Geological and geochemical studies with Dolphin 3K
on North Hivoshi seamount, Izu-Bonin-Mariana arc
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Shoshonites (5102 = 55 to 60 wi%; K20 = 3.9 to 5.2 wiX) were recovered by ROV “Dolphin JK”
on North Hiyoshi seamount (Dives 350 and 351) in the northernmoest Mariana Arc. The major
mineral phases in these rocks are: oliving, clinopyroxene, and plagioclase with subordinate
sanidine, magnetite, and biotite, These samples have elevated concentrations of large ion
lithophile elements with respect to high field strength elements. Light rave earth elements are
highly enriched, with {La/Yb)x = 13.9~14.9, Their chemical characteristics and radiogenic {5,
Md, and Pb} isotopic compositions are similar to other lavas from the Alkalic Volcano Provinee.
Glass inclusions in olivine and clinopyroxene are more felsic (Si02 = 61-74 wi%) and potassic
(K20 = 4.5~6.5 wi%) than the host lavas, Systematic variations in the compositions of glass
inclusions suggest that magima mixing controlled the petrogenesis of North Hivoshi magmas.
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1. Introduction

Convergent margins are the most complex regions in
plate tectonics. Petrogenetically, the complexity is
induced by interactions between encountering plates and
subducting material, and between mantle wedge and fluid
derived from dehydration of the subducted plate. Each
has impeortant influences on magma compositions. To
better understand the importance of each factor, it is best
to study a simple arc system. “Andean-type” arcs, though
easily accessible and widely studied, do not satisfy the
requirement, because contamination of mantle-derived
magma by continental crust may obscure the effects of
other controlling factors. For this reason, studies of
convergent margin petrogenesis focus increasingly on
intraoceanic arcs. Intraoceanic arcs provide the simplest
setting due to their entirely oceanic nature. Studies of
intraoceanic arcs have mostly focused on subaerial
edifices, which represent only a minor portion of the arc
gystem. Submarine edifices, the less mature portion of
intracceanic arc systems, are poorly understood. Detailed
studies on the submerged portions of intracceanic arcs
should provide a better understanding of convergent
margin magmatic systems. Modern marine technology,
such as the ROV “Dolphin 3K provides a valuable tool to
study submarine volcanoes, This report concerns
application of ROV “Delphin 3K to studying one such
submarine volcana,

The lzu-Bonin-Mariana (IBM) arc in the western Pacific
iz an outstanding example of an intracceanic arc (Figure
14). The two plates controlling the arc system are
oceanic, so that possible continental crustal contamination
can be neglected. North Hiyeshi seamount lies in the
northernmost part of Mariana are (Figure 1B), about 1,100
km south of Tokyo. Geochemical and petrological studies
of North Hiyoshi and other volcanoes of the Alkalic
Wolcano Province {AVI) in the central IBM are, including
Iwo Jima, Fukutoku-oka-no-ba, Fukutoku seamount,
Central Hiyoshi, South Hivoshi, and Ko-Hiyoshi show
chemical characteristics different from lavas of most IBM
volcanoes, which are tholeiitic or calc-alkalic (Bloomer et
al., 1989b; Lin et al., 1989), The most striking difference of
AVP lavas are their elevated LIL and LREE contents,
which show shoshonitic affinities.

The origin of shoshonitic magmas is conbroversial.
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Attempts to interpret the origin of these melts in the IBM
Arc include, for instance, source mixing with an OIB-like
enriched mantle (Lin et al., 1989}, and involvement of
subduction components in the mantle wedge (Lin, 1992),
Stern et al. (1988) argued that propagating rifting of the
Mariana Trough backarc basin unroofed an enriched
region at the top of asthenosphere and triggered
shoshonitic voleanism. In this contribution we present
new geoschemical and petrological data for lavas collected
with ROV “Dedphin 3K and use these to interpret the
magmatic evolution of North Hiveshi voleano.

2. Sampling and Analytical Methods

Observation and sampling was conducted on Nov,1,
1997 by the unmanned ROV “Dodphin 3K, and mother
ship B/V “Natsushinma”. [ts capability of underwater
operation not only has yielded valuable samples, but also
allows us to investigate the morphelogy and volcanology
of the submarine volcano. Two dives, Dives 350 and 351,
were performed before rough sea associated with a
typhoon halted operations.

