyama.| Mixed dacitic pyroclastic rocks, dacitic 1, 800
tuff, vitrophyric and perlitic dacite
breceia, dacite flow rock.

Marshall (1912, p. 8-9), Iddings (1913, p. 650-651),
and Daly (1916, p. 337) recorded the presence of augite
andesite at Pajaros and augite andesite and andesitic tuff
at Saipan on the basis of Kaiser’s earlier descriptions.
However, Iddings’ account was worded in a manner such
as to give the impression that olivine-bearing hyper-
sthene-augite andesite had been reported from the island
of Alamagan, whereas this rock is actually the one de-
scribed by Kaiser from Pajaros, Daly’s highly provoca-
tive and informative report still stands as one of the
best regional discussions of rock types in the Pacific.
However, his tabulation of rock types from the Marianas
was also incorrect in that it listed augite andesite from
Alamagan on the authority of Iddings and recorded
Kaiser’s augite andesite from Saipan as an amphibole-
bearing augite andesite, although Kaiser (1903, p. 119-
120) does not mention the presence of amphibole in the
rock.

A suite of rocks from the Marianas was studied and
described by Koert and Finckh (1920, p. 10-12), but
because the localities given for several of the specimens
in this snite appear to be incorrect, this paper loses much
of its value. Among these rocks Koert and Finckh de-
seribed serpentinized peridotite from the islands of Tin-
ian and Agrihan. More recent and more detailed papers
by Tayama (1936 b, 1938, 1940) make no mention of ser-
pentinized peridotite on Saipan, Tinian, Aguijan, and
Agrihan, and the present writer and his colleagues have
been unable to find serpentinized peridotite or rocks of
a related nature on Saipan, Tinian, and Guam, or on the
islands of Alamagan, Pagan, and Agrihan in the north-
ern Marianas. The reported presence of serpentinized
peridotite on Tinian and Agrihan should therefore be
regarded as highly questionable,

Von Wolff (1928, p. 161-162) gave a short descrip-
tion of the petrography of the Mariana Islands, based
largely on the earlier account by Kaiser, and listed



PETROLOGY OF THE VOLCANIC ROCKS

Kaiser’s analyses of andesites from Saipan and Pajaros.
Tsuboya (1932, p. 208-211) described and published
a chemical analysis of a single hand specimen of hyper-
sthene andesite from Saipan.

The Japanese petrographer Yoshii (1936, p. 1-22)
described single specimens of quartz dacite, andesite,
and andesitic tuff from Saipan and andesitic rocks
from Tinian, Rota, Pagan, and Maug. Yoshii (1937)
also gave a valuable account of the distribution of vol-
canic and metamorphic rock types in the western north
Pacific. Tanakadate (1940) described the physiog-
raphy and recent activity of the volcanoes of the
northern Mariana Islands and published four analyses
of basalts and andesites from the islands of Pagan and
Pajaros.

From the foregoing, it is evident that surprisingly
little has previously been published regarding the pe-
trography and chemistry of the volecanic rocks of the
Mariana Islands. Apart from the present study, de-
tailed petrographic descriptions of volcanic rocks from
the Marianas are to be found only in the reports of
Kaiser (1903, p. 114-120), Tsuboya (1932, p. 208-211),
and Yoshii (1936, p. 6-19).
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CLASSIFICATION OF ROCKS

The igneous rocks of Saipan belong to two principal
classes or types of effusive rock: dacites, which are char-
acteristically glassy, and andesites, which are compara-
tively crystalline. These rocks are classified primarily
on the basis of the sum of their modal and normative
femic minerals (pyroxene, hornblende, magnetite, il-
menite, and hematite). The secondary basis of classi-
fication is the average composition of the modal feld-
spar. Moda] analyses were made by the point-counter
method to determine the color index (volume percent
of femic minerals) of rocks of a holocrystalline and
coarsely porphyritic nature. When it was not possible
to determine the modal composition of a rock, but the
chemical composition was known, the color index was
taken as the sum of the normative femic constituents
(wo+en+fs+mt+il+hm). Rocks for which no chem-
ical or modal analysis was available are classified on
the basis of comparison to the analyzed rocks.

A small amount of potash-rich feldspar, believed to
be anorthoclase, 1s present in the groundmass of the an-
desites from Saipan, but it is not considered in the class-
ification. All of the igneous rocks are oversaturated
with silica, and the andesites contain a large amount
of normative quartz but little or no modal quartz. The
presence or absence of quartz is not considered in the
primary classification.

The dacites of Saipan are leucocratic rocks that con-
tain less than 10 percent by volume of femic minerals
and modal plagioclase feldspar with an average com-
position ranging from approximately An;. to An,s. All
the dacites contain modal quartz and are relatively high
in silica and low in alumina, iron, magnesia, lime, and
potash compared to the average composition of dacite
given by Daly (1933, p. 15). The andesites of Saipan
are leucocratic rocks that contain between 10 and 30
percent femic minerals and modal plagioclase feldspar
with an average composition ranging from approxi-
mately Anss to Ang. All the andesites contain an
abundance of calcic plagioclase and a relatively large
amount of normative quartz. They are relatively high
in alumina and lime and low in potash compared to the
average composition of andesite given by Daly (1933,
p- 16).

Subdivisions of the major igneous rock types are
made by use of appropriate modifying textural and
mineral names. Dacite refers to a felsic rock contain-
ing small and relatively few phenocrysts of quartz and
oligoclase, whereas dacite porphyry refers to a felsic
rock in which these phenocrysts are large and abundant.
Dacite vitrophyre refers to a porphyritic rock of pitch-
stonelike appearance in which small scattered pheno-
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crysts of quartz and oligoclase lie in a groundmass of
silicic dacitic glass. Perlite is a type of vitrophyre with
a groundmass of small spheroids of glass bounded by
arcuate cracks. The andesites of Saipan are grouped
into various subtypes principally on the basis of their
dominant mafic mineral phenocrysts; for example,
augite andesite (where augite is the only mafic mineral
phenocryst), augite-hypersthene andesite (where there
are phenocrysts of augite and hypersthene), and quartz-
bearing augite-hypersthene andesite (where phenocrysts
of augite and hypersthene are abundant and quartz
phenocrysts few).

The volcanic rock types of Saipan are textural varie-
ties of dacite, hornblende-bearing dacite porphyry,
dacite vitrophyre, dacite perlite, augite-hypersthene
andesite, quartz-bearing augite-hypersthene andesite,
quartz-bearing augite-hypersthene andesite porphyry,
augite andesite, and hypersthene andesite.

The andesites and dacites of Saipan bear a close com-
positional resemblance to counterparts amongst the vol-
canic rocks of the Izu Peninsula region of Japan and
other islands in the oceanic area between Honshu and
the Palau Islands, and it appears that the great bulk of
voleanic rocks throughout this region constitute a well-
defined pe'rographic province. Within this province
the rocks comprise a gradational series that ranges from
mafic olivine-bearing pyroxene basalt through inter-
mediate rock types to extremely silicic dacites and
rhyolites. The andesites of Saipan correspond to in-
termediate members of the series, and the daciles of
Saipan correspond to rocks at the silicic end of the
geries. The classification followed in this report furn-
ishes a satisfactory medium for regional petrological
discussion and comparison in that it defines the position
of the rocks in the regional series and conforms to
classifications and terminology already in use for the
volcanic rocks of the western Pacific region. The
classification is generally consistent with those estab-
lished by Kuno (1950b, p. 958-959) and other Japanese
petrographers for the volcanic rocks of the Izu Pe-
ninsula region of Japan.

Under more complex schemes of classification, such
as those outlined in many American textbooks, the rocks
which are called dacite in this report would be classed
as rhyolites, soda rhyolites, or rhyodacites, and the
rocks which are called andesite would be classed as
basalt, quartz basalt, or basaltic andesite. In the sys-
tem of classification proposed by Shand (1946, p. 225
245) the dacites of Saipan are soda rhyolites (DO,8L),
while the andesites are equivalent to his lime andesites
(DO yyd L). In Johannsen’s classification (1939, p.
155-156), the dacites become leucodacite (128E) and
the andesites are equivalent to his quartz basalt (238E).
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MINERALOGY
PRIMARY MINERALS

PLAGIOCLASE FELDSPAR

Plagioclase feldspar is the most abundant siineral
component of the volcanic rocks, occurring both as
phenocrysts and as a groundmass constituent. The
absolute range in composition of the plagioclase is from
medium bytownite in andesites to sodic oligoclase in
dacites. Phenocrysts commonly display compositional
zoning, and the zonal structure is more pronounced and
more complicated in the intermediate to calcic plagio-
clase of the andesites than in sodic plagioclase crystals
of the dacites. Plagioclase of the andesites also tends
to be more highly twinned and more prone to contain
inclusions.

The plagioclase of andesites ranges in composition
from about Ang, in the cores of zoned phenocrysts to
An;, and more rarely to An,, in outer rims of zoned
crystals and in groundmass feldspar. The composi-
tional range of the plagioclase within a single rock
normally exceeds 20 percent of anorthite. Table 2
gives the specific gravity and corresponding average
molecular composition of zoned phenocryst feldspar in
various andesites from Saipan as determined from the
density curve published by Goranson (1926, p. 153).
A small amount of groundmass feldspar was probably
included in the samples of plagioclase separated from
the rocks, but the samples are thought to be nearly rep-
resentative of the average phenocryst plagioclase im the
several rock specimens from which they were obtained.
The average composition of phenocrysts in the rocks
listed in table 2 ranges from Ang; ;s t0 Angses.

TABLE 2.—S8pecific gravity and composition of plagioclase feld-
spar phenocrysts from wvarious andesites of the Hagman
formation, Saipan

Specific gravity !
Specimmen Rock type Average
no. composition
Istrun | 2drun [Average?
S153______ Augite-hypersthene ande-
it 2.700 2.706 2.703 Anss-Anss
2.707 2.705 2,706 Ansr-Ans
2.710 2.709 2,7095 | Ans-Anes
2.716 2.711 2.7135 | Ans—Anss
2.713 2.718 2.715 Ang-Anes
2.717 2.713 2.7156 Angz-Anes
2.716 2.717 2.71656 | Ang-Anes
2.721 2.716 2.7185 | Anss-Anes
2.719 2.718 2.7185 | Ang~Ane
hypersthene andesite.

1 Obtained by means of a quartz pycnometer (volume 4.72 ml), using distilled
water.

2 Average deviation is #-0.002, as calculated from 5 specific-gravity determinations
on feldspar of specimen 8107. Two determinations were made on the other specimens.

3 Chemical analysis of rock is given in table 5.

The commonest type of zoning of plagioclase in the
andesites is of normal type, where a relatively large
homogeneous core of sodic bytownite or calcic labra- -
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dorite is surrounded by narrow zones that become suc-
cessively more sodic toward the margins. However,
oscillatory or repetitive zoning is a common feature of
strongly zoned crystals of intermediate to calcic labra-
dorite (pl. 304, B). In these crystals one or more
outer zones, or the innermost zone alone, has a more
calcic composition than one or more inner adjacent
zones, but the cores of the crystals are always more
calcic than any of the outer zones.

Labradorite phenocrysts and groundmass grains com-
monly exhibit albite and carlsbad twinning, and many
crystals are twinned according to both laws. The
albite twinning is polysynthetic, and individual crys-
tals are commonly coarsely striated by several albite
twin lamella. Some crystals show polysynthetic peri-
cline twinning which can be observed in sections known
to be cut parallel to {010}. The pericline composi-
tion plane is inclined approximately 8° to 12° from
the basal plane in crystals of calcic labradorite, but
ordinarily this cannot be determined due to the imper-
fect nature of the crystals.

Phenocrysts of plagioclase in the andesites commonly
exhibit peculiar textures due to inclusions. The com-
monest inclusions are blebs of clear light-brown vol-
canic glass oriented in such a way that they conform
to zonal boundaries. Ordinarily they are concentrated
in the outer borders of zoned crystals in which the
calcic cores are free of inclusions, this being a common
feature of zoned plagioclase phenocrysts in most vol-
canic rocks. Probably the outermost zones containing
the inclusions were grown after extrusion, whereupon
growth was extremely rapid, favoring incorporation
of groundmass material in the outer parts of the
crystals. Where the particles of glass are coarse they
commonly form irregular or vermicular shapes, which
interconnect, and give the crystal a honeycomb or
spongelike appearance. A few crystals were noted with
randomly oriented glass inclusions distributed through-
out the entire body of the crystal, and these crystals
are weakly zoned or appear to be homogeneous and are
not visibly zoned. These features, however, may be
illusory and due to the fact that the observed crystals
are cut (sectioned) parallel to zone boundaries.

A second type of texture, less common than that
formed by glass inclusions, consists of plagioclase con-
taining microscopic opaque particles. These inclu-
sions, as nearly as can be determined, are a mixture of
monoclinic pyroxene and iron oxide, with or without
small particles of glass, and are present in concentra-
tions oriented parallel to zonal (crystal) boundaries.
The inclusions are mostly concentrated in the outer
parts of zoned crystals, as are the glass inclusions, and
in some crystals form a separate outer zone, the outer
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margin of which is parallel to the outline of the
plagioclase crystal. In many crystals the inner margin
of the inclusion zone is regular, but in some crystals
it is irregular, and narrow apophyses of the inclusions
extend across zonal boundaries toward the center of
the crystals. However, none of these stringers were
observed to reach the central portion of the crystals as
is reported by Kuno (1950b, p. 968) for some plagio-
clase phenocrysts in rocks from the Hakone region of
Japan.

Plagioclase feldspar of dacites ranges in composition
from about Ans; in the cores of zoned phenocrysts to
about Anjo,; in the outer rims of zoned crystals and
in groundmass feldspar. The compositional range of
the plagioclase within a single rock rarely exceeds 10
to 15 percent of anorthite. The zoning of the feldspars
is ordinarily weak, and commonly larger phenocrysts
in dacite and vitrophyre appear to be homogeneous and
are not recognizably zoned in section. Unlike many
of the calcic plagioclase crystals of the andesites, the
plagioclase crystals in the dacites are free of inclusions.

The normative feldspar composition of analyzed an-
desites and dacites from Saipan and of Daly’s average
calc-alkaline rock types of the world is plotted on the
triangular diagram of figure 13. Compared to the
average basalts and andesites of the world the normative
feldspar of the andesites of Saipan is significantly
higher in lime and lower in potash. The normative
feldspar of the dacites of Saipan is more sodic and gen-
erally contains less potash than that of the average
world dacite and is much less potash-rich than that of
the average world rhyolite. The normative feldspars
of the volcanic rocks of Saipan thus form a potash-poor
series that is correlated with the comparatively low con-
tent of potash in the bulk composition of these rocks.

ALKALI FELDSPAR

Alkali feldspar is found in many of the andesites of
Saipan and appears to be most abundant (or at least
most noticeable) in varieties of augite-hypersthene an-
desite. The alkali feldspar is confined to the ground-
mass of the andesites and is mostly present as an ir-
regular interstitial filling between groundmass tri-
dymite, plagioclase, and pyroxene grains (pl. 284, B).
In this type of occurrence, the potash feldspar com-
monly fills interstices between elongate tridymite crys-
tals and, in addition, encloses small slender prisms of
tridymite and cristobalite(?). More rarely, individual
microscopic prisms and irregular forms of alkali feld-
spar, mostly less than 0.05 millimeter in diameter, are
associated with a mixture of finely granular quartz and
sodic plagioclase (andesine?) which forms irregular
reaction zones at the borders of large plagioclase (lab-
radorite) phenocrysts in some of the andesites.
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FIGURE. 13.—Composition diagram of normative feldspar of analyzed
andesites from Saipan, analyzed dacites from Saipan, and Daly’s
average rock types.

Individual grains and irregular fillings of alkali feld-
spar have an index of refraction less than 1.54 (consider-
ably below that of balsam), a low birefringence, and
many are nearly isotropic. Separation of the alkali
feldspar was not possible, and the composition was not
determined. However, the low index of refraction, the
low birefringence, and the intimate association of the
material with plagioclase suggest that it is either an-
orthoclase or perhaps a potash-rich plagioclase. Both
anorthoclase and potash oligoclase are found in the
groundmass of andesites of the Hakone Voleano of
Japan (Kuno, 1950b, p. 966-967), and the optical prop-
erties, habit, and mineral association of the alkali feld-
spar of these rocks are similar to that of the andesites of
Saipan. Kuno (1950b, p. 967) believes that the an-
desine, potash oligoclase, and anorthoclase in the rocks
of Hakone constitute a simple solid-solution series which
forms either a continuous zoning with calcic plagio-
clase or a discontinuous zoning without the formation
of potash oligoclase.

The alkali feldspar forms isolated prisms and inter-
stitial fillings between and around groundmass plagio-
clase and pyroxene and is associated with prisms of
tridymite, which are also interstitial to primary ground-
mass mineral grains. These relationships suggest that
the alkali feldspar represents the very end product of
crystallization in the andesites.

Alkali feldspar was not recognized in the dacites of
Saipan, but it is probable that outer rims of zoned oligo-
clase phenocrysts and groundmass plagioclase of the
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dacites have a high potash content and are, literally
speaking, potash oligoclase.

Pure potash feldspar (orthoclase, sanidine) was not
recognized and is probably not present in the volcanic
rocks of Saipan.

SILICA MINERALS

Nearly all the volcanic rock types of Saipan contain
onhe or more silica minerals in the form of quartz, tridy-
mite, cristobalite, opal, or chalcedony. With the excep-
tion of quartz, all are confined to the groundmass of the
rocks.

Quartz is abundant in the form of small phenocrysts
in dacite, dacite vitrophyre, and dacite perlite; as large
phenocrysts in hornblende-bearing dacite porphyry and
vitric dacitic tuffs; and as small grains and finely granu-
lar patches in the groundmass of the dacitic rocks.
Quartz phenocrysts in the dacitic rocks are generally
subhedral to anhedral, though some are idiomorphic and
bounded by crystal faces. Certain dacite porphyries
and vitric tuffs, for example, contain perfectly formed
stubby crystals of quartz with a poorly developed prism
zone doubly terminated by {1011} and {0111}, which are
commonly so equally developed as to resemble a hexag-
onal dipyramid. Many of these crystals are shattered,
which, together with their dominantly pyramidal habit,
indicates they crystallized as 8 quartz.

Small quartz phenocrysts, generally less than 2 milli-
meters in length, are present in quartz-bearing pyrox-
ene andesites and in quartz-bearing andesite porphyry
(pl. 290). These and other andesites contain scattered
grains of quartz in the groundmass as well as finely
granular patches of quartz that are intimately asso-
ciated with fibrous chalcedony, tridymite, cristobal-
ite(?), and anorthoclase. The quartz phenocrysts and
smaller individual grains in the groundmass of the an-
desites are invariably rounded and embayed and have
irregular, serrate borders against the groundmass, in-
dicating that they are strongly resorbed.

Opal and chalcedony are abundant constituents of
the groundmass of dacites, in which they partly or com-
pletely fill vesicles and form irregular intergrown
patches. Chalcedony commonly forms narrow seams
veining the dacites. Opal and chalcedony are also pres-
ent in the groundmass of many of the andesites but are
not so abundant here as in the dacites.

Aggregates of wedge-shaped tridymite crystals, asso-
ciated with fine-grained quartz, commonly form irregu-
lar patches and seams in the groundmass of dacites, and
tridymite crystals are also present in small irregularly
filled vesicles in these rocks (pl. 26C, D). Tridymite is
almost universally present in small amount in the
groundmass of andesites, where it most commonly forms
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isolated and tabular crystals, generally less than 0.1
millimeter in length, and aggregates of small crystals
associated with interstitial anorthoclase, granular
quartz, and chalcedony. In many of the andesites, in-
dividual crystals of tridymite project into or are com-
pletely enclosed in prisms and interstitial fillings of
anorthclase (pl. 284, B), and the crystals also appear to
project into or fill small interstices in the groundmass
(pl. 290).

Cristobalite is sparse in the groundmass of dacites
and in these rocks is most commonly associated with
finely crystalline aggregates of quartz, tridymite, chal-
cedony, and opal. Generally the cristobalite forms
small irregular patches with a characteristic mosaic
pattern due to complex twinning. More rarely, cristo-
balite is present in the dacites as small ball-like aggre-
gates attached to the walls of vesicles. Cristobalite is
rare in the groundmass of andesites, but in several spec-
imens of augite-hypersthene andesite the mineral forms
small irregularly rounded patches with the character-
istic mosaic pattern. In the andesites, most of the cris-
tobalite is associated with finely granular quartz, chal-
cedony, and opal. In a few rocks it is found with
tridymite in small cavities.

The relationships of quartz, tridymite, and cristobal-
ite in the voleanic rocks of Saipan correspond closely
with those described by Larsen, Jr., Irving, Gonyer,
and Larsen, 3d (1936, p. 681-694) in the rocks of the San
Juan Mountains of Colorado and with those described
by Kuno (1950b, p. 968-969) in the rocks of the
Hakone Volcano of Japan. Like that of the lavas of
the San Juan and Hakone areas, the tridymite and
cristobalite in the volcanic rocks of Saipan appear to
have been mostly a product of primary crystallization
of the groundmass and only to a small extent of sec-
ondary (hydrothermal) origin, deposited in gas cavi-
ties after solidification.

PYROXENES

Pyroxenes are the chief femic mineral constituent of
the andesites of Saipan and form about 10 to 25 percent
of the rocks by volume. As herein given, the nomen-
clature of the pyroxenes generally follows the system
of classification proposed by Poldervaart and Hess
(1951, p. 474). The principal types of pyroxene in
the andesites of Saipan are hypersthene, augite, and
subecalcic (pigeonitic) augite.

In general, the pyroxene assemblage in the various
types of andesite is a simple one, being some combina-
tion of the three principal types given above. How-
ever, the composition of the pyroxenes in the different
types of andesite, in individual hand specimens, and
even in single crystals, is somewhat variable, indicat-
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ing, as do the complexly zoned feldspars, that the con-
ditions under which these minerals crystallized were
erratic.

Augite forms phenocrysts and small scattered
groundmass grains. Phenocrysts are commonly idio-
morphic, stout prismatic to elongate prismatic, with a
prominent prism zone terminated by the pyramid
{111}. Simple twinning on the orthopinacoid {100} is
common. In a few rocks, elongation parallel to the ¢
crystallographic axis is pronounced, the crystals at-
taining a length of 1 centimeter. In section, augite is
ordinarily colorless and without pleochroism. The re-
fractive index, B, ranges from about 1.694 to 1.714 and
seems to be most commonly between 1.700 and 1.706.
The angle Z /\¢ ranges from about 42° to 48°. The optic
angle 27 ranges from about 48° to 58° and is most com-
monly between 52° and 56°. Optical properties and the
average molecular composition of augite from various
specimens of andesite are given in table 3.

The estimated average composition of phenocryst py-
roxenes from various andesites, as determined from dia-
grams published by Kennedy (1947, p. 564, 568), is plot-
ted in figure 14. The augite contains a relatively high
proportion of diopside-hedenbergite, a low proportion
of enstatite, and generally a somewhat higher propor-
tion of ferrosilite than corresponding phenocryst augite
of the volcanic rocks of the Izu Peninsula region of
Japan (see fig. 15). The most ferriferous augites are
found in inclusions of augite andesite and quartz-bear-
ing augite-hypersthene andesite (specimens S235 and
S583) derived from dacitic breccias of the Sankaku-
yama formation. According to the classification of
Poldervaart and Hess (1951, p. 474) the augite pheno-
crysts mostly fall into the augite field, and the most
ferriferous augite (F'ss;) lies in the ferroaugite field
near the augite boundary.

Augite phenocrysts are commonly marginally zoned,
the outer zone being usually slightly more ferriferous
and less calcic than the inner core, as inferred from the
difference in refractive index and optic angle between
core and margin. The outer zone of several crystals,
in which it was possible to determine optical proper-
ties, has an optic angle 21 that ranges between 50° and
40°, and the material thus corresponds to augite and
subcalcic angite.

Hypersthene forms large phenocrysts in andesites
and, more rarely, scattered lath-shaped and needlelike
crystals in the groundmass of certain andesites. The
phenocrysts are commonly prismatic and elongate, with
broad and narrow pinacoidal and prismatic faces ter-
minated with bipyramidal faces. In some rocks, crys-
tals elongated parallel to the ¢ crystallographic axis
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TABLE 3.—Optical properties and composition of pyroxenes in andesites from Saipan

Augite

Hypersthene

Specimen no.!

3 8 (range) ¥ Z/N\e 2V Avg

2V

Wo
(mol. %)

+ (range) 2V

En Fs En Fs
(mol. %) | (mol. %) (mol. %) | (mol. %)

Phenocrystis

1.694 | 1.702-1.704
1.703-1.705 | 1
L708 | 1
L7083 | 1.
1
1

e e
S
>
=

=
2
®
et et bt

712-1.714
13

713-1. 714
710-1. 711

Groundmass

52°
40°48°
42°-46°

RS

705
. 698-1. 700
700

33
24
24

45

% Chemical analysis of rock is given in table 5.

are about 4 times as long as they are broad and attain
lengths of as much as 1 centimeter or slightly more.
In sections of various andesites the hypersthene shows
a distinet weak pleochroism, and in thicker grains in oil
immersion the pleochroism is strong: X =light to dark
reddish brown, ¥ light brown to pale greenish
brown, and Z = light to dark green, with absorption
X>Z>Y. The refractive index, y, ranges from about
1.709 to 1.714 and seems to be most commonly between
about 1.710 and 1.713. The hypersthene is optically
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FIGURE 14.—Composition diagram of phenocryst pyroxenes of andesites
from Saipan, groundmass pyroxene of andesites from Saipan, and
normative pyroxene of analyzed andesites from Saipan.

1 All specimens are augite-hypersthene andesite, with the exception of 8583 (quartz-bearing augite-hypersthene andesite), S235 (augite andesite), and S636A (augite ande-

negative with an optic angle 2V ranging from about
60° to 65°, and the dispersion is distinct with r>w.
The most iron-rich hypersthene is found in a specimen
of augite-hypersthene andesite (specimen S3D) from
the breccia facies of the Hagman formation. The opti-
cal properties and molecular composition of phenocryst
hypersthene from various specimens of andesite are
given in table 3, and the average molecular composition
is plotted on the diagram of figure 14, together with
phenocryst and groundmass augite and the normative
pyroxene composition of analyzed rocks.

Like the augite phenocrysts, the composition of hy-
persthene varies somewhat in different grains within
individual hand specimens as well as in single crystals.
This latter variation is not evident in section but is
apparent in crystals powdered and examined in oil im-
mersion, and probably it indicates a weak compositional
zoning of the hypersthene phenocrysts. The widest
range of composition found in a single rock is from
Eng,Fss; to EngsFs;; and in a single crystal from about
EngFsse to Eng sse.

The groundmass pyroxene of the andesites of Saipan
appears to be predominantly augite and subcalcic au-
gite, though in most rocks these elements are in such a
fine-grained form that they cannot be separated from
the rocks for optical analysis. In addition, it proved
to be impossible to prevent contamination of the ground-
mass pyroxene with phenocryst pyroxene in the separa-
tions that were attempted on porphyritic rocks. How-
ever, several specimens contained groundmass pyroxene
coarse enough to permit a rough determination of the
optic angle of larger grains, and groundmass pyroxene,
perhaps only slightly contaminated with phenocryst
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augite, was separated from 2 specimens (S43 and
S135, table 3) of augite-hypersthene andesite. The
optic angle 2V of the groundmass pyroxene in these
rocks, as measured on the universal stage, ranges from
about 40° to 48°, and the average is probably about 44°
or slightly more. The 8 index is between about 1.698
and 1.700, and the compositional range is between ap-
proximately Wo.:En:Fs;. and WourEn,sFss,.

Pigeonite was not recognized and is probably not
present in the andesites of Saipan. In figure 14 the
normative pyroxene composition of various andesites
lies generally on a line between the grouping of points
representing phenocryst augite and hypersthene and is
displaced slightly toward the MgSiO; side of this line.
However, the normative composition should fall on the
FeSiO;, side of the line and is probably displaced to the
left because of the inherent error in the norm calcula-
tion. Specifically, the assumption that all ferric iron
and titanium are in magnetite and ilmenite is not cor-
rect and means that normative ferrosilite is too small
by a significant amount. Normative wollastonite is
also a bit low because of the assumption that all the
alumina is in feldspar.

Although the real normative pyroxene composition
of the andesites of Saipan is therefore believed to be
slightly higher in ferrosilite than the phenocryst py-
roxenes, there is a sharp contrast between the normative
pyroxene of the andesites of Saipan and that of the
majority of basalts and andesites of the Izu Peninsula
region of Japan, a plot of which is shown in figure 15.
In the rocks of the Izu Peninsula, iron-rich pigeonite
is the common pyroxene of the groundmass, and the
augite phenocrysts tend to be less calcic and slightly
more magnesian rich than those in the andesites of
Saipan. The normative pyroxene composition of the
Tocks of the Izu Peninsula region therefore falls con-
siderably to the right and on the FeSiO; side of the
l';n‘e'}oetween the grouping of points representing pheno-
cryst augite and phenocryst hypersthene, about mid-
way between the line and the grouping of points repre-
senting groundmass pigeonite.

The absence of pigeonite in the groundmass of the
andesites of Saipan, and the apparent slight increase
in iron content of the subcalcic groundmass pyroxene
of these rocks, is not in general accord with pyroxene
relationships within the andesites of Japan, nor does
it entirely agree with what would be expected from the
physical chemistry of pyroxene crystallization in
lavas. However, the andesites of Saipan bear a strong
resemblance to rocks of the Hakone region of Japan
that belong to the hypersthenic rock series as defined
by Kuno (1950b, p. 992-993). In these rocks the
groundmass pyroxenes are characteristically hyper-
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FIGURE 15.—Composition diagram of phenocryst pyroxenes, groundmass
pyroxene, and normative pyroxene of analyzed basalts and andesites
from the Izu Peninsula region of Japan and the Izu Islands. Com-
puted from data in Tsuya, 1937, p. 234-315.

sthene and augite; more rarely hypersthene, augite,
and pigeonite; and the ratios of FeSiO; to MgSiO;,
in the groundmass pyroxenes are rarely higher than
unity. These relationships generally agree with those
in the andesites of Saipan, many of which contain
hypersthene and augite or augite and subcalcic augite
in the groundmass. The absence of pigeonite in the
lavas (andesites) of Saipan is probably the result of
the low ratio of Fe to Mg in these rocks, with crys-
tallization therefore prevailing in a relatively mag-
nesian-rich system at temperatures below the clino-
pyroxene-orthopyroxene inversion curve. Under these
conditions hypersthene, rather than pigeonite, crystal-
lized along with augite.

In many instances hypersthene and augite pheno-
crysts, as well as small lath-shaped hypersthene crystals
in the groundmass of the andesites of Saipan, have
been resorbed by reaction with the groundmass and are
bordered by reaction rims. Hypersthene and augite
crystals are commonly surrounded by narrow to broad
opaque rims of finely divided hematite, monoclinic
pyroxene, and plagioclase feldspar (?), and small
hypersthene crystals in the groundmass are completely
resorbed, their former position now occupied by a
pseudomorphic replacement of finely divided hematite.
In several rocks, hypersthene crystals are surrounded
by narrow irregular rims of subcalcic augite (pl.
294, B), and in these same rocks augite is marginally
zoned with a broad outer zone of augite of less calcic
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composition than the core and with a probable composi-
tion tending toward subcalcic augite.

Hypersthene is always resorbed to a greater degree
than augite in the same rock, and in the majority of
rocks in which hypersthene is strongly resorbed, augite
commonly shows no effects of reaction. This contrast
in stability of augite and hypersthene is also reflected
in the secondary alteration of the pyroxenes, hyper-
sthene commonly altering to serpentine (bastite)
whereas augite in the same rock is unaltered.

HORNBLENDE

Green hornblende is a rare mineral in the volcanic
rocks of Saipan and is found sparingly in dacite perlite
and in hornblende-bearing quartz dacite porphyry. It
is present in these rocks as narrow, acicular crystals
(microphenocrysts) as much as 1 millimeter in length,
but most less than 0.1 millimeter in length, scattered
throughout the groundmass. The crystals are euhedral
and prismatic and show no indication of resorption.

ACCESSORY MINERALS

BIOTITE

Biotite is confined to silicic dacites, where it is present
as tiny plates (0.001 to 0.020 mm in width) embedded
in the glassy portions of the groundmass and asso-
ciated with silica minerals and microlites of oligoclase
feldspar. The biotite crystals have a high birefrigence,
are strongly pleochroic, and are perhaps of a phlog-
opitic variety and similar to biotite described by Kuno
(1950b, p. 982) in the groundmass of silicic dacites
from the Hakone Volcano of Japan.

MAGNETITE

Magnetite is present in the groundmass of all the
various types of andesite and dacite, and in the dacites
it forms small microphenocrysts that are commonly
either perfectly formed or slightly distorted octahedra
which average slightly less than 0.5 millimeter in dia-
meter. Magnetite forms less than 0.5 percent of the
dacites by volume. In andesites, magnetite is essen-
tially confined to the groundmass and forms small
subhedral to anhedral grains interstitial to groundmass
feldspar. Finely granular magnetite is present as in-
clusions in feldspar and is also produced at the borders
of resorbed pyroxene phenocrysts. Skeletal crystals
and dendritic growths of magnetite are present in the
interstitial glass of certain andesites. In reflected light
the magnetite grains are grayish white.

ILMENITE

Ilmenite was noted in the form of small flakes and
equant crystals in the groundmass of a few andesites
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and has a dark brown to nearly black color in reflected
light. Ilmenite is apparently not an abundant con-
stituent in the andesites, however, and this is correlated
with the generally low content of titanium in the rocks.

HEMATITE

Hematite forms small microscopic flecks scattered
throughout the groundmass of dacite flows, but it is a
very minor constituent of these rocks. In part, at least,
the dacite flows may owe their reddish color to the
included hematite. In andesites, finely granular hema-
tite is found with magnetite as reaction rims around
large hypersthene phenocrysts. In some of these rocks,
smaller hypersthene grains are completely resorbed and
replaced by finely granular hematite.

RUTILE

Rutile is a rare accessory mineral of the andesites
but is generally present in small amount as small, short,
needlelike crystals embedded in interstitial groundmass
glass or interspersed in finely crystalline interstitial
material.

A single specimen of augite-hypersthene andesite
(specimen S3B) contains relatively large crystals of
what is believed to be rutile of a decidedly different
habit. 1In section, the crystals have a dark amber color
and are embedded in a cryptocrystalline and nearly
opaque groundmass clouded with dust-sized magnetite
and ilmenite(?) grains. They are equant, euhedral, as
much as 0.4 millimeter in diameter, and appear to be
uniaxial, with a high refractive index and high bire-
fringence. Most of the crystals have a well-developed
prismatic cleavage, and basal(?) sections exhibit a tri-
angular twin pattern, with dark bands and irregular
inclusions of opaque ilmenite (?) traversing the mineral
parallel to and along the twin lamellae.

APATITE

Apatite is confined to the groundmass of andesites
and generally forms needlelike crystals less than 0.05
millimeter in length set in finely crystalline or glassy
material interspersed between feldspar laths. Apatite
is most abundant in flows of augite andesite which con-
tain a relatively large amount of P,O;.

ZEOLITES

Zeolites, largely of deuteric origin but in part the re-
sult of weathering, form rounded and irregular aggre-
gates in the groundmass of the andesites and are par-
ticularly abundant as coatings on the walls of vesi-
cles in flows of augite andesite. The common zeolites
are chabazite (gmelinite?), heulandite, analcite, and
stilbite.
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ALTERATION MINERALS

Secondary alteration minerals include zeolites (prin-
cipally analcite), calcite, serpentine (bastite), chlorite,
sepiolite( ?), kaolinite, opal, chalcedony, and quartz.
Highly weathered rocks are altered to various clay min-
erals and hydrous iron oxides, chief among which are
kaolinite, montmorillonite, nontronite(?), goethite,
limonite, and hematite.

PETROGRAPHY

The dacites of Saipan are primarily restricted to
flows and fragmental pyroclastic materials of the
Sankakuyama formation and to 1 of 2 small volcanic
plugs presumably related to the dacitic succession. An-
desites are the chief rock component of the various
facies of the Hagman, Densinyama, and Fina-sisu for-
mations.
dacite are fairly common in parts of the Densinyama
formation, a few fragments of dacite are present in
andesitic sandstone and conglomerate beds of the Hag-
man formation, and accessory inclusions of andesite
are found in dacitic breccias of the Sankakuyama for-
mation. The classification, texture, and mineral com-
position of the principal voleanie rock types of Saipan
are given in table 4.

DACITES

The chief textural varieties of dacite in the volcanie
formations of Saipan are dacite, dacite vitrophyre,
dacite perlite, and hornblende-bearing dacite porphyry.

DACITE

Dacite forms the tabular flows and irregular masses
of rock that comprise the flow-rock facies of the San-
kakuyama formation, and small fragments of dacite
also are found in dacitic breccias and tuffs of the Sanka-
kuyama formation and in andesitic breccia and con-
glomerate beds of the Densinyama formation. The
dacite fragments in the Densinyama formation are be-
lieved to be accessory inclusions derived from the older
flow rocks of the Sankakuyama formation.

The typical rock is grayish red, pale red, pale brown,
brownish gray, and light gray and is composed of a
glassy groundmass enclosing small scattered pheno-
crysts of oligoclase and quartz and rare euhedral crys-
tals of magnetite. It is massive to highly vesicular,
glassy, rarely cryptocrystalline, foliated (flowbanded),
and finely porphyritic. The measured specific gravity
of the more massive varieties of dacite ranges from 2.26
to 2.45 and averages about 2.30. However, these values
do not take into account the pore spaces (vesicles) in
the rocks and are therefore somewhat low. The true
specific gravity of the typical rock is probably close
to the maximum value of 2.45.

Locally, however, accessory fragments of.
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The groundmass is generally glassy and is only rare-
ly cryptocrystalline where the dacitic glass of the
groundmass is nearly or completely devitrified. Or-
dinarily the groundmass is highly vesicular (pl. 26C),
but the vesicles of some of the rocks are filled with silica
minerals (mainly tridymite, opal, and chalcedony), and
such rocks have a massive, flintlike texture. The
groundmass is generally composed of small microlites
and crystallites of oligoclase feldspar (Anjo;5) less
than 0.5 mm long, equant grains of oligoclase and quartz
between 0.05 and 0.1 mm across, small irregular patches
and elongate crystals of tridymite, small needlelike
crystals of cristobalite less than 0.05 mm long, tiny
plates of biotite (perhaps phlogopite) between about
0.001 and 0.02 mm in width, small euhedral grains of
magnetite less than 0.1 mm in diameter, and small scat-
tered flecks of hematite set in a mesostasis of clear or
partly devitrified glass. In some rocks, small rounded
spherulites less than 0.1 mm in diameter are abundant
and form about 5 percent of the rock, but generally
they are rare or altogether absent. They are formed
of a radiating intergrowth of silica minerals and feld-
spar(?).

The dacite flows of the Sankakuyama formation are
mostly highly vesicular, and some are pumiceous. The
vesicles are narrow and elongate, average about 1 mm
in length, and are generally about one-fifth as broad.
They are commonly lined or filled with silica minerals,
the most common of which are tridymite, opal, and
chalcedony. Many individual vesicles have a lining of
opal and a center filled with chalcedony, the opal always
forming the innermost lining against the walls of the
vesicles. Other vesicles are entirely filled with opal. In
some rocks, small irregular aggregates of tridymite
form the lining of vesicles (pl. 26C, D). The tridy-
mite is weakly birefringent and has an index of refrac-
tion of about 1.48.

The principal constituent of the groundmass of the
porphyritic dacites is a pale-red or light-grayish-red
dacitic glass. Insome of the flow rocks the glass is part-
ly devitrified, and small recrystallized patches of glass
alternate with areas of clear glass on a microscopic
scale. The groundmass glass has an index of refrac-
tion between 1.49 and 1.50; the average specific gravity -
of the glass is about 2.30.

All the flow rocks contain small subhedral to rounded
phenocrysts of oligoclase feldspar and quartz, and
scarce euhedral crystals of magnetite, most of which
properly fall into the category of microphenocrysts.
The phenocrysts of oligoclase and quartz form about 5
to 8 percent of the rock and are less than 2 mm in di-
ameter, with an average of about 1 mm. Oligoclase
phenocrysts are weakly zoned, generally subhedral and
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slightly elongate, and range in composition between
about An;, (cores) and Any; (rims). Quartz pheno-
crysts are subhedral to rounded in outline, generally un-
broken, clear, and show no strain shadows. Only a few
of the oligoclase and quartz phenocrysts examined in sec-
tion have irregular borders against the groundmass, but
occasional crystals of both quartz and oligoclase are sur-
rounded by narrow rims of fibrous and cryptocrystalline
intergrowths of quartz and feldspar (potash oligoclase?
or perhaps anorthoclase?). Small euhedral to sub-
hedral crystals of magnetite, between 0.01 mm and 0.5
mm in diameter, are the common accessory mineral of
the dacites, and many of the magnetite crystals are per-
fectly formed octahedra.

X-ray powder photographs of the groundmass of five
specimens of porphyritic dacite were made in an at-
tempt to determine the qualitative mineral composition
of the groundmass. All the samples gave the same
X-ray powder pattern. The d-spacing (atomic spac-
ings) of the lines on the groundmass photograph, and
thus the lines themselves, correspond closely to the lines
of higher intensity for a-cristobalite, a-tridymite, and
oligoclase. The d-spacings of the high-intensity lines
for quartz do not correspond well with the d-spacings
of the lines on the groundmass photograph. This ap-
pears to indicate that crystalline quartz is probably a
very minor constituent of the groundmass and that silica
is mainly in the form of opal, cristobalite, and tridymite
and is also occult in the groundmass glass.

The estimated mode of typical dacite is given in table
4, and the chemical composition of a type specimen of
the rock is given in table 5.