Lava samples were sawed to remove Mn-coated and
altered outer rinds and then slabbed. Each slab was
cleaned in 1N HCI for one hour and in de-ionized water for
a half hour in ultrasonic bath. Sample powders were
prepared for major element analyses in a tungsten carbide
canister; for trace element and isotope compositions in an
alumina canister to avoid Ta and Nb contamination. All
microprobe sections were doubly polished.

Major and trace element {including REE) analyses were
carried out at the University of Kansas by ICP-AES
{Inductively-coupled plasma atomic emission spectrometiy)
and ICP-MS (Inductively-coupled plasma mass speciro-
metry}, respectively. Sample preparation for major
clement chemical analysis used 30 mg of powder and a
standard procedure: fusion with Lithium metaborate
(LiBO2) in a graphite crucible, quenching and disselution
in 0.1N HNOz, and dilution to a total volume of 50 m] by
0.1 HNOz For trace element analysis, 100 mg of powder
was decomposed in HNO3 and HF, evaporaied, re-
dissolved completely in 4N HMO:, and diluted to a total
mass of 150z,

Approximately 100 mg of powder was dissolved for
radiogenic isolopie compositions. 5. Nd. and Pb were

JARSTEC J, Deep Sea Res., 14 (19495)
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Fig. 1 (4 Tectonic setting of the In-Bonin-Madana are in the western Pacific. Water depth less than 3km is outlined by shaded pattern.
Dashed rectangle shows the boeation of Figure 1B, (B) Bathymetric map of the Alkalic Volcane Provinee (AYP). Only one voleans,
ainami Iwe Tia, does not show alkalic affinity, This map also shows two dredeze tracks, D53 & 54, oo North Hiyoshi by BV Thosras
Thempeon in 1985 during cruise TT-192 (Bloomer et al., 1989%), Dive sites in this study lie within the dashed rectangle detailed in
Figure 2. Islancd names are given in italics; other AVP edifices also ghown,

separated by conventional ion-exchange techniques. Pb
was further purified by the single-bead technigue
(Manton, 1988). S, Md-, and Pb isotopes were determined
using the Finnigan MATZ261 multicollector mass
spectrometer at the University of Texas at Dallas (UTD).
Sr data are fractionation-corrected to 95 /%55, = (0.1194
and normalized to ¥Sr/%5r = 0,70800 for E&A SrCOs
standard. Five analyses of E&A SrCOs during this study
yielded a mean ¥Sr/%S5r of 0.708017 * 0.000017 (lotal
range), NN are fractionation-corrected to
MEN g/ MNd= 0.72190. The mean M3Nd/ NG is
0.51 1857 £ 0.000002 for four measurements of the La Jolla

JAMSTEC J. Deep Sea Res., 14 (1948)

standard during this study. (Nd was calculated by using
the Nd-isotopic data of Pier ef al. (1989) for the La Jolla Nd
standard and bulk earth to compute the bulk earth
13N 4 /144N value appropriate for the UTD lab. Pb
isotopes were analyzed at 1.350°C and the ratios were
corrected for a 0.15% / amu thermal fractionation. Six
analyses of NBS-981 during this study gave a mean
WGP 20 Ph= 16,939 £ 0.004 (total range), 207Pl /20M4Ph=
15.494 = 0,006, 2¥Ph/2MPh= 36,728 = 0.020.

Mineral and glass inclusion compositions were
determined by using the wavelength-dispersive system of
the JEOL XA 8600 eleciron microprobe at UTD. An
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accelerating voltage of 15 kV and a beam current of 10 nA
was used. The beam diameter varied with different targets.
Olivine and pyroxene were analyzed using a beam diameter
of 1 wm; feldspar and glass inclusions were analyzed using a

beam diameter of Spm to minimize Na-loss.

3. Results
3.1 General Geology
Naorth Hivoeshi seamount is a dormant edifice composed
of one major peak and five subordinate peaks, with
summit depths ranging from less than 200 to almost 600m
{Figure 2). These volcanic peaks extend approximately
10km E-W from 141°3%°E to about 141°45°E, Such a
cross-chain arrangement is a notable feature in portions of
the Mariana arc (Bloomer ¢f af., 1989a). Several neighboring
volcanoes ez Iwo Jima and Central Hiyvoshi Knoll, around
Morth Hiyoshi Seamount) show similar structures,
The major peak (141743'E) and two subordinate peaks
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were surveyed by Dives 350 and 351, The two tracks were
separated by a distance of about 4 km and both traversed
NW-SE. Dive 350 started at a depth of 522m on a small
depression belween the major peak and a subordinate
peak to the north, and climbed to 216m along a distance of
about 2 km. The region surveyed is mostly covered by
lava flow or pyroclastic deposits (Figure 3A-C). The
unsorted grain size and brrepular shapes of clasts imply
that they are near the source. Sediment cover is thin and
only found in some gentle-sloping regions or depressions.
Mearly all exposed rocks have a thin coating of Mn-oxide.
Five samples were obtained from 4 localities in this dive
(Table 1),