DACITE VITROPHYRE AND PERLITE

Dacite vitrophyre and perlite are the chief rock com-
ponents of pyroclastic breccias, flow breccias, and tuffs
of the Sankakuyama formation. They are medium- to
light-gray glassy pitchstonelike finely porphyritic rocks
containing small scattered anhedral to subhedral pheno-
crysts of oligoclase and quartz and microphenocrysts of
magnetite and green hornblende (rare). The pheno-
crysts and microphenocrysts form approximately 5 to 8
percent of the rock and are enclosed in a light- to dark-
gray glassy groundmass.

The quartz and oligoclase phenocrysts are as much
as 3 mm in diameter and have an average diameter of
about 1 mm. Oligoclase phenocrysts are generally
weakly zoned, subhedral in outline, equant to some-
what elongate and tabular, commonly broken, and are
occasionally somewhat embayed by the groundmass.
The range in composition is from about An;, (cores) to
An,; (rims). Quartz phenocrysts are subhedral to an-
hedral in outline, clear, often broken, commonly show
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strain shadows, are only rarely embayed by the ground-
mass, and show no other effects of resorption. Small
euhedral to subhedral crystals of magnetite, between
0.01 and 0.3 mm in diameter, are the common accessory
mineral of the dacite vitrophyre and perlite. Many of
these small magnetite crystals are perfectly formed
octahedra. Small scattered acicular to equant crystals
of green hornblende, as much as 0.3 mm in length, were
noted in 1 section of perlite. The magnetite and horn-
blende together constitute less than 1 percent of the
rock.

The groundmass of dacite vitrophyre and perlite (pl.
264, B) is dominantly a light- to dark-gray (colorless
in section) transparent dacitic glass containing numer-
ous tiny acicular microlites and crystallites of oligoclase
(Anye-15). The crystallites are generally less than 0.01
mm in length, their long axes are parallelly oriented,
and they are concentrated in flow lines. Small rounded
spherulites, less than 0.2 mm across, are common in
some rocks but are not abundant. The spherulites have
a radiating structure and, like the small spherulites in
the dacitic flow rocks, are probably composed of an
intergrowth of oligoclase and silica minerals (quartz,
tridymite, and cristobalite).

The groundmass of the vitrophyre and perlite has a
specific gravity that ranges between 2.28 and 2.32, with
an average of about 2.30. The specific gravity of the
rock itself is probably close to the value. The index
of refraction of the groundmass glass is about 1.498.

Commonly the vitrophyre and perlite fragments ex-
hibit a fine, almost microscopic banding of alternate
light and dark laminae which are from a fraction of a
millimeter to about 2 millimeters across. The banding
is best seen in section and is produced by a concentra-
tion of microlites and magnetite grains into thin layers
that are separated by alternating layers of clear glass.
Banding of the vitrophyre and perlite is also produced
by an alternation of vesicular and massive layers,
though this textural banding is generally somewhat
coarser than the mineral banding. The oriented micro-
litic bands and elongate vesicles wrap around larger
phenocrysts and around small knotlike fragments of
glass that have become detached in the groundmass.

The vitrophyre and perlite fragments are commonly
extremely vesicular and pumiceous, containing closely
spaced long, slender, tubelike vesicles that give the rock
a fibrous texture. The tubular vesicles are from less
than 1 mm to as much as 2 cm in length and are alined
with their long axes parallel. They have an average
width of about 0.2 mm, about 14 to o their length.
Only rarely do the vesicles contain secondary minerals,
but in some rocks the vesicles are lined with narrow
(about 0.01 mm in width) coatings of a weakly bire-
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fringent silica mineral of low index of refraction that
is believed to be tridymite or cristobalite (pl. 264 ).

Many vitrophyre fragments are intricately fractured
and traversed by curving cracks that pass through
groundmass glass and phenocrysts alike. These cracks
are not to be confused with the concentric cracks that
characterize perlite. though thev probablv have the
same origin. The groundmass of the perlite has a shot-
like appearance, being made up of small ball-like
aggregates of glass bounded by arcuate cracks that have
formed by contraction of the glass upon cooling (pl.
26B). Commonly several sets of these spherical cracks
develop around phenocrysts of quartz and oligoclase in
the perlite.

The estimated mineral mode of typical dacite vitro-
phyre and perlite is given in table 4, and the chemical
composition of a type specimen of the rock is given in
table 5.

HORNBLENDE-BEARING DACITE PORPHYRY

Fragments of hornblende-bearing dacite porphyry
are found in a small dacitic volcanic plug, are widely
scattered throughout conglomerate beds of the Densin-
yama formation, and are sparsely distributed in ande-
site conglomerate beds of the Hagman formation.
The typical rock is light gray, massive, and coarsely
porphyritic and contains large phenocrysts of plagio-
clase feldspar and quartz and scarce acicular crystals of
green hornblende enclosed in a microcrystalline
groundmass. The phenocrysts form about 20 percent
of the rock.

Plagioclase phenocrysts are subhedral, rarely euhe-
dral, generally equant or slightly elongate, and weakly
zoned. They are as much as 1 em in length, average
about 4 mm, and comprise about 8 to 12 percent of the
rock. The cores of the plagioclase phenocrysts are
oligoclase-andesine (Ans;gs), the rims are medium
oligoclase (about Ang,,;), and the average composition
of the phenocrysts is about An,;. A few of the plagio-
clase phenocrysts show carlsbad and albite twinning,
but most are untwinned. The plagioclase phenocrysts
are generally clear and without inclusions, but a few
contain small regularly oriented inclusions of ground-
mass material. Some of the plagioclase phenocrysts
show ragged edges against the groundmass, but there
are no other noticeable effects of resorption. In the
fragments from the dacitic volcanic plug, plagioclase
phenocrysts are shattered and appear to have been
crushed by shearing stress, and groundmass material
fills the areas between broken parts of the crystals (pl.
274). A few phenocrysts are broken into small frag-
ments that have become widely separated in the ground-
mass, indicating that crushing somehow occurred while
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part of the groundmass of the rock was still liquid.

Quartz phenocrysts are anhedral to subhedral, gen-
erally equant, and decidedly rounded. They are as
much as 8 mm in diameter, average about 3 mm, and
form about 5 percent of the rock. The quartz pheno-
crysts are clear and without visible inclusions, but they
show pronounced strain shadows in polarized light.
Like the plagioclase phenocrysts, many of the larger
quartz grains are crushed and broken (pl. 278), and
groundmass material fills the spaces between the crystal
fragments. The quartz phenocrysts are rounded and
generally somewhat resorbed and embayed by the
groundmass.

Hornblende phenocrysts are acicular and prismatic,
are as much as 2 mm in length but average less than 1
mm, and form less than 1 percent of the rock. They
show no effects of resorption. Commounly the horn-
blende phenocrysts are altered to a dark green fibrous
serpentine or chlorite.

The groundmass of the rock is light gray and micro-
crystalline and is composed of randomly oriented pla-
gioclase microlites (oligoclase, approximately An.)
generally less than 0.1 mm in length, small equant
grains of quartz with a diameter less than 0.05 mm,
and tiny acicular crystals of green hornblende scattered
throughout a devitrified glass base. Small rounded
spherulites, as much as 0.1 mm across, are present in the
devitrified portions of the groundmass and are prob-
ably radial intergrowths of quartz, tridymite, and feld-
spar. The devitrified glass of the groundmass is gener-
ally clear and weakly birefringent and contains a seat-
tering of dark submicroscopic grains. Small patches
of fibrous chalcedony are present in the groundmass
and may be largely of secondary origin. Tridymite and
cristobalite were not recognized in the groundmass but
are probably present as submicroscopic grains and in
spherulites.

The groundmass of some of the rocks, particularly
those from the dacitic volcanic plug, is traversed by nu-
merous randomly oriented fractures filled with finely
crystalline quartz and fibrous chalcedony. The frac-
tures pass through phenocrysts and groundmass alike,
and the groundmass is crushed and shattered in much
the same manner as the quartz and feldspar pheno-
crysts.

A single specimen of dacite porphyry, containing
phenocrysts of sodic andesine (Anso4), Was collected
from the conglomerate and sandstone facies of the Hag-
man formation. This rock is somewhat more calcic
than other rocks of this general type.

The estimated mode of typical hornblende-bearing
dacite porphyry is given in table 4, and the chemical
composition of a type specimen is given in table 5.
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ANDESITES

The various types of andesite from Saipan differ
widely in texture, volumetric mineral composition, and
color, but chemically they are all much alike, as is indi-
cated by a close correspondence in chemical composi-
tion (table 5). Although the andesites exhibit a fairly
wide textural and mineral variation (chiefly with re-
gard to accessory minerals and texture of the ground-
mass), they may be conveniently grouped into a reason-
ably small number of major rock types for purposes of
petrographic description.

AUGITE-HYPERSTHENE ANDESITE
GENERAL FEATURES

This is the most abundant kind of andesite in the
Hagman and Densinyama formations and forms ap-
proximately 50 to 60 percent of the larger fragments
in the pyroclastic deposits. The general type also com-
prises four small massive andesite flows of the Hagman

formation. The color of the rocks ranges through light

gray, light greenish gray, light olive gray, brownish
gray, reddish brown, and medium and dark gray. The
light and dark rocks are of about equal abundance.

The wide variation in color from light to dark gray
to nearly black is a particularly deceiving aspect of
the andesites, and color (as distinet from color index)
is of no practical use as a criterion for estimating com-
position or as a basis for field classification. Color in
these rocks is apparently more a function of texture
(principally grain size) than of composition. The
light-colored rocks are generally coarsely porphyritic,
containing large feldspar and pyroxene phenocrysts but
only sparsely scattered femic constituents in the
groundmass. The dark rocks, on the other hand, are
ordinarily finer grained, the pyroxene phenocrysts are
smaller, and the groundmass contains a greater density
of femic constituents, giving the rock a darker color.
The chemical composition of the light and dark rocks,
however, is nearly identical, though the darker rocks
commonly contain a slightly higher percentage of iron
and magnesia.

In general, the augite-hypersthene andesites are mas-
sive, highly compact, coarsely and profusely porphy-
ritic, and contain abundant large phenocrysts of labra-
dorite and fewer large phenocrysts of hypersthene and
augite. The phenocrysts form about 30 to 55 percent
of the rock and are generally enclosed in a light to dark
microcrystalline groundmass. The proportion of hy-
persthene and augite phenocrysts is variable. Com-
monly hypersthene phenocrysts are more abundant than
augite phenocrysts, but the rocks range to types con-
taining a greater proportion of augite phenocrysts than
hypersthene phenocrysts. The two extremes are grada-
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tional through rocks containing nearly equal propor-
tions of augite and hypersthene phenocrysts, although
the medial rocks are rare.

PHENOCRYSTS

Plagioclase phenocrysts form about 20 to 45 percent
of the rock, are generally subhedral to euhedral, are
equant to slightly elongate, and are commonly moder-
ately to highly zoned (pl. 304, B). They are as much
as 1 cm in length, but the maximum length is ordinarily
about 5 or 6 mm, and the average length is about 2 to
3 mm. Commonly the plagioclase phenocrysts are
formed of an intergrowth of several individual crystals.
The cores of some of the larger phenocrysts are sodic
bytownite (An;e-g), but more commonly the cores are
calcic labradorite (Ange-ro), and the rims are sodic
labradorite (Anses5). The average composition of the
plagioclase phenocrysts in these rocks is between
approximately An,; and Ang, as determined by spe-
cific-gravity measurements (table 2). The plagioclase
phenocrysts are usually complexly zoned, and com-
monly the zoning is oscillatory or repetitive and rarely
normal. In many rocks of this general type the plagio-
clase phenocrysts contain abundant small inclusions of
dark-brown groundmass material (chiefly altered
glass) and small microscopic grains of monoclinic
pyroxene and magnetite. The inclusions generally are
oriented in regular zones parallel to the internal zone
boundaries of the phenocrysts. The larger phenocrysts,
and many of the smaller feldspar grains in the ground-
mass, commonly show albite and carlsbad twinning.
Pericline twinning is infrequently developed in the
plagioclase.

In general, the plagioclase phenocrysts show only
minor effects of reaction with the groundmass. Occa-
sional phenocrysts in some of the rocks have ragged,
serrate boundaries and are slightly rounded and em-
bayed by the groundmass. Commonly the ground-
mass fills cracks and irregular openings in broken
phenocrysts.

Hypersthene phenocrysts form about 1 to 12 percent
of the rock, are generally elongate, prismatic, and
euhedral, and in some of the lighter colored rocks are
as much as 1 em in length and 4 mm i width. In
darker rocks the hypersthene crystals ordinarily have
a maximum length of 5 to 6 mm and an average length
of 2 or 3 mm. The hypersthene phenocrysts are gen-
erally unzoned and show no resorption effects with the
groundmass. A few rocks, however, contain hyper-
sthene crystals with narrow border rims of subcalcic
augite (pl. 294, B). This augite has an optic angle 2V
of approximately 45° and a composition that is identi-
cal or nearly identical to that of the groundmass pyrox-
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ene. One of the textural varieties of augite-hyper-
sthene andesite (specimens S654B, S679), which
comprises 2 thin flows in the Hagman formation, con-
tains hypersthene grains that are surrounded by nar-
row to wide (about 0.01 to 0.20 mm) irregular reaction
rims of a mixture of finely granular hematite and small
amounts of monoclinic pyroxene and possibly plagio-
clase feldspar. Small phenocrysts and groundmass
grains, formerly hypersthene, are completely altered to
granular hematite.

In section, the hypersthene phenocrysts are generally
colorless or pale pink and weakly pleochroic. In thick
sections the pleochroism is X =light brown or pale
pink, Z=colorless or pale green, and ¥ =pale brown.
Nine samples of hypersthene from varieties of augite-
hypersthene andesite were studied in oil immersion and
with the universal stage (table 3). Their composition,
as determined from curves published by Kennedy
(19477, p. 564), ranges between approximately Eng Fss;
and Eng;Fs,,.

Augite phenocrysts are dark green to greenish black,
form about 1 to 10 percent of the rock, are elongate to
equant, euhedral to subhedral and rarely anhedral, and
are as much as 1 ¢m in length in the light-colored rocks.
In the darker rocks the augite phenocrysts are generally
between about 1 to 4 mm in longest dimension and
average about 2 or 3 mm. Finely porphyritic augite-
hypersthene andesites contain augite phenocrysts with
lengths averaging about 1 mm. The larger phenocrysts
are commonly elongate, prismatic, and euhedral with
well-developed prismatic and pinacoidal faces termi-
nated by {111} and {001}. In the majority of the rocks
examined the augite phenocrysts are unzoned, but some
of the rocks contain augite phenocrysts with narrow
outer zones of augite and subcalcic augite having a com-
position approximating that of the groundmass augite—
less calcic and probably slightly higher in iron content
than the augite of phenocrysts and the cores of zoned
phenocrysts. Hourglass zoning was not observed in the
augite phenocrysts. In most of the rocks augite pheno-
crysts show no resorption effect other than occasional
ragged, serrate edges, but in rocks in which hypersthene
phenocrysts are strongly resorbed the augite crystals
possess narrow reaction rims of an opaque mineral
which is probably hematite. ,

In section the augite phenocrysts are colorless and
nonpleochroic. Within single rocks and even within
single crystals they are somewhat variable in composi-
tion, but the range in composition in rocks of the general
type is not large. Nine samples of phenocryst augite
from varieties of augite-hypersthene andesite were
studied in oil immersion and with the universal stage
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(table 3). Their composition, as determined from opti-
cal property curves published by Kennedy (1947, p.
568), ranges from W037En41F822 to W033En37F530.

GROUNDMASS

The groundmass of the augite-hypersthene andesites
is of variable texture and mineral composition. In gen-
eral, the groundmass is light gray or light greenish gray
to dark gray or dark greenish gray and, rarely, black;
aphanitic, microcrystalline or crytocrystalline to hypo-
hyaline and glassy; and microlitic and pilotaxitic.
Only a few rocks were observed to have flow texture
developed in the groundmass.

The commonest rocks have a groundmass of small
crystals of sodic labradorite (more rarely, calcic an-
desine Angs-s;), augite, subcalcic augite, hypersthene,
magnetite, ilmenite ( ¢), tridymite, cristobalite(?), and
anorthoclase, and between these mineral grains there is
generally a small amount of partly devitrified glass.

Plagioclase is the principal constituent of the ground-
mass and in holocrystalline rocks comprises about 40
percent of the groundmass. The plagioclase forms
small elongate microlites mostly from about 0.1 mm
to 0.01 mm in length but ranging down to submicro-
scopic size. The compositional range is from about
Angys (rare) to Ang and most commonly is between
An;, and Anss.

Augite and subcalcic augite are the common pyrox-
enes of the groundmass, and generally they form small
equant grains ranging from about 0.5 mm across to
submicroscopic dimensions, but in some rocks they are
of uniform size and less than 0.05 mm in diameter. The
groundmass augite has a variable composition, even in
a single rock specimen. Among the various sections
examined, the optic angle 2V ranges between approxi-
mately 40° and 50°, with the majority of grains (sub-
calcic augite) having optic angles between 40° and 45°.

Hypersthene is a common constituent in the ground-
mass of some of the augite-hypersthene andesites and
forms small elongate prismatic crystals from about 0.02
to 1.0 mm in length. In a few rocks the small ground-
mass hypersthenes have reaction borders of magnetite
and hematite or are entirely replaced by a dust-sized
granular aggregate of magnetite and hematite.

Silica minerals, the most common of which are tridy-
mite, quartz, and fibrous chalcedony, are present in
the groundmass of the majority of the augite-hyper-
sthene andesites. Tridymite is almost universally pres-
ent and forms isolated crystals and aggregates of small
wedge-shaped crystals commonly closely associated with
small patches of intergrown granular quartz and chal-
cedony. The isolated crystals of tridymite are elongate
and tabular and are generally less than 0.1 mm long.
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Ordinarily they are embedded in the recrystallized glass
of the groundmass. However, in many rocks the tridy-
mite crystals are closely associated with a mineral of
low index of refraction and low birefringence that is
probably anorthoclase. In some rocks the tridymite
crystals project into or are entirely included within
small prisms of anorthoclase(?), and in others they
appear to surround irregularly shaped interstitial fill-
ings of this mineral (pl. 284, B.). Tabular crystals of
tridymite forming small microscopic patches in the
groundmass commonly exhibit a characteristic wedge-
shaped twinning (pls. 28C, 29C). Small anisotropic
needlelike crystals embedded in groundmass glass of
many andesites are probably cristobalite, although they
cannot be positively identified as such. Quartz and
chalcedony, although not abundant, are commonly pres-
ent in finely crystalline and fibrous intergrowths with
feldspar and are also intergrown with zeolites formed
from the alteration of plagioclase. Finely crystalline
quartz, plagioclase, and possibly anorthoclase(?) form
small microscopic patches in and around feldspar
phenocrysts. Opal and chalcedony are commonly
found in the altered portions of the groundmass and
may have developed largely from the alteration of
interstitial glass.

Microscopic prisms and irregular interstitial fillings
of anorthoclase (possibly in part potash oligoclase?)
are present in the groundmass of some and possibly
most of the andestites. Most of the grains and irregular
fillings of this mineral are less than 0.05 mm in diame-
ter, have a y index of refraction considerably below 1.54,
and have a low birefrigence. Commonly the grains en-
close tiny needlelike crystals of tridymite, or they form
an interstitial filling between elongate tridymite crys-
tals. More rarely, microcrystalline grains of anortho-
clase are associated with finely granular quartz and
plagioclase at the borders of large plagioclase pheno-
crysts.

Accessory minerals of the groundmass include small
equant and generally subhedral grains of magnetite and
ilmenite, small elongate prismastic grains of apatite,
and small elongate to equant grains of rutile. Equant
crystals of a dark amber-colored mineral, believed to be
rutile, are abundant in a single specimen of augite-
hypersthene andesite (specimen S3B), where they are
embedded in a cryptocrystalline and nearly opaque
groundmass clouded with dust-sized particles of magne-
tite and ilmenite(?). The crystals are as much as
0.4 mm in diameter.

Within the general rock type the groundmass ranges
from clear to pale-brown and darkly clouded glass to
a felted or pilotaxitic mixture of plagioclase, pyroxene,
tridymite, anorthoclase(?), magnetite, and ilmen-

145

ite(?), with variable amounts of interstitial glass.
Commonly the interstitial glass is partly or wholly de-
vitrified and altered. Rounded microscopic patches of
finely crystalline and radiating fibrous intergrowths,
believed to be quartz and feldspar, are common. In
some rocks the groundmass is composed of a weakly bi-
refringent aggregate of devitrified glass containing
randomly oriented submicroscopic grains of pyroxene
and magnetite. In other rocks, especially fresh rocks
unaffected by weathering, the interstitial material is a
light-brown to yellow or nearly colorless glass, gener-
ally containing randomly oriented to parallel micro-
scopic inclusions of monoclinic pyroxene and mag-
netite. A few rocks possess a groundmass of light-
brown interstitial glass enclosing dark microscopic
dendrites and crystallites of magnetite and possibly
monoclinic pyroxene.