Two subordinate peaks were investigated by Dive 351,
The dive began at 641m and traversed across the
northwestern peak, passed across a 674m deep saddle,
and ended on the slope of the western subordinate peak.
The traversed area has a rugged surface covered most
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Fig, 2 Dedaibed siudy area in Morth Hivashi scamount generated by GPS controlled sarveving of 130 Mafsusliima, Dive racks are

shown ag bold curves on the map. Stars indicate samgle locations.
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Table.1  Hand specimen description of samples recovered by “Dadplien 3K 350 and 351dives.

Sample Mn-coating Comments

3K350-1 film Porphyritic with plagioclase phenocrysts up to 1 cm long.
This rock may have been slightly altered. White interstitial

3K350-2 film material can be seen between grains.
Vesicular rock; The dominant minerals, pyroxene and

3K350-3A film plagioclase, can be seen easily on fresh surfaces. The outer
portion of this rock has been intensely altered

3K350-3B film More vesicular than 3k350-3A.

3K350-4 no Vesicular and outer portion is altered. Subhedral pyroxenes
can be observed on fresh surfaces.

3K351-1 thick Volcanic tuff and biological remains cemented by Mn-oxide.

3K351-2 no Andesitic lava. The rock is highly altered, but a few minerals
(biotite and clinopyroxene) remain unaltered.

3K351-3A

JK351-3B thick Same as 3K351-1

3K351-3C

JAMSTEC J. Deep Sea Res., 14 {1945)
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likely by thin Mn-oxide (Figure 30). Five samples were
recovered, which mostly consist of Mn-oxide-cemented
voleanic tuff and biological remains. The only lava sample
(3K351-2) was collected on the northwestern cone and is

heavily altered. The slabby appearance of some outcrops

(Figure 3E~F) reflects the original surface of the

pyroclastic deposits.
Bathymetric data oblained by surveyving before the dives
was comparad with US NAVY SASS bathymety reported

by Bloomer ¢ al. (1989a). The earlier survey reported a
summit depth of 349m, whereas the BV “Nafsushima”
survey indicates a summit depth of <200m. Given that the
voleano has not erupted in the recent past, the difference
indicates either a technical problem with the earlier swrvey
or a remarkable amount (=150 m) of tectonic uphft. We
prefer the first explanation. A few narrow fissures were
ohserved during the dives (Figure 3E-F). No
hydrothermal vents were found along the fissures

JAMSTEC J. Deep Sea Res., 14 (1%




3.2 Petrography

Igneous rocks from the two dives have mostly
porphyritic and vesicular textures, and outer portions
exhibiting different degrees of alteration (Figure 4).

Two phenocryst assemblages were noted: plagioclase +
clinopyroxene + K- feldspar (sanidine) in 3K350-1, and
plagioclage + clinopyroxene + olivine + biotite + magnetite
% K-feldspar (sanidine) in 3K350-2, 3a, 3b, and 4.
Typical textures of these lavas are shown in Figure 5.
Plagioclase commonly occurs as glomerocrysis with
clinopyroxene. Grain sizes range up to 1 cm. Lamellar
twinning is common in plagioclase; ozcillatory zoning is
observed in a few coarser grains. Due to alteration, some
plagioclase grains are partly replaced by secondary phases.

3K350-3B

Sanidine occurs as phenocrysts in the groundmass
{Figure 5A}. Single or simple twinning are the common
habits. Sanidine has not been reported previously in North
Hivoshi lavas.

Biotite generally forms euhedral phenocrysts or
inclusions in plagioclase (Figure 5B). Qlivine is homo-
geneous without optical zoning, and eceurs as euhedral to
subhedral grains (Figure 5C~I). Groundmass typically
consists of plagioclase microlites and glass.

Sample 3K351-2, the only lava sample recovered on
Dive 351, is intensely altered, with residual biotite and
clinopyroxense.