The typical mineral composition of augite-hyper-
sthene andesite is given in table 4, and chemical com-
positions of type specimens of this rock are given in
table 5.

ALTERATION

The majority of the rocks examined show some de-
gree of alteration, part of which may be hydrothermal,
but mostly the result of weathering. Feldspar pheno-
crysts are altering to kaolinite, calcite, and occasionally
to zeolites (principally analcite). The alteration to
kaolinite is most intense at the borders of crystals and
along transverse cracks. Calcium carbonate is com-
monly present along with kaolinite, and the cores of the
feldspar phenocrysts are preferentially altered to this
mineral. However, kaolinite is the chief alteration
product of the plagioclase feldspars, and in deeply
weathered rocks the feldspar phenocrysts are com-
pletely altered to kaolinite or to a mixture of kaolinite
and gibbsite(?).

Phenocrysts and smaller groundmass crystals of hy-
persthene are generally altered to light- and dark-green
serpentine and chlorite(?) minerals. The alteration
proceeds along transverse fractures and along crystal
boundaries, and even the hypersthene of fresh rocks is
commonly altered at the borders and has a core with rem-
nant sections surrounded by green serpentine. The com-
monest alteration mineral is light green in section and
has a low birefringence. This is most likely the anti-
gorite variety of serpentine. A less common alteration
mineral is pleochroic, grass green to dark green and
yellowish brown in section, and has a higher birefring-
ence. This may be a ferriferous chlorite. In some
rocks the alteration is a light-green mineral with an
extremely low birefringence—probably sepiolite(?).
Dark-brown birefringent goethite is found with the
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serpentine in a few rocks. Some rocks contain large
hypersthene phenocrysts altered to a mixture of light-
green serpentine, goethite, and calcite.

An interesting aspect of the alteration of pyroxenes
in these rocks is the marked stability of augite. Augite
in the fresh rocks is unaltered and even in the more
highly weathered rocks is only slightly altered to ser-
pentine. It iscommon to find unaltered augite in rocks
in which hypersthene phenocrysts are completely al-
tered to serpentine and in which the groundmass con-
sists of an aggregate of zeolites, quartz, opal, serpentine,
chlorite(?), and calcite. This contrast in stability be-
tween augite and hypersthene is difficult to explain but
is probably related in some way to the difference in
structure and composition of the two minerals.

The groundmass of relatively fresh augite-hyper-
sthene andesite is ordinarily somewhat altered. Zeo-
lites are commonly present, and as nearly as can be de-
termined in section and in oil immersion they are
analcite, chabazite, gmelinite(?), heulandite, phil-
lipsite, and possibly stilbite. In part the zeolites are
of deuteric origin and form small microscopic and
megascopic amygdules.

In the more highly altered rocks the groundmass
contains irregular patches of zeolites which are the
product of weathering, and commonly they are de-
veloped at the margins of feldspar phenocrysts. Clay
minerals also are present as an alteration product of
the glassy portions of the groundmass. Kaolinite and
possibly other kaolin minerals are present in the
weathered rocks, and a light-green weakly birefringent
clay, thought to be montmorillonite, is common.

In deeply weathered andesites the alteration of pri-
mary minerals is complete, and these rocks are com-
posed of clay minerals (chiefly kaolinite, montmoril-
lonite, and nontronite(?), hydrous iron oxides( goeth-
ite and limonite), hematite, and zeolites. Alkalies,
lime, and magnesium are removed except for small
traces; ferrous iron is oxidized to ferric iron to produce
hematite and hydrous ferric oxides; and some silica is
removed and a large amount of water is added in the
weathering process. The most notable concentrations
are in alumina, ferric iron, and water (OH). The fol-
lowing analyses illustrate the marked change in com-
position effected by weathering. "Specimen S67A is
from the unweathered core of a spheroidally weathered
boulder of augite-hypersthene andesite from the brec-
cia-tuff facies of the Hagman formation, and specimen
S67B is a portion of the thick weathered shell enclos-
ing the fresh core. The boulder is about 5 to 6 feet in
diameter and the weathered shell about 214 feet thick.
The analyses were made by A. C. Vlisidis and S. M.
Berthold, U. 8. Geological Survey.
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S67A S67B

S0 60.95 54 39
10 Y .54 .65
ALOs oo 18.06  24.83
o Y 2.41 5.15
FeO - 2.61 .58
MO - 08 .04
MEO 2.37 .58
€80 8.16 .10
N 3.10 .44
KO .58 .08
H:O— 76 2.42
MO+ 58  10.62
0 10 .04
100.30  99.92

SECONDARY ROCK TYPES

QUARTZ-BEARING AUGITE-HYPERSTHENE ANDESITE

This rock type is fairly common in the Hagman and
Densinyama formations and is similar in texture and
general mineralogy to the augite-hypersthene andesites
described above. It differs from the augite-hypersthene
andesites proper in containing visible grains of quartz,
which are mostly confined to the groundmass as isolated
crystals, probably of primary origin.

The rocks are light to dark gray and greenish gray,
massive, and coarsely porphyritic. Phenocrysts form
about 20 to 40 percent of the rock and are calcic labra-
dorite, elongate prismatic hypersthene, elongate to
equant diopsidic augite, and scarce small equant to
rounded quartz. The feldspar phenocrysts are as much
as 5 mm across, the pyroxene phenocrysts are as much
as 4 mm in length, and the quartz phenoccrysts are as
much as 1 mm in diameter.

The groundmass is eryptocrystalline to microcrystal-
line, generally has an intergranular texture, and is com-
posed of plagioclase microlites, larger lath-shaped
grains of plagioclase, equant grains of subcalcic augite,
small prismatic grains of hypersthene, randomly scat-
tered grains of magnetite and ilmenite(?), elongate
laths of tridymite and cristobalite( ?), and small grains
of quartz. The mineral grains are enclosed in a crypto-
crystalline interstitial base of devitrified and altered
glass, which in part consists of secondary minerals—
zeolites, opal, and a patchy intergrowth of fibrous quartz
and feldspar. Small patches of finely granular quartz
are also present.

The small quartz phenocrysts and groundmass grains
are equant and rounded and have ragged, serrate edges
against the interstitial material of the groundmass.
They have evidently suffered strong resorption. The
quartz grains are as much as 1.0 mm in diameter, but
average mostly less than 0.1 mm.

The typical mineral composition of quartz-bearing
augite-hypersthene andesite is given in table 4.
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Inclusions of quartz-bearing augite-hypersthene an-
desite were found at one horizon in dacitic breccias of
the Sankakuyama formation. They have a consider-
ably different mineral composition and texture from the
quartz-bearing andesites of the Hagman and Den-
sinyama formations and warrant separate description.
The inclusions are brownish-gray massive finely por-
phyritic rocks composed of subhedral to euhedral phe-
nocrysts of highly zoned labradorite, quartz, augite,
and serpentine-replaced hypersthene(?) enclosed in a
cryptocrystalline groundmass. The phenocrysts range
in length from less than 1 mm to as much as 3 mm and
have an average length of about 1 mm. Plagioclase
phenocrysts form about 5 percent of the rock and are
highly zoned ; the zoning is normal. Cores are medium
to calcic labradorite (Ang-s;) and rims are calcic an-
desine and andesine labradorite (Ans-s). The plagio-
clase phenocrysts are commonly intergrown composites
of many small elongate individual crystals. Euhedral
prismatic crystals, forming about 1 to 2 percent of the
rock and as much as 1 mm in length, are replaced by
weakly birefringent fibrous serpentine that is believed
to be pseudomorphous after original hypersthene.
Augite forms euhedral equant to slightly elongate pris-
matic crystals as much as 2 mm long and is not abun-
dant, representing only about 1 percent of the rock. The
mineral is a somewhat ferriferous augite with the ap-
proximate average composition WosEn, Fsy (speci-
men S583, table 3). Quartz phenocrysts represent about
1 percent of the rock, are commonly decidedly rounded
and embayed by the groundmass, and are generally
cracked and broken, but clear and without strain
shadows. They are as much as 2 mm in diameter.

The groundmass of the rock is formed principally of
a felted aggregate of randomly oriented microlites of
andesine labradorite (Angs-s), submicroscopic grains
of monoclinic pyroxene less than 0.01 mm across, and
small euhedral to anhedral crystals of magnetite and il-
menite(?) 0.01 to 1.0 mm in diameter. Less abundant,
but nonetheless conspicuous, are minute slender needles
and tabular grains of tridymite and cristobalite(?)
and isolated prisms of anorthoclase(?) or perhaps pot-
ash oligoclase(?). Needles of cristobalite(?), and
needles and tabular crystals of tridymite are commonly
embedded in the interstitial glass, but in some rocks
they form small irregular patches and apparently fill
small interstices in the groundmass. The small needles
of tridymite commonly surround isolated prisms or ir-
regular patches of anorthoclase(?), which appears to
have crystallized interstitially to the tridymite crystals.
Rarely, small needles of tridymite project into or are in-
cluded within the anorthoclase( ?) prisms. The anorth-
oclase(?) has an index of refraction (estimated 1.52)
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considerably below that of balsam and a low birefring-
ence. Between the mineral grains there is a small
amount of colorless and light-brown interstitial vol-
canic glass charged with minute dark inclusions, and a
colorless isotropic material, opal(?), with an index of
refraction between 1.45 and 1.47, forms an interstitial
filling in the groundmass and has partly replaced feld-
spar and hypersthene phenocrysts.

The estimated average mode of the quartz-bearing
augite-hypersthene andesite inclusions is given below.

Volume
Phenocrysts: percent
Labradorite . _______________ 5
Hypersthene (serpentine)_________________ 3
Augite - - 1
Quartz - _______________ 1
Groundmass :
Andesine-labradorite microlites__ . -_ 50
Monoclinic pyroxene (augite)__—_ -~ __ 10
Tridymite and cristobalite____ . _____ 10
Anorthoclase _________ _— 5
Opal(?) oo - 2
Magnetite and ilmenite__________________ 3
Volcanic glass —— - 10

QUARTZ-BEARING AUGITE-HYPERSTHENE ANDESITE PORPHYRY

This rock was recovered from a dacitic volcanic plug
in association with fragments of hornblende-bearing
dacite porphyry. It bears a close compositional re-
semblance to quartz-bearing augite-hypersthene ande-
sites of the breccia facies of the Hagman formation.
However, the rock has a distinctive coarsely porphyritic
texture and contains a higher percentage of free quartz
than the breccia-associated rocks.

The rock is dark gray, massive, and coarsely porphy-
ritic. Phenocrysts of labradorite, augite, hypersthene,
and quartz comprise about 30 to 40 percent of the rock
and are enclosed in a dark partly glassy pilotaxitic
groundmass.

The plagioclase phenocrysts are subhedral and com-
monly equant, are as much as 1 ecm in diameter, and
form about 15-20 percent of the rock. They are highly
zoned and the zoning is normal. Cores range from
bytownite (Angss) to labradorite (about An;), and
rims are sodic. labradorite (Anss;). The average
composition, as determined by specific gravity measure-
ments (specimen S141, table 2) is about Ang. Many
of the larger plagioclase phenocrysts have a sievelike
texture and contain abundant small and generally elon-
gate inclusions of light-brown volcanic glass oriented
parallel to zonal boundaries. In some phenocrysts the
inclusions appear to be distributed throughout the en-
tire crystal, but in general they are confined to the
outermost zones. Plagioclase phenocrysts are generally
idomorphic toward the groundmass and show no effects
of resorption.
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Augite phenocrysts are euhedral, equant to elongate,
prismatic, as much as 3 mm long, and form about 5 to
10 percent of the rock. A few large augite phenocrysts
are of irregular shape and have poikilitic texture, en-
closing small rounded grains of feldspar and magnetite.
Many of the augite phenocrysts are zoned. The cores
of these are diopsidic augite. The outer rim of one
of these zoned phenocrysts has a positive optic angle
2V of about 42°, and its composition probably corre-
sponds closely with subcalcic augite of the groundmass.
Many of the augite phenocrysts are composed of aggre-
gates of several individual grains. The augite shows
no effects of resorption.

Hypersthene phenocrysts are rare in the porphyry.
They are small, euhedral, prismatic crystals averaging
about 1 mm in length, and form about 1 to 2 percent
of the rock. They exhibit no effects of resorption.

Quartz phenocrysts are subhedral to anhedral and
are commonly well rounded by resorption (pl. 29D).
Some are large and have a diameter of about 1 cm.
They form 1 to 4 percent of the rock. Several of the
quartz phenocrysts are red and may be stained with
iron oxides, although this was not evident in section.

In contrast to the shattered quartz and feldspar
phenocrysts and groundmass of the hornblende-bearing
dacite porphyry plug rock, the quartz-bearing augite-
hypersthene andesite porphyry fragments are unaf-
fected by shearing stress, and crushing does not appear
to be a general characteristic of the plug rocks as a
whole,

The groundmass of the andesite porphyry is dark
gray to nearly black and consists of a felty aggregate
of small plagioclase microlites (labradorite, Ansgo)
with lengths less than 0.2 mm, equant grains of sub-
calcic augite less than 0.2 mm in diameter and with an
optic angle 27 of approximately 42° to 45°, and small
magnetite grains surrounded by a light-brown glass base
containing dark submicroscopic inclusions. This glass
forms about 5 to 10 percent of the groundmass. The
texture of the groundmass is intergranular tending
toward intersertal.

The estimated mode of the rock is given in table 4.

AUGITE ANDESITE

Augite andesite comprises flow rocks of the Fina-sisu
and Hagman formations, fragments in the pyroclastic
deposits of the Hagman and Densinyama forma-
tions, and inclusions in the mixed dacitic pyroclastic-
rock facies of the Sankakuyama formation.

Flows of augite andesite are light to dark olive gray,
brownish gray, and greenish gray, massive to highly
vesicular, and aphanitic to finely porphyritic. The
rock contains small acicular phenocrysts of labradorite
(average composition about Ang;) having a maximum
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length of 3 mm and an average length of about 1 mm.
The phenocrysts, which form about 1 to 5 percent of the
rock, are subhedral to euhedral in outline, are elongate
parallel to the a crystallographic axis, are weakly zoned,
and show carlsbad and albite twinning,

The groundmass of the rock is aphanitic and micro-
crystalline and consists chiefly of small lath-shaped
crystals and microlites of labradorite (Ansso); less
abundant and generally equant grains of augite, mag-
netite, and ilmenite(?); and exceedingly rare, small
prismatic apatite crystals. The interstitial material be-
tween these mineral grains is a light-brown (in section)
partly or wholly devitrified generally altered glass con-
taining swarms of dark crystallites of monoclinic py-
roxene ( ¢), plagioclase(?), and tiny grains of magnetite
and ilmenite(?). Silica minerals, common in the
groundmass of other andesites, are not present. The
texture of the groundmass is commonly intersertal, the
glass mesostasis filling the interstices between plagio-
clase grains (pl. 28D).

The plagioclase grains of the groundmass range in
length from about 0.2 mm to submicroscopic dimen-
sions, are randomly oriented, and form an estimated 50
to 60 percent of the rock. Augite grains form an esti-
mated 10 to 20 percent of the rock and are generally
equant and less than 0.05 mm across, although a few
elongate crystals of augite with lengths of as much as
1 mm are present in some rocks. They have the approxi-
mate composition Wos;EngeF's;; {specimen S636A, table
3). Small equant subhedral to anhedral grains of mag-
netite and ilmenite(?) are scattered throughout the
rock. They are as much as 0.1 mm across, although gen-
erally less than 0.05 mm in diameter, and form about
5 percent of the rock. Apatite forms small prismatic
crystals embedded in the interstitial groundmass glass,
and generally these crystals are less than 0.01 mm long.

The flows of augite andesite are generally highly
vesicular at the top and moderately and minutely vesicu-
lar at the middle and base. The vesicles are ordinarily
spherical or slightly flattened and ovoid, and are as
much as 5 mm in maximum diameter at the tops of
flows. In the more massive flow rock (middle and basal
portions of flows) the vesicles are generally less than
1 mm in diameter and are rounded to uneven. They are
commonly lined with a narrow coating of white, pink,
and bluish-green zeolites, and a few were noted to be
lined with calcite and some with chalcedony. The most
common zeolites are chabazite (possibly gmelinite),
heulandite, and analcite. A fibrous zeolite, possibly
stilbite, is present in the vesicles along with the other
zeolites, and a light-bluish-green mineral, possibly
prehnite, forms thin coatings in the vesicles of some of
the rocks.
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The augite andesite flows are deeply weathered at the
surface, and commonly to depths of tens of feet; no
fresh rock is exposed. The interstitial glassy portions
of the groundmass are readily altered to mixtures of
clay materials, zeolites, and secondary silica. Plagio-
clase grains are altering to kaolinite and more rarely to
a mixture of kaolinite and calcite. Augite grains are
ordinarily very stable in the zone of weathering, but in
deeply rotted rock they are altered at the borders to
fibrous serpentine. Opal and chalcedony of secondary
origin are present in several rocks and are mostly con-
fined to the altered interstitial glass of the groundmass,
but they also appear to be forming from the alteration
of plagioclase. In the upper portions of the weathered
zone original rock-forming minerals are completely de-
stroyed and the rock consists of a variety of clay min-
erals (chiefly kaolinite, montmorillonite, and nontro-
nite?), hydrous iron oxides (goethite, limonite), and
hematite, though relict igneous texture is still preserved
because of the differential alteration-—plagioclase grains
alter to white kaolinite and give the rock a relict por-
phyritic appearance.

The estimated mode of typical augite andesite flow
rock is given in table 4, and the chemical composition
of a type specimen of the rock is given in table 5.

A second type of augite andesite, not found among the
flow rocks, is a light-gray to light-greenish-gray mas-
sive coarsely porphyritic andesite. Texturally the rock
is similar to light-colored varieties of augite-hyper-
sthene andesite, but it differs from these rocks in that
augite is present to the exclusion of hypersthene. Phe-
nocrysts are highly zoned calcic labradorite and euhe-
dral to subhedral diopsidic augite, the latter as much
as 8 mm in length. The groundmass has an intergranu-
lar texture and is composed of tiny microlites of feld-
spar between which are scattered grains of monoclinic
pyroxene, tridymite, magnetite, ilmenite(?), and apa-
tite. Interstitial to the mineral grainsisa small amount
of partly devitrified colorless glass. Secondary min-
erals include zeolites, silica minerals (opal and chal-
cedony), and clay minerals.

Inclusions of augite andesite in the breccias and tuffs
of the Sankakuyama formation are a fraction of an inch
to 6 inches across. They are dark grayish brown, mas-
sive, and finely porphyritic and are composed of pheno-
crysts of labradorite, diopsidic augite, and smaller crys-
tals of magnetite enclosed in a fine-grained ground-
mass. The phenocrysts comprise only about 5 percent
of the rock, are from less than 1 mm to as much as 3 mm
long, and have an average length of about 1 mm.

Plagioclase phenocrysts in the inclusions are sub-
hedral and highly zoned, with cores of bytownite (about
Anz;) and rims of labradorite (about Anss_e) 5 the zon-
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ing is normal. Both albite and carlsbad twinning are
common. Augite phenocrysts are equant to somewhat
elongate and are as much as 2 mm long. The augite
phenocrysts are unzoned, slightly rounded, and a few
possess narrow reaction rims of a finely granular bire-
fringent mineral that is probably monoclinic pyrox-
ene. The augite phenocrysts (specimen S235, table 3)
are slightly pleochroic in section with Z=greenish
blue, Y'=light brownish green, and X =light green.
Their approximate composition is WosEn,Fss.. Sub-
hedral crystals and small equant grains of magnetite as
much as 0.5 mm across are scattered throughout the rock
and form approximately 3 or 4 percent of the rock
volume.

The groundmass of the augite andesite inclusions is
composed of a felted aggregate of randomly oriented
microlites and lath-shaped crystals of labradorite
(about Angos;) from submicroscopic size to about 0.1
mm in longest dimension, small elongate prismatic crys-
tals of monoclinic pyroxene with a length from about
0.01 to 0.1 mm, small grains of magnetite and ilmen-
ite(?) generally less than 0.05 mm across, and small
elongate and tabular crystals of tridymite less than 0.1
mm in length. Minute needles of extremely low re-
frigence may be cristobalite. Anorthoclase is proba-
bly present in small amounts interstitially, although it
was not recognized in the groundmass. The mineral
grains are surrounded by a light-brown interstitial vol-
canic glass containing swarms of tiny dark opaque
inclusions which are probably magnetite.

The approximate average mode of the augite-ande-
site inclusions is given below.

Volume
Phenocrysts : percent
Labradorite - ______ ____________ 4
Augite _____ - 1
Groundmass :
Labradorite microlites —_— 55
Monoclinic pyroxene 15
Magnetite and ilmenite. - 3
Tridymite and cristobalite 2
Volcanic glass — 20

HYPERSTHENE ANDESITE

A porphyritic hypersthene andesite from the shore
of Laulau Bay on Saipan (breccia facies of Hagman
formation) has been described by Tsuboya (1932, p.
208-211), but apparently this rock type is rare in the
volcanic formations of Saipan, for it was not found
among the many specimens of andesite collected by the
writer. Tsuboya’s rock consists of phenocrysts of cal-
cic labradorite and hypersthene in a brownish aphanitic
groundmass. The groundmass is composed of a glass
base containing lath-shaped plagioclase and hypers-
thene grains, the latter stained by brown iron oxides
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(hematite?). No mention is made of monoclinic pyro-
xene in the groundmass, and probably it is not present,
for the high alumina content of the rock would indicate
that most of the calcium probably went into the feld-
spars during crystallization. Plagioclase phenocrysts
in this rock are highly zoned, with cores of bytownite
(Anss) and outer zones of calcic labradorite, and the
crystals exhibit both albite and pericline twinning.
Hypersthene phenocrysts are euhedral, prismatic, and
strongly pleochroic (in section?), with Z=Ilight green,
Y=Dbrownish yellow, and X =brown. Iron oxides
(hematite? and magnetite?) are disseminated in the
margins of the hypersthene phenocrysts. An analysis
of this specimen is given in table 5.

CHEMICAL COMPOSITION OF THE MAJOR ROCK TYPES

The chemical compositions and norms of major types
of andesite and dacite of Saipan are given in table 5.
Columns 12 and 13 of the table give the average chemi-
cal compositions and norms of these rocks. All the
analyses are new except for two hitherto published
analyses (columns 4 and 10). Because it is uncertain
that the augite andesite described by Kaiser (1903, p.
120) is from Saipan, and because it does not conform
well with the modern analyses, it was omitted in com-
puting the average composition of andesite from Sai-
pan and is not included in the variation diagrams.

In general, the volcanic rocks of Saipan are charac-
terized by a high silica content, a high alumina content
with respect to the sum of the alkalies and lime, and a
low potash content compared with the average andesite-
dacite-rhyolite series of the world. The dacites are ex-
ceptionally high in silica and are peraluminous (the
molecular proportion of alumina in the rocks exceeds
the sum of the molecular proportions of soda, potash,
and lime). The most silicic dacite contains almost 50
percent guartz in the norm. The andesites of Saipan
are strongly oversaturated with silica, are moderately
aluminous or peraluminous, and have a high lime con-
tent (excluding the analysis given by Kaiser) com-
pared with average world andesite. Normative plagio-
clase in the andesites of Saipan is highly calcic, and no
normative composition is more sodic than An;, (again
excluding the augite andesite of Kaiser). Phenocrysts
of plagioclase are exceedingly abundant as compared
with those of mafic constituents, and this feature, to-
gether with the high anorthite content of the plagio-
clase, can be correlated with the high content of
ALO; and CaO in the bulk composition of these rocks.
All the andesites of Saipan contain an appreciable
amount of quartz in the norm, which is largely attribut-
able to the presence of silica minerals in the ground-
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FIGURE 16.—Harker variation diagram of andesites and dacites from
Saipan.

mass of these rocks, although in some rocks the excess
silica is occult in interstitial glass.

The variation diagram, figure 16, has been prepared
from analyses 1-3 and 5-11 of table 5 and is a gen-
eralized Harker diagram in which the weight percents
of various oxides are plotted as ordinates against the
weight percent of silica along the abscissa. Total iron
is plotted as FeO. The andesite end of the diagram
shows a wide scattering of points for the various oxides,
exclusive of alkalies and lime, and the curves through
this region of the diagram are highly generalized.

Because of the wide scattering of values for the
oxides involved, and the pronounced break between the
composition of the andesites and dacites of Saipan, the
true location of the curves for the various oxides is un-
certain, and therefore the alkali-lime index cannot be
stated accurately. However, it is in the vicinity of 65,

1 Analyses 8 and 11 are slightly weathered andesites in which ferrous
iron has been largely oxidized to the ferric state with the formation of
limonite. Analysis 2 is a dacite in which most of the ferrous iron has
been oxidized to form hematite. In order to place these rocks more
nearly in their proper position within the variation diagrams, they
are plotted with a ferrous and ferric iron content recalculated to a pro-
portion consistent with that of fresh andesites and dacites. Specifically,
one-half of the molecular amount of Fep;O3 in the original analyses
(analyses 2, 8, and 11) has been converted to FeQO, the H:O content
of the andesites has been reduced to the normal content of fresh rocks,
and the analyses recalculated to 100 percent. These modified values of
analyses 2, 8, and 11 also have been used to compute the average com-
positions of Saipan andesite and dacite plotted on the diagrams of fig-
ures 17, 21, and 22, and the plotted averages thus do not represent the
averages given in columns 12 and 13.
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TABLE 5.—Chemical analyses and norms of volcanic rocks from Saipen and Guam
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1 2 3 4 5 6 7 18 9 10 111 12 13 114
Analysis (weight percent)
60. 95 60. 80 58.19 57.38 57.20 56. 45 51.21 78.20 57.45 60. 84
.54 .48 .46 .62 .54 .61 1.35 .17 . .72
18.06 18.13 17.82 18. 36 16.35 18.97 17.20 10. 58 17.84 12. 56
2.41 203 2.50 4,88 2.23 3.61 7.59 .66 3.61 3.13
2.61 3.53 4.08 2.26 5.93 3.56 3.24 .76 3.60 3.49
.08 .09 . 10 .07 .14 .10 .10 .04 .10 .13
2.37 2.54 3.46 2. 40 4.65 3.56 2.14 .22 3.02 3.44
8.16 8.18 8.90 8.48 8.85 7.02 6. 54 1.28 8.02 8.17
3.10 3.12 2.80 2.76 2.50 2. 50 2,75 3.54 2.79 2.69
.58 .60 .53 .71 .68 .43 1.06 1.69 .66 .82
.76 .34 W81 .34 1.14 3.77 .28 1.02 .79
.58 .40 .47 1.30 . 56 1.68 2.47 2.72 1.07 .73
.10 .11 .09 .02 .36 .07 .32 12 .15 .14
____________________________ PR PR SR FUPRURRI PP SO 2.14
100. 30 100. 35 100. 21 99. 84 100. 33 99. 69 99.73 100. 25 99.99 99.79
Norms (weight percent)
20.30 19.00 17.10 25. 26
3.34 3.34 3.89 5.00
26.20 26.20 23.58 23.06
33. 64 33.64 34.19 19. 46
Diopside:
Wollastonite ... | | ... 3.60 2.90 2,90 2.32 3.13
.20 2.00 1.70 1.60 2.20
. 51 .66 1.06 .53 .66
Hypersthene:
Enstatite__.._.__._} .90 | oo 3.90 4.60 5.90 6.40
Ferrosilite. 1.32 2.90 2.11 2.24
Magnetite_ . 3.48 3.02 5.34 4,41
Ilmenite 1.06 .91 1.22 1.37
Hematite.
Apatite..__
Sillimanite
Cordierite. . ...
Calcium carbonate.
Normative feldspar (molecular percent)
Orthoclase 19 16 27 17 5 5 4 7 7 4 10 21 6 10
Albite_____ 61 77 61 65 43 43 40 39 38 37 40 66 40 50
Anorthite._.___________ 20 7 12 18 52 52 56 54 55 59 50 13 54 40
Normative pyroxene (molecular percent)
Wollastonite 22 25 21 17 20
Enstatite__.. 29 60 53 66 64
Ferrosilite_ . _____._.___ 49 15 26 17 16

1 Weathered rock.

1. Hornblende-bearing dacite porphyry ; block in dacitic volcanic plug,
0.75 mile east of Point Flores, northwest Saipan.

Vlisidis and S. M. Berthold, analysts.

2. Dacite; thin flow in Sankakuyama formation, summit of Mount
F. A. Gonyer,

Achugau, northeast-central Saipan.

analyst.

3. Dacite vitrophyre; thin massive layer in flow breccia of Sanka-

Specimen S139. A. C.

Specimen S$317.

course of Talofofo Creek, north-central Saipan.
Gonyer, analyst,

$135. A. C, Vlsidis and 8. M. Berthold, analysts.
10. Hypersthene andesite;

8. Augite-hypersthene andesite; flow in Hagman formation, lower
Specimen S15. F. A.

9. Augite-hypersthene andesite ; block in andesite breccia of Hagman
formation, 0.75 mile east of Point Flores, northwest Saipan. Specimen

block in andesite breccia of Hagman

kuyama formation, 0.25 mile south of Kalabera, mortheast Saipan.
Specimen $448. A. C. Vlisidis and S. M, Berthold, analysts.

4. Augite andesite; Magpi ruin, north Saipan. Kliiss,
(Kaiser, 1903, p. 120).

5. Augite-hypersthene andesite ; block in andesite breceia of Hagman
formation, Sabanan Talofofo, north-central Saipan. Specimen S6TA.
A. C. Vlisidis and S. M. Berthold, analysts.

6. Augite-hypersthene andesite ; block in andesite breccia of Hagman
formation, Sabanan Talofofo, north-central Saipan. Specimen S37.
A. C. Vlisidis and 8. M. Berthold, analysts.

7. Augite-hypersthene andesite; block in andesite breccia of Hagman
formation, Sabanan Talofofo, north-central Saipan. Specimen S$107.
A. C. Vlisidis and S. M. Berthold, analysts.

analyst

placing the rocks as a whole in the calcic series of Pea-
cock (1931), and in this and other respects they are
closely akin to volcanic rocks of the Izu Peninsula re-
gion of Japan (see fig. 20).
The ACF diagram of figure 17 shows the composition
388406—57——3

formation, Laulau Bay, southeast Saipan, §. Tanaka, analyst (Tsuboya,
1932, p. 211).

11. Augite andesite; flow in Fina-sisu formation, northern As Lito,
southwest Saipan, Specimen S636A. Leonard Shapiro and S. M.
Berthold, analysts,

12. Average dacite of Saipan; average of analyses 1, 2, and 3.

13. Average andesite of Saipan; average of analyses 5, 6, 7, 8, 9,
10, and 11.

14. Augite basalt; pillowed flow, east flank of Mount Santa Rosa,
northeast Guam. Specimen G-S48-85A. Leonard Shapiro and S. M.
Berthold, analysts.

of the analyzed rocks of Saipan in terms of three com-
ponents where A, C, and F are the molecular amounts:
A. :A1203 - KzO —'Nazo, C = Cao,
and
F=MgO+FeO+MnO—Fe,0; —TiO,.



152

GEOLOGY OF SAIPAN, MARIANA ISLANDS

A
Alg03~ Kz0—Nay0
Silimantte

EXPLANATION

o
Andesites
a
Dacites

3
Average andesite

-
Average dacite

&

ca0 ©  Diopside

Wollastonite Molecular percent

40

Hyparsthene

K iV \/ M
MgO+Fe0+Mn0—Fey03- TIO;  6(Nay0 +K,0)

80 60

0
MgO +FeO+ MnO— Fey03—Ti0,- Ca0  Na0—K;0+Al,0a
Molecular parcent 0 203~ T0z 120~ K20 +A10;

FIcure 17.—Triangular ACF (left) and SKM (right) diagrams of andesites, dacites, average andesite, and average dacite of Saipan.

K.O and Na,O are subtracted from AlO;, and Fe,O;
and TiO, are subtracted from MgO+FeO+MnO to
remove alkali feldspar, magnetite, and ilmenite from
the rock composition. Silica is implicit in the diagram,
and water is disregarded because the composition of
the rocks is considered only in terms of water-free
(dry) components. The corners and midpoints of the
sides of the diagram represent various mineral phases
as shown, and the composition of any rock can be ex-
pressed in terms of three normative mineral phases, de-
pending on where it falls in the diagram. The lines
(joins) connecting the.points representing the various
minerals form subsidiary triangles within the diagram
which may represent separate ternary chemical systems,
the joins representing phase boundaries between the
separate systems, and the minerals at the corners of
each subsidiary system representing stable (com-
patible) mineral assemblages.

Rocks that lie in the anorthite-cordierite-hypersthene
and sillimanite-anorthite-cordierite triangles are per-
aluminous. In general, felsic members of calc-alkaline
rock associations tend to lie in the peraluminous tri-
angles, whereas mafic and alkalic rocks lie in the
anorthite-diopside-hypersthene triangle or off the dia-
gram (negative A) in the case of some alkalic rocks.
The analyzed dacites of Saipan tend to lie in the per-
aluminous anorthite-cordierite-hypersthene triangls,
and the andesites, with two exceptions, lie in the anor-
thite-diopside-hypersthene triangle near the anorthite-
hypersthene join.

The location of the boundary curves of the various
mineral fields and the shape of the liquidus surface
within the ACF triangle are not known, and therefore
the course followed by a crystallizing liquid (magma)

cannot be traced on the diagram. However, general
relations are shown which permit qualitative applica-
tion of the diagram to the problem of fractional crys-
tallization of magmas and particularly to the problem
of origin of peraluminous rocks. The diagram is also
useful in comparing members of rock series and rock
provinces.

The SKM diagram of figure 17 shows the composition
of the analyzed rocks of Saipan in terms of three compo-
nents where S, K, and M are the molecular amounts:

S=8i0,—2Ca0, K=6(Na,0+K,0), and

M=MgO+FeO+MnO—Fe,0,—
Ti0,— CaO—Na,0 —K.O+ Al,O..

The diagram is a modification of the von Wolff (QLM)
triangle (von Wolff, 1923, p. 85-45; Johannsen, 1939,
p. 110) as devised by James B. Thompson of Harvard
University. In the diagram, the horizontal line at 50
represents, as in the standard von Wolfl triangle, the
silica-saturation line. Above this line all rocks contain
an excess of silica (oversaturated rocks) and minerals
that are fully saturated with silica, and below this line
all rocks are deficient in silica (undersaturated) and
contain one or more minerals with less silica than is re-
quired for saturation. Saturated rocks lie on or slightly
above or below the line. The end points of the horizon-
tal line at 50 represent normative alkali feldspar and
hypersthene, rather than the normative total feldspar
and total pyroxene of the von Wolff triangle. The left
line of the triangle comprises the leucocratic (sialic)
constituents alkali feldspar, leucite, and nepheline, and
the right line of the triangle comprises the melanocratic
(femic) constituents hypersthene and olivine. The
principal advantage of the SKM diagram over the von
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Wolff triangle is that the lines connecting normative
minerals become valid as phase boundaries with the re-
moval of the lime-bearing feldspar and pyroxene. The
diagram is thus a partial graphic solution of the norm,
and the composition of any rock can be expressed in
terms of a combination of three normative mineral com-
ponents, depending on where it falls in the diagram.
The andesites and dacites of Saipan lie in the upper tri-
angle of the diagram formed by the lines connecting
quartz, alkali feldspar, and hypersthene.

Anorthite, diopside, magnetite, and ilmenite are
removed from the rock composition as plotted on the
diagram by subtracting the molecular amounts of SiOs,
FeO, and MgO contained in these minerals from the S
and M components of the diagram. Thus, twice the
amount of CaO (less CaO in apatite) in any rock is the
amount of normative silica in anorthite and diopside
and is accordingly subtracted from total silica; Fe,O;
in any rock is the amount of normative FeO in
magnetite and is accordingly subtracted from total
FeO+MgO in the rock; TiO; in any rock is the amount
of normative FeO in ilmenite and is accordingly sub-
tracted from total MgO+FeO in the rock; and the
quantity CaO— (Al.O;—Na.O—XK,0) in any rock is
the amount of CaO in diopside, which in turn equals
the amount of MgO+ FeO in diopside, and is therefore
subtracted (the expression then becomes

- CaO —NagO _Kgo +‘A1203)

from total MgO+FeO in the rock. The component K,
representing total alkalies, is taken as six times the total
alkali content to bring the position of alkali feldspar
up to the midpoint of the left side of the diagram. The
removal of anorthite, diopside, magnetite, and ilmenite
from the rock composition has the effect of placing in-
dividual rocks in their proper position in the diagram
with respect to the true proportion of normative min-
erals in the rocks.

The SKM diagram is useful in comparing rocks of
various petrographic provinces and in the study of dif-
ferentiation in a rock series by crystal fractionation.

COMPARISON WITH VOLCANIC ROCKS OF OTHER
PACIFIC ISLANDS AND WITH DALY’S AVERAGE ROCK
TYPES

TINIAN, ROTA, AND GUAM

Volcanic rocks presumed to be of late Eocene age are
exposed beneath Miocene limestones in north-central
Tinian at Mount Lasso and in the south-central part of
the island of Carolinas Hill. The rocks of Mount Lasso
consist of deeply weathered andesitic pyroclastic rocks
which bear a close resemblance to the more highly
weathered parts of the breccia-tuff facies of the Hag-
man formation on Saipan. At Carolinas Hill, the rocks
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are of hornblende-bearing andesitic sandstones and
pebble conglomerates containing fragments of horn-
blende-augite andesite and pyroxene andesite. The
hornblende andesites are generally less mafic and per-
haps somewhat more silicic than the pyroxene andesites
of Saipan.

On Rota, volecanic rocks of supposedly late Eocene age
are exposed 1n a steep escarpment along the south side
of the island and in smaller outcrops atop and around
the edges of a central limestone plateau. They resem-
ble the volcanic rocks of Saipan, Tinian, and Guam.
Yoshii (1936, p. 18-19) describes specimens of horn-
blende-augite andesite, hypersthene-augite andesite,
and augite-andesite tuff from this island.

Tertiary volcanic rocks are exposed over a wide area
on Guam. According to J. T. Stark and S. O. Schlang-
er (oral communication, January 1954), these rocks may
be divided into two sequences: an older sequence of
folded and faulted basaltic and andesite pyroclastic
rocks and minor basalt flows of late Eocene age, and a
younger succession of gently inclined, eastwardly dip-
ping olivine-bearing pillow basalt flows and basaltic
and andesitic pyroclastic rocks of Miocene age. The
Eocene volcanic rocks are exposed over several tens of
square miles in the southern half of the island and in
three small inliers on the northern limestone plateau at
Mount Santa Rosa, Mataguac Hill, and Palia Hill. The
Miocene volcanic rocks crop out over a wide area in
the extreme southern part of Guam and overlie the older
volcanic rocks with pronounced angular unconformity.
The combined stratigraphic thickness of the Eocene and
Miocene succession is several thousand feet.

The pyroclastic rocks of Guam are principally brec-
cias and tuffs and water-laid volcanic conglomerates,
tuffaceous sandstone, and shales. The entire volcanic
succession, including the basalt flows, is believed by
Stark to be of submarine origin. The principal lithic
differences between the volcanic rocks of Guam and
those of Saipan are the abundance of pillow basalt
flows, the presence of basaltic fragments in the pyro-
clastic rocks, the absence of large masses of dacitic
rocks, and the possible absence of subaerially deposited
volcanic rocks in the sequence on Guam. Hypersthene
dacite, containing abundant phenocrysts of quartz and
probably approaching the composition of the dacitic
rocks of Saipan, is found on Guam only as scattered
accessory inclusions in andesitic conglomerate beds of
the Eocene series at Mount Santa Rosa and near the
former village of Fena (now flooded by waters of the
Fena Reservoir) in the south-central part of the island
(Cloud, Schmidt, and Burke, 1956). Aside from these
basic differences, however, equivalent rocks of the two
islands are generally much alike. Volcanic rocks of
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Guam are plotted on the ACF and SKM diagrams of
figure 18, from which it is evident that the chemical
compositions of various effusive rock types of Guam
and Saipan are in close agreement.

A chemical analysis of basaltic flow rock from Guam
is given in table 5. Although the rock has an excep-
tionally high content of silica it is considered a basalt,
for the actual content of silica in fresh rock from this
flow is probably much less than is indicated by the anal-
ysis, a large amount of silica having been introduced
in the form of chalcedony, which fills irregular cavities
in the rock.

PALAU, YAP, AND BONIN ISLANDS

The Palau Islands form a short arcuate island group
centered at about long 134°30” E. and lat 7°35” N. (fig.
11). The island chain is about 100 miles long in a gen-
erally north-south direction and counsists of 10 large is-
lands and several hundred smaller islands and minute
islets. The larger islands in the northern part of the
group are mainly formed of volcanic rocks; the larger
islands in the southern part of the group and the smaller
islands and islets are composed of coral-algal and clas-
tic limestones. The largest island of the Palau group
is Babelthuap, about 30 miles long in a north-south di-
rection. Volcanicrocks are exposed over most of Babel-
thuap and the nearby islands of Koror, Arakabesan,
and Malakal.

According to an unpublished report by Gilbert Cor-
win, to which he has kindly given permission to refer,
the volcanic rocks of Babelthuap, Koror, Arakabesan,
.and Malakal are of late Eocene and possibly in part of
.early Oligocene age. They consist mainly of pyroclas-
tic rocks but include minor intercalated flows. The
rocks are mostly andesitic, but the petrogenic series of
Palau comprises a much greater and more complete
range of types and is generally more mafic than that of
Saipan. Rock types from the Palau Islands described
by Corwin include olivine-augite basalt, hypersthene-
bearing augite basalt, hypersthene-augite basalt, horn-

“blende-bearing pyroxene gabbro, augite-hypersthene
andesite, hornblende-pyroxene andesite, hornblende
- dacite, and biotite dacite. The basaltic rocks are pri-
marily confined to the lower part and the dacites and
. andesites to the upper part of the volcanic succession.