Brownish glass inclusions are found in a few olivine and
clinopyroxene phenocrysts. These inclusions show

3K350-3A

3K351 ]

Fig. 4 Sample photos, (4) Fresh porphyritic andesite with felispar phenocrysts v to Lem long, (B3-(C) Most gamples bave aliered
outer porlions and Mn - oxide coals on their surface, (D) Typical Mn-oxide crust on Morth Hiyeshi seamount, While porlions

are bological traces,

JAMSTEC J. Deep Sea Res., 14 (14955)



Fig. 5 Photomicrographs of typical Morth Hivoshi lavas collected during Dives 350 & 351, (A) Sample 3K-350-1. (B)-{D) Sample
KIS0 -2, Plag = plagioclase, Cpx = chinopyroxends, O = olivine,

variable textures even within an individual host mineral.
Glass inclusions in olivine are spherical to elliptical
(Figure 64 & C), but those in pyroxene range in shape
from spherical to very irregular (Figure 63 & D). Their
dimensions range from 10 pm to 100pm. Gas bubbles are
commad in the inclusions. The diameters of these bubbles
are relatively constant at about 15-20 pm.

3.2 Bulk rock compositions

Chemical data are imited to igneous samples from Dive
350. Dive 350 lavas are intermediate in composition (55 (o
B wi% S0z Table 2 and are characterized by high K20
contents, so thal the rocks lie in the shoshonile eld on a
Si0z K20 diapgram (Figure 7). All samples have
[/ Mantr=1 and are approximately ssluraled in silica,
with up to 3.1 mole % of nermative quarlz. The low Ni and

14

Cr concentrations, and Mg# indicate these samples are
highly fractionated,

Previous studies subdivide lavas in the IBM are into two
major categories: calcalkaline-tholeiitic and shoshonitic
series (Meijer, 1976; Stern, 1979, Dixon and Batiza, 1979
Meijer and Reagan, 1981, 1983; Dixon and Stern, 1983:
Hole ef al., 1984; Stern et al., 1984; Stern ef al, 1988:
Bloomer ef ¢f. 19891 Lin ef af., 1989), The alkalic affinitics
of Dive 350 lavas are similar to but slightly more felsic
than the samples from TT- 192 D53 reported by Bloomer
et af. (1989h). The mafic samples recovered by TT 192
54 are not represented in the D350 suile,

Light rare emrth element (LREE) envichment is one of
the typical characteristics of arc lavas. Chondrite-
normalized REL patterns in the samples display strong

LREE eorichment with a slightly negative Ce anomaly

JAMSETEC J. Deep Sea Res., 14 {1998)
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Fip. &  Scanning electron photographs of glass inclesions and host olivine and proxene. Olivine-hosted glass inclusions (photos A and
B commaonly have spherical to subspherical shapes: while glass inclusions in clinopyraxene have subspherical to irregular
formes, (AXE(C) Sample 3K-350-2. (B Sample 31K-350- 4. 01 = Mivine; Cpx = clinepyroxens; bt = magnetite.

(Ce/Ce ®=09) (Figure 84). The (La/Yh)n values range
from 139 to 14.9, comparable to previously documented
values of AVP lavas (3.5-16.7, Lin ef al. 19589, HREE
patterns are nearly flat, which is a common charvacteristics
of all IBM arc lavas. Another important geochemical
feature of North Hivoshi lavas is their enrichment in lwrge
ion lithophile (LIL) elements. As shown in M-MORE-
normalized “Spidergram” (Figure 8B). North Hiyoshi
lavas display strong enrichments in LIL {such as Bb, Ba,
and Th) and Pb with respect to high field strength
elements (HIFSE). They are also depleted in Nb, Ta, and
Ti relative to adjacent elements on the spidergram.

A5/ H55 of the samples cluster within a narrow range,
from (.70374 to 0.70385. again overlapping the AV field
(Figure 34, Nd isotopie composilion are less radiogenic

JAMSTEC J. Daap Sea Hes., 14 (1H85)

than those of the tholeiitic to calc-alkaline series and
mostly lie within the lower part of the AVP field. Pb
isotopic compositions are similar to other AVP lavas

(Figure 913).

2.4 Mineral and glass inclusion compositions
Chemical variations in North Hiyoshi phenocrysts are
miodest. Clinopyroxene phenociysts range in composition
from EnzsWousFs19 to EnsWousFsi, Compositional
zoning was nol observed. Our clinopyroxenes analyses are
similar to previously reported data for North Hiyvoshi
{(Bloomer ef @l.. 1839b), Olivines also show a fairly
uniform compositions of Foga, somewhat less magnesian
than Foissi reported for TT- 192 D54 basalts. Magioclase
are commonly zoned, The variations of composition

47
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Talle, 2 Chemical and izsetopic analyses of "Dolphin 3K 350 dive samples.

Sample No. SE350-1 3E350-2 3K350-3A 3K350-3B 3K350-4
510, 60.38 56.26 5516 5575 5577
Tity, 0.50 0.70 0.58 0.68 0.67
A0, 17.33 17.42 17.48 17.55 17.66
Fe, Oy * 3.01 7.39 7.01 7.1% 7.17
Mno 0.14 0.16 015 0.15 0.15
CaQy 4.47 G.8% T.24 7.03 712
MgO 1.89 3.25 145 3.42 3.24
Ma,0 417 3.64 3.55 3.6l 3.57
Ko 521 4.06 3.95 4,03 302
B0 022 0.40 0.35 0.37 032
Sum 96.32 100.15 9902 90,78 99 59
L.C.L .91 0.33 0.50 0.43 0.6l
Mg# 0.45 0.49 0.52 0.51 0.50
Rb (ppm} 149 124 1zl 113 115
ar 794 1021 1064 1056 1057
Ba 741 Bl 732 774 763
Zr 241 255 245 241 247
¥ 6.7 25.3 28.0 284 26.9
La 559 57.1 54.4 4.4 51.2
Ce 5.0 102 97.4 97.9 g1.1
Fr 10.6 12.1 11.4 il.5 10.5
Nd 36.1 43.9 41.4 41.8 32.0
Sm 6.27 7.78 7.44 7.63 6.98
Eu 1.83 2.07 205 205 1.97
Gd 5.09 6.32 6.18 6.50 5.95
Th 0.85 1.00 0.97 . 0.99 0.52
Dy 4,37 5.03 4,90 500 4.71
He 0.25 0.95 0.93 0.96 0.59
Er 2.42 261 2.52 2.56 242
¥h 962 2.39 2.57 262 2.49
Lu 0.43 0.42 0.41 0.42 0.40
HI 5.40 529 5.25 522 5.25
Mb 15.9 15.7 15.4 14.3 14.9
Ta 0.85 0.78 079 0.7z 0.73
Pb 14.6 11.0 10.9 10.4 10.5
S¢ 109 17.4 17.5 182 17.0
A 114 195 213 224 189
Cr 5.34 7.54 16.71 12,38 943
Co 10.9 203 2.7 228 200
Mi 6,25 13.3 14.4 14.0 12.1
Cu 17.4 £4.0 599 G9.0 65,1
Zn 613 7.8 723 75.2 70.1
Ga 17.1 17.0 17.0 17.3 16.5
Cs 2.53 1.97 1.90 1.82 1.58
Th 252 7.3 17.% 17.6 17.6
u 7.64 5.55 5135 517 515
(Laryb), 14.4 14.9 14.3 14.0 13.9
Ce/Cea* 0.972 0.91 0.92 092 0.92
gy 0.70374 0.70383 0.70385 0.70334 0.70382
" d Mg 0.51276 0.51280 0.51280 0.51281 0.51280
EMd 2,38 314 306 3.28 3.06
M P py 38.801 38.887 38309 38.835 38.877
e T 15.625 15.648 15622 15629 L5645
s L e 15973 19022 18,996 19,004 19018

JAMISTEC J, Desp Sea Res., 14 (1998)
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Fig. 7 Si02-Kz0 plot for whole rock (open circles), adjusted olivine-hosted (shaded squares) and clinopyroxene-hosted glass
inclugions (gpotted diamonds), compared to other [BM arc lavas. Lavas from TT-192 D53 and D54 are encircled by stippled
lines. Data for Alkalic Voleano Province (including Fukutobu-cka-ne-ba) lavas are taken fram Sun and Stern (1998) and Sun ef af.
(1998): data for other IBM are lavas are from Bloomer of af. (19895) and Lin ef ol (1999), Adjusted compositions of olivine-
bosted glass inclusions is discussed in text. All glass inclusion analyses are normalized to 100 wit,

between core and rim in a single grain can be as much as
10 mele % An. The plagioclase analyses in Table 3 range
from An7 Lo An?7. in the middle of the broad range
defined by TT-192 D53 and D54 (Ansom).