Basaltic rocks, and rocks intermediate between calcic
- andesite and silicic dacite, such as hornblende andesite
. and hornblende dacite, are unknown on Saipan. The
voleanic rocks of the Palau Islands are plotted on the
ACF and SKM diagrams of figure 18, from which it may
be seen that the andesites and silicic dacites of Palau
are similar in composition to the andesites and dacites
- of Saipan.

GEOLOGY OF SAIPAN, MARIANA ISLANDS

The Yap island group, situated at about long 138°08’
E. and lat 9°30” N. (fig. 11), about 530 miles south-
southwest of Guam, includes 4 principal islands—Yap,
Gagil-Tomil, Map, and Rumong. These islands form
a compact group 16 miles long and 8 miles wide and are
of special interest geologically, for they consist mainly
of metamorphosed basement rocks. Rock specimens
from the Yap island group have been described briefly
by Kaiser (1903, p. 93-110), Koert and Finckh (1920,
p. 5-10), Tsuboya (1932, p. 207-208), Tayama (1935,
p. 25-38), and Yoshii (1936, p. 38-50).

Metamorphic rocks are exposed on all of the main
islands and underlie about three-fourths of the land
area. The most common rock of the basement sequence
is a green amphibolite schist consisting of actinolite,
albite, and accessory titanite and magnetite (Tsuboya,
1932, p. 207). Other rock types of this sequence, de-
scribed by Yoshii (1936, p. 38-50), include epidote
amphibolite, green schist, talc schist, diopside-calcite
hornfels, hornblende-feldspar hornfels, hornblende
sandstone, olivine pyroxenite, diallage peridotite, horn-
blendite, serpentine, uralite diabase, norite, and gabbro.
C. G. Johnson (written communication, June 8, 1954),
who carried out a detailed geologic study of the Yap
island group in 1948, reports that the mafic and ultra-
mafic igneous rocks mostly occur as fragments in am-
phibolite-schist breccia and conglomerate of Tertiary
age which overlie the basement rocks on the larger is-
lands. On Gagil-Tomil, Johnson found small bodies
of gabbro and serpentine. He did not find outcrops of
the other types of mafic and ultramafic rock listed by
Yoshii.

In addition to mafic and ultramafic rocks, the Ter-
tiary amphibolite-schist breccia has yielded fragments
of granitic rock. The occurrence of this rock type at
Yap was first mentioned by Kaiser (1903, p. 107), who
recorded the presence of small fragments of amphibole
(hornblende?) granite and amphibole (hornblende?)
syenite in amphibolite-schist breccia on Map. Johnson
(written communication, June 8, 1954), in his later
study, also found fragments of “granite” or granitelike
rock in the breccia on Map.

The basement rocks of the Yap island group are
strongly folded and faulted, and the schistosity of the
rocks trends north-northeastward, parallel to the direc-
tion of trend of the larger structural features of the
Yap arc. Hess (1948, p. 432) believes that the meta-
morphic rocks are probably of Mesozoic age and that
the mafic igneous rocks, which intrude the metamor-
phosed sequence, are considerably younger and related
to an early Tertiary orogeny that formed the Yap
trench and are.

The rocks of the basement complex are overlain un-
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analyses ; Tsuya, 1937, p. 224, 227,

conformably by scattered, discontinuous deposits of am-
phibolite-schist breccia (possibly of tectonic origin),
conglomerate, sandstone, siltstone, and marl—the Map
formation—and this sequence is overlain by an exten-
sive deposit of volcanic breccia and tuff known as the
Tomil agglomerate (C. G. Johnson, letter to P. E.
Cloud, Jr., May 29,1952). The fine-grained clastic beds
of the Map formation have yielded larger Foraminifera
which W. S. Cole (letter to C. G. Johnson, December
9, 1952) refers to the Miocene (Tertiary f; of the Indo-
nesian classification). Marl beds of this sequence con-
tain Radiolaria of probable Oligocene or lower Miocene
age according to W. R. Riedel (written report to P. E.
Cloud, Jr., November 14,1952). However, it appears to
Riedel that the Radiolaria are contained in lumps of re-
worked material somewhat older than the matrical sedi-
ment, suggesting that the marl might be slightly young-
er than the included fauna. The relationship of the
amphibolite-schist breccia to the sedimentary rocks has
not been established, but Johnson (written communica-
tion, June 8, 1954) considers the deposit as part of the
Map formation and of probable Miocene age, though
perhaps somewhat older than the clastic sequence. Al-
though fossils have not been found in the Tomil ag-
glomerate, Johnson believes that it is of Miocene age
and slightly younger than the rocks of the Map forma-
tion. Yoshii (1936, p. 14, 16) describes augite andesite
and andesitic tuff from the Tomil agglomerate which
are similar in their mineralogy to varieties of andesite
on Saipan.

The Bonin Islands lie east and north of the Volcano
Islands and are centered at approximately long 147°30’
E. and lat 26°30" N. (fig. 11). The larger islands of the

Source of data is table 5, this report; J. T. Stark and Gilbert Corwin, U. S. Geological Survey, unpublished

Bonins are composed of volcanic cores overlain in places
by Miocene and younger limestones. Eocene limestones
are reportedly associated with the volcanic sequence on
Haha Jima (Yoshiwara, 1902, p. 297, 300-301; Tsuya,
1937, p. 222-223, 225). The volcanic rocks consist of
flows, agglomerates, tuff breccias, and tuffs, and some of
the tuffs are water laid and contain Camerinid Forami-
nifera, signifying a late Eocene age.

According to Tsuya (1937, p. 223-228), the major
volcanie rock types of the Bonin Islands are two-py-
roxene (augite-hypersthene) andesite, olivine-bearing
augite-hypersthene andesite, quartz-bearing augite-hy-
persthene andesite, aphyric augite-pigeonite andesite,
olivine-augite-bronzite andesite (boninite), andesite
perlite, and quartz-bearing augite-hypersthene ande-
site or pyroxene dacite.

Compositions and norms of andesitic rocks from
various localities in the Bonin Islands are given by
Tsuya (1937, p. 224, 227), and three superior analyses
from this report are plotted on the ACF and SKM dia-
grams of figure 18. The andesites of the Bonin Islands
have less alumina and lime and a slightly higher aver-
age potash content than the andesites of Saipan, and
they are therefore not so rich in calcic plagioclase as
their counterparts on Saipan, though in other respects
they are generally similar. A specimen of augite-
hypersthene andesite described by Tsuya (1937, p. 223)
has a mineral composition and texture much like that
of some varieties of andesite from Saipan, and, accord-
ing to Tsuya, this is the most abundant type of rock in
the volcanic sequence of the Bonin Islands. The rock
is porphyritic with phenocrysts of zoned plagioclase
(anorthite to calcic labradorite), augite, and hypers-
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thene enclosed in a groundmass containing medium
labradorite, augite, pigeonitic (subcalcic) augite, silica
minerals, and magnetite. The quartz-bearing two-
pyroxene andesite, or pyroxene dacite, of the Bonin
Islands, also described by Tsuya (1937, p. 228), is a
porphyritic rock containing phenocrysts of labradorite,
augite, hypersthene, and indented quartz and is petro-
graphically similar to the quartz-bearing pyroxene
andesites of Saipan. Some of the andesites of the
Bonin Islands, however, contain small olivine pheno-
crysts, and other andesites contain pigeonite in the
groundmass and have a normative pyroxene compo-
sition that appears to be considerably higher in fer-
rosilite than that of the andesites of Saipan. So-called
boninite is a olivine-augite-bronzite andesite.
Contrary to published reports, basement rocks older
than the volcanic series are not known to be exposed
on any of the Bonin Islands, The presence of serpen-
tine at Kurose, Ototo Jima, in the Chichi Jima group,
was mentioned by Yoshiwara (1902, p. 297) on the
basis of a report by Susuki (1885), and this was later
interpreted by Hess (1948, p. 430) as representing ser-
pentinized periodotite of the pre-Eocene basement
series. Yoshiwara did not, however, specify the rela-
tionship of the serpentine to the volcanic rocks and
limestones, but merely stated that “Mr. Susuki has de-
scribed serpentine from Kurose in Ototo-jima.” From
the translation of Susiki’s report (1885), on file with
the U. S. Geological Survey, it is evident that his
report of serpentine in the Bonin Islands was misin-
terpreted. The only mention of serpentine by Susuki
(p. 7) is to the effect that it forms an alteration product
in augite andesite—“Frequently the weathered surface
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of this rock being smooth, presents greasy luster, and
has altered into serpentine, * * * Sometimes the crys-
tal (augite) keeps its original form and has altered
into serpentine.”

NORTHERN MARIANA AND VOLCANO ISLANDS

The northern Marianas form a regular arcuate chain
of active and recently active Quaternary volcanoes
composed of basaltic and andesitic flows and pyroclastic
rocks. The writer has made a preliminary examination
of rocks from five of the northern islands which indi-
cates that basaltic rocks are abundant on northern
Pagan and southern Agrihan, and andesites are abun-
dant on Alamagan, Sarigan, and Anatahan, The prin-
cipal rock types from these islands are olivine-bearing
augite-hypersthene (bronzite) basalt, olivine-bearing
augite basalt, hypersthene-augite basalt, augite basalt,
olivine-bearing augite-hypersthene andesite, and au-
gite-hypersthene andesite.

Yoshii (1936, p. 1422) and Tayama (1986b) report
andesite as a common rock type of the northern Mari-
ana Islands, and Yoshii describes augite andesite, hy-
persthene-augite andesite, and olivine-augite andesite
from southern Pagan, and olivine basalt, olivine andes-
ite, and hypersthene-augite andesite from Maug. Tan-
akadate (1940, p. 220) lists 2 analyses of hypersthene-
augite andesite, and Kaiser (1903, p. 117) lists 1 analy-
sis of augite-hypersthene andesite from the south coast
of Pajaros, the northernmost island of the chain.

Chemical compositions and norms of major volcanic
rock types of the northern Mariana Islands are given in
table 6, and these rocks are plotted on the ACF and
SKM diagrams of figure 19. A common rock type of

»
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PETROLOGY OF THE VOLCANIC ROCKS

the islands of Alamagan, Pagan, and Agrihan, in the
central part of the northern Marianas chain, is olivine-
bearing pyroxene basalt (table 6). This rocks bears a
fairly close compositional resemblance to Tertiary and
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Quaternary basalts of the Izu Peninsula region of
Japan, which are described below, but more nearly re-
sembles basalt of the Huzisan (Fujiyama) volcano
(table 10), which has a somewhat higher average potash

TaBLE 6.—Chemical analyses and norms of volcanic rocks from the northern Mariana Islands

1 2 3 4 5 6 7 8 9 10 11 12
Analyses (weight percent)
SiOg o 49. 89 50. 30 | 50. 52 50.87 | 50.99 | 51.46 | 53. 09 52.80 | 53.94 | 57.00 | 51. 01 54. 58
TiOseo . o . 80 1. 06 1. 04 .95 97 o . 80 L86 |- .94 .70
ALOs. .. .. __-] 18.89 18.12 | 16.94 15.46 | 16.98 | 17. 66 | 16. 28 21.39 | 19.59 | 17.47 | 17. 19 19. 48
FeOs . . . __ 3. 28 4. 50 2.70 4. 32 3. 39 2. 62 4. 52 2.10 2. 69 4. 59 3. 62 3. 13
FeO___ . _____________ 6. 74 6. 66 8. 59 8. 20 8. 29 8. 18 4. 71 6. 22 6. 65 4. 43 7.32 5.77
MnO.___ _______________ .19 .21 .22 .21 .21 .20 .19 .14 17 L .20 . 15
MgO___ _______  ______ 4.74 4. 80 5. 37 5. 55 4. 74 4. 57 6. 00 2. 40 2. 44 3.23 5.11 2. 69
CaO___ .. _____ 11. 81 10. 80 | 10. 75 10. 64 | 10.03 | 11.00 | 10. 20 10. 50 9. 80 851 10.75 9. 60
Na,O_ .. . | 244 2. 50 2. 68 2. 63 2. 90 2. 40 2. 57 2.76 2. 67 2. 98 2. 59 2. 80
KO- _ .61 .70 .76 .71 .78 .63 . 88 . 62 . 67 1. 15 .72 .81
HO—____ . . 06 .13 .05 .02 .06 .07 .07 .06 10 } 21 . 06 .08
HO+ _ ___ .. _ . .10 .23 .13 .24 .30 .32 .43 .10 15 .25 12
POso oo .25 .16 18 .24 .24 12 .25 .15 12 .19 .20 15
Total . _._________ 99. 80 | 100. 17 | 99.93 | 100.04 | 99.88 | 99.23 & 99.99 | 100. 10 | 98.99 | 99.76 | 99. 96 | 100. 06
Norms (weight percent)
vartz__________. ___.___ 1. 68 3. 60 0. 18 2. 34 1. 74 2. 94 6. 78 6. 30 8. 64 | 12. 78 2. 88 9. 42
Orthoclase______ ______ 3. 34 3. 89 4. 45 3. 89 4. 45 3. 34 5. 00 3. 34 3. 89 6. 67 3. 89 5. 00
Albite__._______________ 20. 44 20. 96 | 22. 53 22.53 | 24.63 | 20.44 | 21. 48 23.58 | 22.53 | 25.15 | 22.01 23. 58
%l_lorth(ite____” o] 38.92 36. 14 | 31. 97 28.08 | 31. 14 | 35.86 | 30. 58 44.20 | 39. 58 | 30. 86 | 33. 36 38. 09
iopside:

Wollastonite. ______ 8.24 7.31 8. 93 10. 32 7. 66 7.77 8. 35 3. 36 3. 83 4.76 8. 35 3. 94
Enstatite..._ ___ __ 4. 50 4. 40 4. 60 5.70 3. 90 3. 50 6. 00 1. 40 1. 50 2. 90 4.70 1. 90
Ferrosilite_ ... .. __ 3. 43 2. 51 4. 09 4. 22 3. 56 4. 22 1. 58 1. 98 2. 38 1. 58 3. 30 1. 98

Hypersthene: i
Enstatite.-_ . -1 7.30 7. 60 8. 80 8. 20 7.90 7. 80 9. 00 4. 60 4. 60 5.20 8. 10 4. 80
Ferrosilite. .. _______ 5. 02 4. 62 8. 05 6. 07 7. 26 9.11 2. 38 6. 20 7.79 2.77 5. 94 4. 88
Magnetite._____.._______| 4.64 4. 48 3. 94 6. 26 4. 87 3.71 6. 50 2. 08 3.94 6. 73 5. 34 4. 41
Ilmenite_____.__________ 1. 52 2.13 1. 98 1. 82 1.82 |oo____. 1. 52 167 oo | 1. 82 1.37
Apatite_ _ ______________ Tr Tr Tr Tr Tr Tr Tr Tr Tr Tr Tr Tr

Normative feldspar (molecular percent)
Orthoclase_. = ___ ‘ 5 6 7 7 7 5 9 5 6 10 6 7
Albite_______ .. ________ 34 36 40 43 42 36 39 34 36 42 39 37
Anorthite._____._ ______ 61 58 53 50 51 59 52 61 58 48 55 56
Normative pyroxene (molecular percent)

Wollastonite. . _ _ ___ _ 28 27 25 29 25 24 29 19 19 26 27 22
Enstatite__ .. ___ _ __ - 47 50 44 45 44 40 60 40 36 52 47 44
Ferrosilite_ _____________ 25 23 31 26 31 36 11 45 45 22 26 34

1. Olivine-bearing augite basalt; pahoehoe flow, 2,000 feet north of
Bandeera Peninsula, northwest Pagan, Specimen P5. Leonard Sha-
piro and 8. M, Berthold, analysts.

2. Olivine-bearing augite basalt; pahoehoe flow, central crater of
Mount Pagan, northern Pagan. Analysis by Imp, Japanese Geol. Survey
(Tanakadate, 1940, p. 220).

3. Augite basalt; thin flow, promintory at landing beach, southern
Agrihan. Specimen AG+4. Leonard Shapiro and S. M., Berthold,
analysts.

4. Olivine-bearing augite basalt; aa flow, floor of caldera, 2,500 feet
east of Bandeera Peninsula, northwest Pagan. Specimen P8. Leonard
Shapiro and S. M. Berthold, analysts.

5. Olivine-bearing augite basalt ; thin flow, base of caldera wall, 6,000
feet southeast of Bandeera Peninsula, northwest Pagan. Specimen P6.
Leonard Shapiro and S, M. Berthold, analysts.

6. Olivine-bearing augite basalt; pahoehoe flow, central crater of
Mount Pagan, northern Pagan. §. Tanaka, analyst (Tanakadate, 1940,
p. 220).

7. Olivine-bearing augite basalt; pahoehoe flow, 1,500 feet southwest
of native village, southern Alamagan. Specimen ALY7. Leonard Sha-
piro and S. M. Berthold, analysts.

8. Augite-hypersthene andesite; aa flow, south coast of Farallon de
Pajaros. Analysis by Imp, Japanese Geol. Survey (Tanakadate, 1940,
p. 220).

9. Augite-hypersthene andesite ; aa flow, foot of volcanic cone, south-
east Farallon de Pajaros. S. Tanaka, analyst (Tanakadate, 1940, p.
220).

10. Augite-hypersthene andesite; Farallon de Pajaros.
lyst (Kaiser, 1903, p. 117).

11. Average basalt; average of analyses 1, 2, 3, 4, 5, 6, and 7.

12. Average andesite; average of analyses 8, 9, and 10.

Eyme, ana-
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content than the basalt of Tzu. The andesites of Pajaros
(table 6) are somewhat higher in iron and potash and
lower in silica and magnesia than average andesite of
Saipan. The molecular ratio of MgO to FeO (all iron
calculated as FeO) is approximately 0.56 in the average
andesite of Pajaros and 0.80 in the average andesite of
Saipan. Aside from these minor differences, however,
there is a close similarity betwen the andesites of the
northern Mariana Islands and those of Saipan-

The Volcano Islands, or Kazan Retto, are active and
recently active voleanic islands which lie to the south
and slightly to the west of the Bonin Islands, between
lat 24°~26° N. and long 141°-142° E. (fig. 11). The
middle member of the three islands of this group, Iwo
Jima, is composed entirely of trachyandesite flows and
pyroclastic rocks, described by Tsuya (1936, p. 472-479;
1987, p. 816-320) and Macdonald (1948, p. 1009-1018)
as augite and augite-hornblende trachyandesites. Tsuya
(1936, p. 479) also describes rare inclusions of augite
syenite in tuff beds on Iwo Jima. Trachyandesites in
the form of pumice and obsidian were erupted from the
submarine cone Sin Iwo Jima, located 3 miles north-
west of Minami (South) Iwo Jima, during violent ex-
plosive activity in 1904 and again in 1914. Kita (North)
Iwo Jima is built of flows and pyroclastic rocks com-
posed of augite basalt and augite-olivine basalt (Tsuya,
1937, p. 282-284). The nature of the volcanic rocks of
Minami Iwo Jima is not known. Southward from the
Volecano Islands, the submarine ridge on which the
islands are situated is deeply submerged (fig. 12), but
several sharp peaks along the crest of the ridge here
are probably submerged inactive volcanoes.

The trachyandesites of the Volcano Islands are dis-
tinctly more alkalic than the ordinary andesites of the
Izu Peninsula region of Japan and the andesites of the
Bonin, Mariana, and Palau Islands. The lavas of Iwo
Jima are also richer in alkalies and poorer in lime than
Daly’s average world andesite (Daly, 1938, p. 16). They
have been compared to the trachytes of the Hawaiian
Islands, but their composition is more like that of the
Hawaiian oligoclase andesites (Macdonald, 1948, p.
1017). The rocks of the Volcano Islands, analyses of
which are given by Macdonald (1948, p. 1016), are
plotted on the ACF and SKM diagrams of figure 19.

The pyroxene basalt of Kita Iwo Jima shows no ap-
parent alkaline characteristics and has a chemical com-
position that is closely similar to typical basalts of the
Izu Peninsula region of Japan (see figs. 19, 20).

IZU PENINSULA REGION OF JAPAN AND IZU ISLANDS

The Izu Peninsula lies southwest of the city of Tokyo
and extends southward from the southern coast of cen-
tral Honshu, forming the western shore of Sagami Bay
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(fig. 11). The peninsula is situated in the southern
part of the so-called Fossa Magna, a great struc-
tural depression trending southeastward across central
Honshu.

The surface rocks of the Izu Peninsula region are
mostly of volecanic derivation and are separated into a
complex rock sequence of early Miocene( ¢) to late Plio-
cene age (Neogene), and a younger sequence of domi-
nantly Quaternary volcanoes and complex volcanic
fields generally referred to as the Fuji (Huzi) volcanic
zone.

The Tertiary (Neogene) volcanic sequence of Tzu
consists of various rock types that range from olivine
basalt to biotite liparite (rhyolite). Table 7 presents
this sequence in a simplified form.

The Quaternary volcanic sequence of Izu ranges in
age from early Pleistocene to Recent and comprises a
complex interrelated group of volcanoes and volcanic
fields. Table 8 gives the sequence in its simplest form.
Fujiyama is the only member of this group of volecanoes
known to have been active in historic time.