WMicroprobe analyses of glass inclusions are presented
in Table 3. The results show that the inclusions are more
felsic (5102 = 61-74 wih ) than the whole rocks and are
more felsic than any AVF lava, These are classiflied as
shoshonites and banakites on the Si0z2-Kz0 diagram
(Figure 7). These inclusions are characterized by high
a0y content and K20/MNaz0 ratio but low MgO and Cal
contents. Normative compositions indicate these glasses
are strongly oversaturated in silica (5.1-42.3 mole%
quartz). All glass inclusions are highly fractionated, with
Wigdf < 51, Pyroxene-hosted plass inclusions, as a whole,

JATWISTEC J. Deep Sea Res., 14 (19895

have higher Si02 than olivine-hosted ones. Glass
inclusions trapped in olivine have higher Ca0 and MgO,
and generally lower TiO: and Al20s.

4. Discussion

Ome of the main contributions of this research is the
recognilion of evelved alkalic glass inclusions within
olivines and pyroxenes in North Hiyoshi lavas.

Glass inclusions (GD are known o provide useful
records of magma evolution (Anderson, 1976, Donaldson
and Brown, 1977). Glass inclusions in phenocrysts show
various compositions, which are observed not only in
differemt host minerals but alse in the same host phases
from different samples. The variability has two possible
explanations: (1) Gl compositions were modified by post-

14a



A
1 ‘I,P.Ikn]i.c Yoleano Province r
O kA%
1003 oakased | F
- e e B E I
L5 & k3338
= < IRIS0-4
I
Em 194 B =
g Aoverage [BM Are lavag F
a 3 "
1 T L] 1] [] T T T T T T T T T T T
Lage g gm B2 gg T0 py Mo gy Ty, Lu
1000~ a1 11 48 ¢ ¥ 8 1 11 ¢ § 4 1 1 ¥ 8 |8
BF
E 100 2
=) -
= [
z
3 13 2
’E‘ F
t 3
TR TR LT T T T T
B U P Lt e e Mg T v Thy

Figp. 8 (A) N=-MORB-normalized rare earth element (REE) patterns. Morth Hivoshi lavas have highly enriched LREE and fat HREE
patterns similar to those of Alkalic Volcano Provinee lavaz. The dominant 1BM cale-alkalie and tholeiitic lavas are much less
enriched in LEEE, Data for Alkalic Volcano Provinee are from Sun and Stern {unpublished data); for Average IBM are lavas are
from Lin of al. (1969, Elliott &f af (1997}, and Peate and Pearce (1998, (B) Element compatibility diagram. Data for Alkalic
Voleano Provinee and Average IBEM are lavas are compiled from Lin ef f. (1989), Bloomer et al. (1939L), Elliotl &f @f. (1997, Sun
ef @l. (1998), Peate and Pearce (1598), Sun of @f. (1998) and Sun and Stern (unpublistied daia).

entrapment crystallization; or (2) GI reflect melt
compositions captured during different stages of magma
evolution. A handful of articles discuss the chemical
meodification of glass inclusions by post-entrapment
crystallization {e.p. Dungan and Ehodes, 1978; Kamenetsly
et al., 1995; Lee and Stern, 1998). The possibility of post-
entrapment crystallization for GI in olivine can be
assessed by calculating the Fe-Mg Kb (Kb = [Feol/Mgol)
J(Felia/Mgig) ] of host mineral-glass inclusion pairs
(apparent Ki) and comparing this with the value of 0.30
expected at equilibrium (Roeder and Emslie, 1970).
Olivine-hosted glass inclusions in calc-alkaline and
tholeiitic lavas of the IBM arc have apparent Kps of (.14 to
0.20 {Lee and Stern, 1998), Apparent Kns of North Hivoeshi
glass inclusions range from (.10 to 0.21, indicating significant
postentrapment crystallization. The compositions of olivine-
hested glass inclugions in this study were adjusted to the
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equilibrium Kb value of 0.30 (Roeder and Emslie, 1970) by
adding 2 ~ 3% of olivine. This indicates that post-
entrapment erystallization is a minor effect. The corrected
results are tabulated along with the raw data in Table 3.
Correction for post-entrapment crystallization in pyroxene-
hosted glass inclusions is cwrrently not feasible due to a
lack of procedure for evaluating equilibrium between
melt-clinopyroxene pairs. However, the effect of post-
entrapment crystallizalion 1n clinepyroxene is not
negligible, The decrease of Cal/Al:0z in clinopyroxene-
hosted inclusions may be due lo post-entrapment
crystallization of clinopyroxene. Notably, the significant
differences in Ma and total oxides between olivine-hosted
and pyroxene-hosted melt inclusions probably resulted
from MNa-loss during microprobe analyses, especially for
those analyvses with low total (<97 wi).