The Tzu Islands lie in a nearly straight line along the
140th meridian south of Sagami Bay (fig. 11) and form
a chain of active and recently active Quaternary vol-
canoes that are the southward continuation of the Fuji
voleanic zone. Seven of these volcanoes have been ac-
tive in historic time. Oshima was active in late 1951
and again in early 1952. Most recently (September
1952), violent eruptions occurred at Myojin reef, in the
vicinity of Beyonesu Gan (Bayonnaise Rocks), from a
submarine voleanic cone (Niino and others, 1953).

Tsuya (1937, p. 277-316) describes the following
major rock types from the Izu Islands: olivine basalt,
augite-olivine basalt, olivine-augite-hypersthene an-
desite, olivine-bearing augite-hypersthene andesite,
hypersthene andesite, pyroxene plagioliparite (da-
cite, soda rhyolite), hornblende plagioliparite, horn-
blende-bearing hypersthene plagioliparite, biotite pla-
gioliparite, and potash liparite (rhyolite). Kodushima
and Niishima are the two liparitic (dacitic, rhyolitic)
volcanoes of the island group.

Chemical compositions and norms of Tertiary and
Quaternary porphyritic rocks from the Izu Penisula
and Tzu Islands are given by Tsuya (1937, p. 235-315),
and Kuno (1950b, p. 1000-1002, 1004-1006) lists
analyses of rocks from Hakone Volcano. The basalts
and andesites of the Tzu region are notably rich in
CaO and poor in alkalies, compared with the average
basalt and andesite of the world, and the rocks are
characteristically rich in calcic plagioclase, are rela-
tively low in mafic mineral constituents, and have a sig-
nificantly large amount of quartz in the norm. Accord-
ing to Kuno (1950b, p. 1003) not a single example is
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TABLE 7.—Sequence of Tertiary volcanic rocks of the Izu Peninsula region, Japan *

Hakone Voleano and adjacent areas 3

Age Izu Peninsula 2

Group, series, or formation

Character

Pyroxene dacite.

Hata basalt group.

Flows and tuffs of olivine basalt and augite-
hypersthene andesite.

Pyroxene andesite.

Aziro basalt group.

Flows and pyroclastic rocks of olivine-bearing
pyroxene basalt and hypersthene-augite an-
desite.

Basalt.”

Hatu-sima basalt group.

Flows and minor pyroclastic rocks of olivine-
rich basalt and hypersthene andesite.

Hornblende-pyroxene dacite (Hiye-
kawa beds).

Pliocene

Tensy6-san basalt group.

Flows and pyroclastic rocks of olivine-pyroxene
basalt, basic pyroxene andesite, and horn-
blende-pyroxene andesite.

Ainohara andesite group.

Flows and pyroclastic rocks of pyroxene and
olivine-pyroxene andesite.

Pyroxene andesite.

Inamura andesite group.

Pyroclastic rocks and minor flows of pyroxene
andesite.

Asigara beds.

Voleanic conglomerate, sandstone, and shale
with interbedded flows and pyroclastic rocks
of pyroxene andesite and pyroxene-horn-
blende andesite and dacite.

Pyroxene andesite.

Sukumo-gawa andesite group.

Flows and pyroclastic rocks of pyroxene ande-
site.

Hornblende dacite, biotite plagi-
oliparite, potash liparite (Simoda
beds).

Atami tuffs.

Haya-kawa tuff breccias.

Tuff breccias, tuffs, and lapilli tuffs of pyrox-
ene quartz dacite and pyroxene-hornblende-
quartz dacite.

Miocene
Dacite, pyroxene andesite, calcar-
eous tuffs, and Mrogypsina- and
Lepidocyclina-bearing limestone.

Hud6 Tunnel basalt group.

Olivine-bearing pyroxene basalt flows.

Prop%hte series (Yugasima beds).
acite.
Liparite.
Andesite.
Basalt.

Misaka series.

Yugasima series.

Greenish flows and pyroclastic rocks of pyrox-
ene andesite and basalt,

1 The correlation between the rocks of the Izu Peninsula and those of Hakone Volcano and adjacent areas, as given in the table, is approximate. The exact correlation

is unknown.
2 After Tsuya, 1937, p. 230.
3 After Kuno, 19508, p 264 266-268.

known in which excess silica does not appear in the
norm of these rocks. The average alkali-lime index of
the petrogenic series of Izu is about 65.4 (Tsuya, 1937,
p. 343).

The analyses of andesites and dacites from Saipan
(table 5) are in close agreement with their counterparts
amongst the rocks of Japan, though the andesites of
Saipan are somewhat lower in ferrous iron and mag-
nesia than the andesites of Izu. Kuno (1950b, p. 993)
divides the rocks of the Hakone region of the Izu Pen-
insula into a pigeonitic rock series and a hypersthenic
rock series, the majority of the rocks falling into the
first category and containing pigeonite in the ground-
mass. The andesites of Saipan do not carry pigeonite,
the characteristic pyroxenes being hypersthene, augite,
and subcalcic augite, and therefore the rocks conform
more closely to members of the hypersthenic rock series
of the Hakone region.

388406—57—4

The dacites of Saipan resemble silicic dacites of the
volcanoes of the Izu Peninsula and of Niishima and
Kodushima in the Izu Islands. However, the dacites
of Saipan are slightly higher in silica and lower in
alumina and alkalies than their Japanese equivalents.

ACF and SKM diagrams of andesites and dacites
from Saipan, Tertiary and Quaternary rocks from the
Izu Peninsula region of Japan and the Izu Islands, and
average rocks of the Hawaiian Islands are presented in
figure 20. These diagrams indicate that the rocks of
Saipan and those of the Izu Peninsula region and the
Izu Islands are chemically and mineralogically very
similar. The andesites of Saipan have a slightly lower
pyroxene content than the andesites of Japan and are
correspondingly somewhat richer in plagioclase and
quartz. This agrees with the lower content of magnesia
and ferrous iron and the higher content of alumina and
lime in the andesites of Saipan. The dacites of Saipan
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TABLE 8.— 8equence of Quaternary volcanic rocks of the Izu Peninsula region, Japan*

Age

Voleano or formation

Character

Recent

Fuji voleano.

Olivine and pyroxene basalts with minor aphyric andesite.

Middle and Upper
Pleistocene

Omura volcano.

Olivine and pyroxene basalt.

Amagi volcano.

Co&np_lfx volcano; olivine basalt, pyroxene andesite, hornblende
acite.

Hakone volcano.

Complex volcano; olivine basalt, pyroxene andesite, pyroxene
dacite, olivine-hypersthene andesite. .

Asitaka volcano.

Olivine and pyroxene andesite and minor olivine-augite-hypersthene
basalt.

Tensi volcano.

Olivine basalt and olivine-bearing pyroxene andesite.

Yugawara volcano.

Basalt and pyroxene andesite.

Taga volcano.

Olivine and pyroxene basalt and olivine and pyroxene andesite.

Usami volcano.

Olivine and pyroxene andesite.

Lower Pleistocene

Sino-tanna beds.
Sino Hata beds,
Ono beds.
Zyo beds.

Gravel, sand, mudstone, sandy tuff, tuffaceous shale, tuff, and tuff
breccia containing fossil leaves and diatoms.

Kuno’s Hata and Aziro beds.

Basalt and pyroxene andesite flows and pyroclastic rocks.

1 Modified from Tsuya, 1937, p. 250, 252-308; Kuno, 1950a, p. 265, 268-274.

and the dacites of Izu and the Izu Islands (Tsuya’s
plagioliparites) are peraluminous and contain cordier-
ite and sillimanite in the norm. One of the plagioli-
parites from Izu and several from the Izu Islands are
extremely high in alumina relative to alkalies and lime
and, like one of the dacitic rocks from Saipan, fall above
the anorthite-cordierite join in the ACF diagram (fig.
20). The dacites of Saipan are slightly richer in quartz
and lower in alkali feldspar content than the Japanese
dacites of equivalent character, and this is correlative
with the higher content of silica and lower content of
alumina and alkalies in the dacites of Saipan.
Although slight differences may be pointed out be-
tween the rocks of Saipan and those of the Izu vol-
canoes, it is well to emphasize that the chemical and
mineralogical properties of individual rocks within the
two geographic provinces are nearly identical, and, al-
though widely separated in time of origin (the Japa-
nese rocks are of post-Oligocene and mostly of post-
Pliocene age), this close correspondence in composition
indicates an origin under similar environmental condi-
tions. The volcanoes of Izu, however, like the Quater-
nary volcanoes of the northern Mariana Islands, have
produced great volumes of basalt, whereas this mafic
rock is apparently absent in the volcanic sequences of
Saipan, Tinian, and possibly also Rota, in the southern
Marianas. Basaltic rocks are also unreported from the
older Tertiary volcanic sequences of the Bonin and Yap
island groups bordering the Philippine Sea. This fea-
ture may be of special significance, for it tends to sug-

gest either that basaltic magmas were not produced in
the period of early Tertiary volcanism which gave rise
to these particular insular volcanic rocks or that, if they
were produced, they lie below the volcanic rocks exposed
at the surface of the islands. The presence of basalts
on Guam and on the Palau Islands indicates the posst-
bility that the voleanic rocks of Saipan, Tinian, and
Rota and of the Bonin and Yap islands may actually
represent the uppermost part and comprise the latest
products of a volcanic succession that includes basaltic
rocks at depth. However, if this is true, it is odd that
basaltic inclusions are not found in the volcanic deposits
of these islands.

HAWAIIAN ISLANDS

It is generally recognized that the voleanic rocks of
the Pacific Ocean area may be grouped into two geo-
graphically distinct petrographic provinces: the basalt-
andesite-dacite-rhyolite association of the Pacific mar-
gin (called the ecircum-Pacific provinee), and the oli-
vine-basalt trachyte association of the island groups ly-
ing within the Pacific Basin (called the intra-Pacific
province). The boundary between these two provinces
is commonly referred to as the andesite line (see fig. 11),
and throughout much of its length it marks a zone of
petrologic, structural, and physiographic transition
that is believed to be of fundamental importance to the
consideration of the origin and distribution of Pacific
rocks.

The rocks of the Hawaiian Islands form a prime ex-
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ample of the olivine-basalt trachyte association of the
intra-Pacific province. The most abundant rock type
here is olivine basalt (Macdonald, 1949, p. 1545) gener-
ally considered on this account to represent the parent
magma of the Hawaiian lavas. These rocks grade on
the one hand into mafic olivine-rich picrite basalts
(oceanites) and on the other into less abundant flows of
basalt, oligoclase andesite, andesine andesite, and minor
soda trachyte. Smaller amounts of ultrabasic nepheline
basalt, melilite-nepheline basalt, and nepheline basa-
nite are found on some of the islands (notably Oahu).
Macdonald (1949, p. 1586) concludes that fractional
crystallization of olivine basalt has been the principal
process by which the various rock types of the Hawaiian
Islands have been derived.

Average chemical compositions of the principal rock
types of the Hawaiian Islands, as given by Macdonald
(1949, p. 1571), are plotted on the ACF and SKM dia-
grams of figure 20. The majority of the basic and inter-
mediate rocks of the Hawaiian Islands are undersatu-
rated with respect to silica and are decidedly more mafic
and generally richer in alkalies compared to equiva-
lently named circum-Pacific types. The more felsic
differentiates—andesites and trachytes—are likewise
richer in mafic constituents, richer in akalies, and much
lower in silica than the andesites, dacites, and rhyo-
lites of the volcanic arcs from Japan to Palau. The
alkali-lime index of the Hawaiian rocks is in the vicin-
ity of 54 (Macdonald, 1949, p. 1570), placing the prov-
ince as a whole in the alkali-calcic series.

Rocks of other islands within the north-central part
of the Pacific Basin (for example, Kusaie, Ponape, and

Truk in the eastern Carolines), insofar as they have
been described (Kaiser, 1903, p. 110-112; Yoshii, 1936,
p- 20-38), are similar to the Hawaiian rocks. This is
also true of the rocks of the island groups within the
south-central part of the Pacific Basin (see, for ex-
ample, Lacroix, 1927, p. 1-82, on the Samoan, Society,
Cook, Marquesas, Austral, and Gambier islands), and
has lead Macdonald (1949, p. 1542) to suggest that
there is an “essential uniformity of parent magma and
petrogenic processes throughout the Pacific Basin.”

DALY’S AVERAGE ROCK TYPES

Compositions of selected average calc-alkaline rock
types of the world as compiled by Daly (1933, p. 9-17)
are plotted on the ACF and SKM diagrams of figures
21 and 22, together with average andesite and dacite of
Saipan, average groundmass of andesite and dacite
from Saipan, and average basalt of the Izu Peninsula
region of Japan. Average andesite and hypersthene
andesite of the world are lower in alumina and lime and
much richer in alkalies, especially potash, than the aver-
age andesite of Saipan. Although the absolute silica
content is about the same in the average andesites of the
world and the average andesite of Saipan, the latter
carries more quartz in the norm, presumably because of
its high content of lime and alumina which goes into
the formation of calcic plagioclase. Average dacite and
rhyolite of the world have a higher content of alumina
and alkalies and a much lower content of silica than the
average dacite of Saipan. In general, the average
rocks of the world are markedly less calcic and higher
in alkalies than equivalent rock types of Saipan, and
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the rocks of Saipan have a noticeably higher content
of normative quartz. Among Daly’s average rocks,
only plateau basalt appears to have a close resemblance
to the average basalt of Izu (see figs. 20, 22).

'SUMMARY AND CONCLUSIONS

The andesites and dacites of Saipan generally are
close in composition to volcanic rocks of other islands
in the system of arcs extending from Japan to the Palau
Islands. They bear a close structural, petrographic,
and compositional resemblance to early Tertiary vol-
.canic rocks exposed over large parts of the Bonin Is-
lands; the sister islands of Tinian, Rota, and Guam in
the southern Marianas; and the Yap and Palau Islands.
‘They are also similar in composition to andesites and
dacites of the late Tertiary and Quaternary volcanoes
-of the Tzu Peninsula region of Japan, the Izu Islands,
and the northern Mariana Islands. It therefore ap-
pears that the great bulk of the voleanic rocks produced
throughout the region from Izu south to Palau belong
to a common rock suite and form a well-defined petro-
graphic province. Within this province the rocks range
from basalts of tholeiitic type through calcic andesite
to silicic dacite and rhyolite, comprising a volcanic as-
sociation characterized by a high silica and alumina, a
high lime, and an exceptionally low potash content.
Quartz is universally present in the norm and greatly
increases in amount toward the salic end, attaining as
much as 49 percent in the dacites of Saipan. The com-

6(Naz0+K,0)

z
€0
Molecular percent

V2
40
" MO +FeO + MnO—Fe03—Ti0,—Ca0~Nay0—K,0-+ AlpOy

FIGURE 22—Triangular SKM diagram of average andesite and dacite
of Saipan, average groundmass of andesite and dacite from Saipan,
average basalt of the Izu Peninsula region of Japan, and Daly’s aver-
age rock types. Source of data is tables 5, 9, and 10, this report;
Daly, 1933, p. 9-17.

position of normative feldspars is markedly calcic in
the basic members of the rock province, the plagioclase
of basalts averaging about An;, and that of andesites
about Angs.

Throughout the oceanic area between Japan and the
Palau Islands, the general continuity of rock composi-
tion is broken only at Iwo Jima, the largest of the Vol-
cano Islands, which is formed of flows and fragmental
deposits of trachyandesite. These rocks are distinctly
more alkalic than the ordinary andesites in this part
of the Pacific.

Exclusive of the trachyandesites of Iwo Jima, the
volcanic rocks of the island arcs from Honshu to the
Palau Islands (the rocks of the western part of the
circum-Pacific province) comprise a calcic basalt-an-
desite-dacite-rhyolite kindred that is in marked contrast
to the typical picrite-basalt olivine-basalt trachyte as-
sociation of the islands lying within the confines
of the Pacific Basin proper (the intra-Pacific prov-
ince). The rocks of the western part of the circum-
Pacific province lie in a tectonically active region, pre-
sumably floored by sial. They appear to have been a
normal accompaniment to the orogeny that formed the
island-arc system, the rocks presumably originating
through petrogenetic processes of a different nature
than those that produced the lavas of the Pacific Basin.
The volcanic rocks of the intra-Pacific province, on the
other hand, lie in a tectonically stable region, in
which a sialic crustal layer is presumably absent.
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They are believed to have originated by fractional
crystallization of oceanic olivine basalt. The marked
difference in composition of the volcanic rocks of
these two provinces is taken as a reflection of origin
under geologically dissimilar conditions. The broad
uniformity of composition of the rocks within each of
the separate provinces is considered a reflection of ori-
gin under similar geological conditions.

PETROGENESIS

The oldest rocks among the andesites and dacites of
Saipan, whose relative age is known, are accessory in-
clusions of augite andesite and quartz-bearing augite-
hypersthene andesite in dacite breccias and tufts of the
Sankakuyama formation. These inclusions are at least
older than the dacite breccias in which they are found
and in all probability are older than the entire sequence
of dacitic rocks that comprises the Sankakuyama for-
mation. The next younger rocks are the dacites, in-
cluding dacite porphyry plug rocks. The dacites are
succeeded by andesites of the Hagman, Densinyama,
and Fina-sisu formations. The Densinyama formation
contains rocks derived from the Sankakuyama and
Hagman formations (dacites and andesites) as well as
fragments of chert, limestone, and silicified pyritic
rocks. The Fina-sisu formation consists of augite-an-
desite flows and andesitic tuffs. The fragmental rocks
of the Hagman formation, particularly the widespread
breccia deposits, are made up in large part of accessory
blocks of andesite, many of which have probably come
from great depth and which could therefore actually
be older than the dacites of the Sankakuyama forma-
tion. However, the bulk of the fragmental andesites,
and the andesite flows, are undoubtedly younger than
the dacites. The observable sequence within the vol-
canic deposits of Saipan is therefore a simple rock asso-
ciation whose line of descent has been andesite—dacite—
andesite. :

Although much is known about the composition and
stratigraphic relationships of the rocks composing the
exposed part of the volcanic core of Saipan, these rocks
form only the uppermost part of the total complex of
voleanic rocks beneath the island—a succession that is
probably many thousands of feet thick. Lacking
knowledge of the nature of the underlying volcanic
rocks, the problem of origin of the andesites and dacites
of Saipan is considered by means of analogy with the
more extensive rock sequence of the Izu Peninsula
region of Japan. Extending the consideration of petro-
genesis beyond the limits of Saipan permits conjecture
regarding the nature of a parent magma for the ande-
sites and dacites and the treatment of fractional crystal-
lization of the parent material as a possible means of
origin of these rocks.
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COMPOSITIONAL VARIATION OF THE ROCKS

VARIATIONS BETWEEN AND WITHIN MAJOR
ROCK TYPES

It should be clear from data presented that there is
a wide gap in composition between the andesites and
dacites of Saipan. Rocks intermediate in composition
between these two extremes were not found in the vol-
canic succession.

The andesites are represented by a considerable vari-
ety of mineralogical types, which is both a reflection of
differences in the physicochemical conditions under
which the rocks crystallized and small differences in
chemical composition. Actually, any sort of regular
linear variation in bulk chemical composition among the
andesites of Saipan is not great and is not particularly
well defined. Instead, variation in bulk composition ap-
pears to be of a somewhat haphazard nature, reflecting
a random variability in the content of certain oxides,
notably iron, magnesia, silica, and alumina. The vari-
ability of the chemical composition of the andesites is
well illustrated by the scattering of points representing
these oxides in the Harker variation diagram (fig. 16),
in which few of the points for iron, magnesia, and
alumina fall on or near the curves of linear variation.
This compositional variation of the. andesites is also
shown by the scattering of points representing analyzed
rocks on the ACF and SKM diagrams (fig. 17).

For the most part, the random variation of the oxide
composition of the porphyritic andesites is probably a
reflection of the fact that they do not represent composi-
tions of true magmatic liquids but are, rather, mag-
matic liquids plus variable amounts of accumulated and
incorporated crystals, which accounts for their displace-
ment from smooth variation curves. In addition, and
probably to a lesser degree, the random variability in
composition of the andesites is related to differences in
the state of weathering of the analyzed rocks, and the
randomness of the oxide composition of fresh rocks
would not therefore be so great as is indicated by the
variation diagrams. )

The dacites of Saipan comprise several distinctive
textural types of rock—flow rock, vitrophyre, perlite,
and porphyry—which are closely alike in chemical
composition (table 5). The content of lime in the da-
cite porphyry, and therefore the anorthite content of
feldspar of this rock, is somewhat higher than that of
either dacite flow rock or dacite vitrophyre.

COMPARISON BETWEEN BULK AND GROUNDMASS
COMPOSITION OF PORPHYRITIC ANDESITES AND
DACITES

The calculated chemical compositions of the ground-
masses of analyzed andesites and dacites from Saipan
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are given in table 9, together with the volumne percent
-of phenocrysts in the rocks, and the average ground-
mass compositions are also listed. The groundmass
-compositions were computed by subtracting the oxide
content of phenocrysts (calculated to weight percent)
from the bulk composition of the rocks and recalcu-
lating the remainder to 100 percent. The volume per-
cent of phenocrysts was determined on single thin sec-
tions, using a point-counter stage. Because of the error
in computing the volume percent of phenocrysts in the
rocks from a single section, and because the chemical
composition of the phenocrysts is not known accurately,

GEOLOGY OF SAIPAN, MARIANA ISLANDS

the calculated groundmass compositions probably do
not represent more than a general approximation of
the actual composition of the groundmass of the an-
desites and dacites.

However, despite their evident inaccuracy, the cal-
culated groundmass compositions are not greatly unlike
natural rock types, and in a general way they indicate
real differences that exist between groundmass and bulk
composition. The bulk compositions are decidedly
lower in silica, mostly higher in alumina, and tend to
be lower in Fe,O; than the groundmass. Magnesia and
FeO have diverse relationships. Magnesia and FeO.

TABLE 9.—Volume percent of phenocrysts, bulk chemical composition, and calculated chemical composition of the groundmass of
analyzed porphyritic andesites and dacites from Saipan

Andesites Dacites
Constituents
Average Average Average Average
8135 8151 $107 837 S67A bulk com- |groundmass S448 83172 S139A bulk com- |groundmass
position |composition position |composition
Phenocrysts (volame percent) 3
Plagioclase.___| 26.75 30. 05 44.30 | 39.00 34.35 || 3.0 4.2 1.9 [ ____ ‘ ________
Quartz_ _______\_______ ). 15 2.8 5.7 |\ L
Hypersthene___ .95 8. 90 10. 30 4. 00 215 | e e o .
Augite_ _______ 850 | 3.10| 265 80 | 125 ||| R 2
Hornblende___ | __ | ol e e 8 o I
Magnetite..___ 1. 05 1. 65 . 85 .20 B 17 S PR IR AR I B 2 I
Groundmass___| 62.75 56. 30 41. 90 56. 00 61.60 | _______|.___.___ 95. 5 93.0 81.3 |- .
Bulk composition (weight percent)
SiOp. oo __ 57.20 | 58. 34 58. 19 60. 80 60. 95 59.09 |_______. 76. 39 78.79 79. 20 78.13 | ... _.
TiOp . _._ . 54 .63 . 46 .48 . 54 3T T 11 .18 .23 R A
AlLOs - _____._ 16. 35 18. 66 17. 82 1813 18. 06 17.80 |- _____ 10. 75 9. 92 11. 05 10. 57 |- _._
FeOs_ o 2. 23 2. 48 2. 50 2.03 2. 41 2.33 ________ .29 .59 . 52 A7 o
eO____._____ 5. 93 4. 54 4. 08 3. 53 2. 61 4. 13 |________ 1. 12 .75 .90 .92 .
MnO___ _.___ .04 .07 . 10 .09 .08 B 1 .07 .02 .02 04 oL
MgO__________ 4. 65 2. 44 3. 45 2. 54 2. 37 3.09 [ ____ .30 None . 36 V22 |
CaO__ _ _____ 8. 85 8. 61 8. 90 8. 18 8. 16 854 |________ 1.13 . 64 2. 06 1.28 |________
Na,O_ ... _._ 2. 50 l 2. 81 2. 80 3. 12 3. 10 2.87 |oeoeoo 3. 34 3. 87 3. 40 3.54 | ______
KO- ________ . 68 .76 .53 . 60 . 58 .63 2. 29 1. 20 1. 58 1.69 _____.__
20 . 90 . 64 1. 28 .74 1. 34 98 |________ 4, 23 3. 97 .80 3.00 |___._____
POs. . . 36 .02 .09 11 10 14 | ___ .16 .07 .13 12 (oo
Total___| 100.33 | 100. 00 | 100. 21 ‘ 100. 35 1 100. 30 ' 100.23 |________ 100. 18 | 100. 00 | 100.25 | 100.15 |- _____.
Calculated composition of groundmass (weight percent)
Si0p_ . 62. 92 66. 69 70.75 69. 10 69.16 |- .______ 67.73 79. 86 82. 45 81.62 |________ 81. 31
TiO,. - ____ . 89 1. 13 1. 05 . 87 90 oo .99 .12 . 20 .29 | . .20
ALOs_ . _____._ 13. 88 17.73 12. 09 11. 33 12. 66 |- .. __ 13. 54 10. 98 10. 00 10.07 |- ______ 10. 35
FepOp- oo . 1. 52 . 68 3. 61 3. 21 2.75 |- __ 2. 35 .32 . 67 25 oo .41
FeO._________ 5. 93 1. 87 1. 28 3. 96 2.40 | _______ 3.09 1. 23 .85 .80 |- _____ . 96
MnO______ b |-l .08 .02 02 oo .04
MgO__________ 4. 64 .07 .03 2.20 2.563 |- __.-__ 1. 89 .33 | L33 .. .22
CaO._________ 6. 04 7. 52 6. 70 5. 07 5.50 |---_____ 6. 17 1. 09 49 1.69 |________ 1. 09
Na,O.________ 2. 68 3. 08 3. 19 3.21 3.25 |_______._ 3. 08 3. 38 3. 96 3.06 |-_______ 3. 47
K28 ,,,,,,,,,, .91 1. 19 .98 . 85 .68 |- .92 2. 43 1. 28 .71 | 1. 81
S5 JFU U O OGRS | U Y
POs_ . . . 59 . 04 .22 .20 17 | .24 18 | 08 | 16 |- 14
Total___| 100. 00 } 100. 00 | 100. 00 | 100. 00 | 100.00 |- _____ 100. 00 l 100. 00 ’ 100.00 | 100.00 |_______. 100. 00
|

1 The bulk composition of specimen 815 is recalculated from the original analysis
(table 5, column 8). One-half the molecular amount of Fe;Os in the original analysis
has been converted to FeO, the HO content reduced to the normal content of fresh
rock, the CO; removed, and the analysis recalculated to 100 percent.

2 The bulk composition of specimen $-317 is recalculated from the original analysis

(table 5, column 2). One-half the molecular amount of Fe:0; in the original analysis
has been converted to FeO, and the analysis recalculated to 100 percent.

32,000 counts were made on each specimen of andesite and 1,000 counts were made
on each specimen of dacite to obtain the volume percent of phenocrysts.
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particularly magnesia, in every instance should be
lower in the groundmass composition. Lime is con-
siderably higher in the bulk compositions, and soda
and potash are for the most part slightly higher in the
groundmass, which is the expected relationship.

Normative feldspar of the porphyritic rocks is more
calcic than that of the groundmass, and the content of
normative feldspar (volume and weight percent) in the
porphyritic rocks is greater than that of the ground-
mass. The pyroxenes, however, show anomalous rela-
tionships, which can probably be correlated with the
diverse relationships shown by magnesia and FeO.
Normative pyroxene of the groundmass of the andesites
appears to be generally richer in calcium and magne-
sium and lower in ferrous iron than the bulk composi-
tion, and the content of normative pyroxene is some-
what less in the groundmass than in the bulk composi-
tion. The content of normative magnetite and ilmenite
is higher in the groundmass.

The principal differences between the bulk composi-
tion and groundmass composition of the porphyritic
andesites appear to be due to the large amount of calcic
plagioclase phenocrysts, which constitute from about 20
to 45 percent of these rocks by volume, and to the rela-
tively high proportion of pyroxene phenocrysts in the
rocks. The erratic variation in composition, and the
coarsely and profusely porphyritic nature of the rocks,
coupled with their high content of calcic feldspar and
pyroxene phenocrysts, are features that suggest that the
bulk composition of the rocks may at least in part rep-
resent magma plus a certain amount of accumulated
plagioclase and pyroxene crystals.

From a petrogenetic standpoint, the most significant
features of the groundmass compositions are that the
groundmass of both the andesites and dacites appears
to be decidedly more silicic than the bulk composition,
and the groundmass of the andesites appears to be
strongly deficient in alumina relative to alkalies and
lime. These relationships are considered further in the
following section on origin of the volcanic rocks of
Saipan.

EVIDENCE OF CONTAMINATION

Direct evidence of contamination of the magmas and
lavas involved in the evolution of the volcanic rocks of
Saipan is almost lacking. Xenoliths of basement rocks
of a felsic or mafic nature, which might indicate mate-
rial possibly assimilated by the lavas, were not found
in the volcanic succession.

Contamination of some of the andesitic rocks with
silica is perhaps indicated in andesites that contain
quartz crystals as phenocrysts and groundmass grains.
The quartz crystals in these rocks are highly corroded
and also commonly embayed by the groundmass, and
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strong resorption has evidently occurred. This indi-
cates that the quartz crystals were not in chemical equi-
librium with the surrounding groundmass liquid and
were therefore possibly of foreign derivation. How-
ever, loss of equilibrium may be related to extrusion, for
corroded quartz crystals are characteristic of lavas in
general.

There is no direct evidence of contamination of the
dacitic rocks of Saipan.

ORIGIN OF THE ROCKS

NATURE OF A PARENT MAGMA

Although the andesites and dacites of Saipan might
be members of a larger rock sequence that includes ba-
saltic and intermediate rock types, this has not been es-
tablished. Basalts and intermediate rock types are not
found as flows on Saipan, nor do they occur as frag-
ments in the pyroclastic deposits. This might suggest
that basaltic rocks are absent throughout the entire vol-
canic section beneath the island.

However, as evidenced in the volcanic associations of
Japan, Guam, and the Palau Islands, calcic andesites
and silicic dacites of similar composition to the rock
types of Saipan are related to porphyritic and aphyric
basaltic rocks, and the aphyric basaltic rocks, at least
in part, probably represent the ancestral or parent mag-
ma types of these regions. It is not unreasonable to
assume, therefore, that the andesites and dacites of
Saipan may represent members of a rock sequence that
includes basaltic rocks and other intermediate types,
even though these latter rocks were not found in the
volcanic formations of Saipan.

Kuno (1987, p. 189-208; 1950b, p. 1012; 1953, p. 269)
assumes that the primary magma of north Izu and
Hakone, in Japan, has the composition of a slightly
undersilicated olivine basalt—comparable to the olivine
basalt magma type of Kennedy (1933, p. 241)—consist-
ing of calcic labradorite or sodic bytownite, augite,
olivine, and iron ore. The closest approach to this min-
eral composition in the Hakone region, however, is
found in the basalts of type 11Ib—c (Kuno, 1950b, p.
986, 10123 1953, p. 269-270), which are actually some-
what oversaturated with silica. Kuno believes the un-
dersilicated olivine basalt magma gives rise to two dis-
tinet rock series of tholeiitic magma type: a pigeonitic
rock series formed chiefly through simple fractional
crystallization of olivine basalt magma, and a hyper-
sthenic rock series formed through reaction with and
assimilation of overlying or adjacent granitic material
of the sial in the olivine basalt magma. The andesites
and dacites of Saipan are more nearly akin to members
of the hypersthenic rock series.

On the other hand, undersilicated basaltic rocks of
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the nature of average Hawaiian olivine basalt, as well
as other basalts with characteristics of the olivine basalt
magma type of Kennedy, are not present among the
calc-alkaline volcanic-rock associations of the Izu
Peninsula region of Japan and the island-arc system
that extends from Honshu to Palau. Consequently, it
appears doubtful that magmas of this nature were in-
volved in the genesis of the calc-alkaline volcanic rocks
of this area. This conclusion is further sustained by
the general absence of dacitic and rhyolitic lavas within
the oceanic area of the Pacific Basin, which strongly
suggests that lavas of this composition do not originate
by simple fractionation of undersaturated oceanic oli-
vine basalt. The differentiation of oceanic olivine basalt
in a salic direction leads, instead, to the formation of
oligoclase andesites and trachyte or quartz trachyte.
Aside from the absence of undersilicated olivine ba-
salt in the calc-alkaline volcanic series of the Izu Penin-
sula region, and the absence of calc-alkaline rocks among
the lavas of the Pacific Basin, the case for rejecting a
magma of this composition as the primitive magma from
which the tholeiitic basalt of Izu has developed is some-
what strengthened from other lines of evidence. It can
be seen from the SKM diagram (fig. 20) that separation
and removal of olivine and some proportion of hyper-
sthene from a liquid (magma) with the composition of
average Hawaiian olivine basalt causes the composition
of the liquid to move toward the alkali feldspar side of
the diagram, and in this way (assuming coordinate re-
moval of calcic plagioclase) the andesine and oligoclase
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FicurE 23.—Composition of normative feldspar of average andesite of
Saipan, average basalt of the northern Mariana Islands, average
olivine basalt of the Hawalian Islands, and average basalt of the Izu
Peninsula region of Japan.
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andesites and trachyte of the Hawaiian Islands might
be derived, as is so postulated by Macdonald (1949, p.
1575). It also appears reasonable that the slightly
oversilicated basalt of the Hawaiian Islands, an average
analysis of which is plotted on the diagrams of figure
20, may originate by separation and removal of olivine
in more than its stoichiometric proportion. However,
as shown in figure 23, average Hawaiian olivine basalt
has a normative feldspar composition considerably less
calcic than the average basalt of Izu or the average
andesite of Saipan, which clearly rules out the possi-
bility of derivation of the basalts of Izu or the andesites
of Saipan from a magma with the composition of aver-
age Hawaijan olivine basalt either by fractional crystal-
lization or assimilation of rock material. Assimilation
of granitic material by a magma of the composition of
average Hawaiian olivine basalt, a material which by
definition would contain alkali feldspar and which
would therefore enrich the olivine basalt magma in
alkalies, could never give rise to a differentiate with
the composition of the average basalt of Izu. The
derivation of average Izuian basalt from average
Hawaiian olivine basalt is thus primarily a problem of
alkali impoverishment and oversaturation with silica.
The latter condition might conceivably result by re-
moval of olivine in more than its stoichiometric propor-
tion by crystal settling, but the mechanics of alkali im-
poverishment cannot be satisfactorily explained by
crystal fractionation or assimilation.

The foregoing evidence strongly suggests that the
tholeiitic magma type of the Izu Peninsula region
probably developed independently of olivine basalt
magma, and this conclusion is reached by Turner and
Verhoogen (1951, p. 199) concerning the general rela-
tionship between olivine basalt and tholeiitic magmas.

The composition of average Hawaiian olivine basalt
and the composition of various basalts of tholeiitic type:
are given in table 10. Among these types, the average
basalt of Izu, because of its low content of alkalies, par-
ticularly potash, corresponds more closely to a parent.
type for the andesites and dacites of Saipan than any
of the others.

FRACTIONAL CRYSTALLIZATION AND ASSIMILATION

Assuming that the volcanic rocks of Saipan are
genetically related to a parent tholeiitic magma of the
nature of average Izuian basalt, it is possible to consider
whether the andesites and dacites of Saipan are the
result of fractional crystallization or contamination of
such a parent magma.

In the considerations that follow, the author has cal-
culated the composition of the smallest amounts of
material that must be subtracted from and added to
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TaBLE 10.—Average chemicat composition of olivine basalt from
the Howasian Islands and basalis of tholetstic magma type from
various parts of the world

1 2 3 4 5 6 7

Si0, ... 48. 35| 50. 53| 50. 61 50. 79| 51. 01} 51. 07f 53. 31
TiCy. .___._ 2.77| 1.49] 1.91] 2.65 .94 .94 1.14
AlLOs ... 13. 18| 17. 87| 13. 58] 13. 96| 17. 19| 17. 70| 18. 38
Fe,O3. . 2.35] 3.58/ 3.19; 2.11} 3.62| 3.23 2 60
FeO________ 9.08| 7.62f 9.92 11.27| 7.32| 8.06] 5.35
MnO__._.___ .14 .21 .16 .22 .20 .21 .21
MgO___..._ 9.72| 4.94| 5.46] 4.88 5.11] 4.96] 5.18
CaO__.__._ 10. 34| 9.74| 9.45| 8.48| 10.75| 10.56] 8.33
NaO_____._ 2.42) 2.73| 2.60| 2 98 259, 2.11] 3.68
| L€10 NN .58 .76 .72 1.24 .72 .37} .79
HO .. .43 2.13| .83 .31} .85 .62
P05 .34 .26 .39 .61} .20/ .12| .32

Total_ .. _| 99. 27|100. 16/100. 12{100. 02| 99. 96/100. 18; 99. 91

1. Olivine basalt of Hawaii; average of 53 analyses (Macdonald, 1949, p. 1571).

2. Basalt of Huzi San (Fujiyama); average of 8 analyses (Tsuya, 1937, p. 307).

3. Basalt of the Deccan Plateau; average of 11 analyses (Washington, 1922, p. 774).

4. Basalt of Oregon, plateau type; average of 9 analyses (Washington, 1922, p. 779;
Thayer, 1937, p. 1622). .

5. Basalt of northern Marianas; average of 7 analyses (table 6, this report).

6. Basalt of Izu; average of 29 analyses (Tsuya, 1937, p. 235-301; Kuno, 1950b, p.
1000-1002, 1004-1006).

7. Olivine basalt of Oregon; average of 9 analyses (Thayer, 1937, p. 1622, 1623).

possible parent magmas to form the andesitic and da-
citic lavas of Saipan. Basic to calculations of this sort
are the assumptions that potash is not removed from
the subtracted fraction and that magnesia is not intro-
duced in the added fraction, although neither of these
conditions is likely to obtain in natural processes of
magmatic differentiation. Moreover, the smallest
amount of material added or substracted is generally
found to be of very unusual composition and not such
as would be expected to separate as crystals from a
parent magma. The composition of an intermediate
amount, of material, which may approach a reasonable
magmatic composition, can, of course, be calculated, but
because there are an infinite number of such inter-
mediate compositions obtainable, the meaning of such
calculations is questionable. For these reasons the sub-
traction and addition method of analysis of magmatic
differentiation must be used advisedly and with extreme
caution in attempting to reach definite conclusions
regarding the origin of lavas.

It should also be noted that throughout this theoreti-
cal treatment the porphyritic rocks of Saipan are
treated as representing magmatic liquids, and that the
bulk compositions of porphyritic rocks of Izu were used
in computing the average composition of the parent
Izuian basalt. Whether these rocks actually represent
the composition of magmatic liquids is open to ques-
tion, and probably a more accurate analysis would
result if groundmass compositions were used instead.
However, the calculated compositions of the ground-
mass of porphyritic andesites from Saipan (table 9) are
erratic and cannot be relied upon as being representa-
tive of the groundmass compositions. For this reason
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the bulk compositions of the porphyritic rocks are alone
considered in the treatment of fractional crystallization.

The compositions and norms of the smallest amount
of material which must be removed from and added
to the average basalt of Izu to yield the average an-
desite of Saipan is shown in columns 1 and 2 of table 11.
The composition and norm of the smallest amount of
material which must be removed from the average
basalt of Izu to yield the average dacite of Saipan is
given in column 3.

TaBLE 11.—Composition of material subtracted from average basalt
of Tzu to yield average andesite and dacite of Saipan, and compo-
sition of material added to average basalt of Izu to yield average
andesite of Saipan 1

1 2 3
Compositions (weight percent)
Si0q . o 45. 60 70. 75 45. 60
ALOs . 17. 80 19. 00 19. 70
Total iron as FeO__________ 14. 90 .45 13. 40
MgO._ 6. 90 .00 6. 20
CaO_ .. 13. 20 4. 40 12, 85
Na, O . 1. 40 4.15 1. 90
KO . .00 1. 25 .00
Amount subtracted (per-
cent) oo ___ 44 | 78
Amount added (percent)_-_ _|._.____.___ 39 | oL
Norms (weight percent)
Quartz_ . _____ 32.28 | __.__.__
Orthoelase. - _____|________ 7.23 |
Albite.____ . _.___ 12. 05 35. 11 16. 24
Anorthite_________________ 42. 26 21. 96 45. 04
Diopside:
Wollastonite. ________. 9.74 |\ . 7. 89
Enstatite.. ... _______ 490 | _.._ 3.70
Ferrosilite. . . _._______ 4.62 | ____ 4. 09
Hypersthene:
Enstatite_.___________ 5.30 |- ____. . 60
Ferrosilite. . ________.__ 4. 88 .26 . 66
Fosterite . _______________ 4,90 |._________ 7.84
Fayalite_________________ 510 o _.___ 9. 59
Magnetite_ .- ________.__ 6. 03 .23 6. 50
Cordierite. - - | .. 2.75 |ooo
Feldspar:
rthoclase__ . . ___|_ . _______ 11 | ..
Albite. .. __._ 23 56 28
Anorthite_____________ 77 33 72

1 Only the principal oxides have been used in the calculation, and all iron has been
calculated as FeO. However, in the norms, iron is distributed between FeO and
Fe20; in the same proportion as in the parent basalt, and magnetite is calculated as
a normative component.

1. Composition of smallest amount of material which, subtracted from average
basalt of Tzu, yields average andesite of Saipan.

2. Composition of smallest amount of material which, added to average basalt of
Izu, yields average andesite of Saipan.

3. Composition of smallest amount of material which, subtracted from average
basalt of Izu, yields average dacite of Saipan.

The norms of the material removed from the basalt
to form the andesite and dacite consist of calcic plagio-
clase, diopside, hypersthene, olivine, and magnetite.
All of these minerals might be expec<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>