JAMSTEC J. Deep Sea Res., 14 (19E)
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Fig. 9 (A} eMNd versus 3750/565r diagram showing the Morth Hivoshi data of this study relative to other IBM arc lavas. The data are
fromm: Alkalic Volcans Provinee (Sun ef e, 1998 : Sun and Stern, unpublished data); Other IBM are lavas (Dixon and Stern, 1983
Stern and Bibee, 1984; Woodhesd and Fraser, 1985 o and Stern, 1986; Woodhead, 1989; Lin of af. 1990). (B) Pb isotopic
compositions of Morth Hivoshi lavas compared to the other IBM are lavas. The field for Alkalic Voleano Province (Sun et al., in
press; Sun and Stern, unpublished data) is shown, along with the field for other IBM are lavas (Meijer, 1976 Woodhead ef al.,

1937 Stern of af_, 1993; Elliott ef al., 1997),

Although glass inclusions have up to 14% more SiQ2
than the host lavas, they define a relatively continuous
trend with the whole rock data on a 5i02z-KzO diagram
(Figure 7, A subset of the most felsic glags inclusions fall
off the trend of increasing K20 and Si0z and lie in the
high-K calcalkaline field. It is noteworthy that these
anomalous GI all are clinopyroxene-hosted GI in sample
3K350-1.

The continuous trend among host rocks and glass
inclusions might result from fractional crystallization. To
evaluate this, major elements and Ca0/Al203 ratios of Gl
are plotted in Harker diagrams along with the whole rocks
(Figure 100, Alz0a, CaQ. MgQ, and FeQ?* inversely
correlate with S0z, suggesting magmatic evalution was
controlled by fractional crystallization. Olivine-hosted
compositions plot between bulk rocks and clinopyroxene-
hosted inclusions. As crystallization proceeded, it depleled

JAMSTEC J. Deep Sea Res. 14 (1985

such elements as Mg, Fe, Ca by crystallizing olivine and
clinopyroxene. Na was lately consumed by plagioclase
accumnulation.

Felsic melts in the IBM arc are not very commaon. Host
lavas and glass inclusions define a calc-alkaline trend
toward high total alkali in AFM diagram (Fig 11},
illustrating magma evolution. Lee ¢f af. (1995) and Lee
and Stern (1998) argued that felsic tephra and glass
inclusion in Mariana Arc may be a result of fractionation
from mafic melts, Meen ¢ al., (1998} argued that North
Hiyoshi lavas evolved by fractional crystallization along
the olivine-plagioclase-augite thermal divide. Norm
compositions of lavas and glass inclusions in Dive 350 are
projected from Di onto a Ol-Plag - Qz/Ne quarternary
diagram (Figure 12). Host lavas are quartz-saturated and
basiclly fall on the thermal divide, indicating fractional
crystallization of phenocryst phases of olivine-augite-
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Table. 3  Representative mineral and glass inclusion compositions

Sample Si0y TiQ; AlLO3  Fed MaQ dMpD Cad NaxO K0 CrnOy POy M0 Total witc Composition
Feldspar
IK350-1-P1 G530 003 1945 000 002 000 0354 403 1062 006 002 000 100,07 AnyAbygOrg
IK35-1-P2 G470 020 1921 Q16 Q00 005 055 370 1075 008 000 0.13 9953  AnAbyOrg
JKI50-2-4-1 5136 005 3053 049 007 000 1323 378 044 000 002 000 100,05 AngAbsyOry
IKIS0-2-4-2 49,15 0.0F 316 0601 Q00 001 1527 259 023 000 003 008 9976 ANy AbssOrs
IK350-2-4-3 48594 000 3211 0463 008 004 1533 240 026 Q00 003 000 99.82 AnzrAbzOry
IE350-2-4-4 4965 015 3142 0467 002 006 1456 276 025 000 0400 018 9984 AngyAby O

Olivine
JE350-2-3 3803 000 000 2428 073 369 016 000 001 002 006 000 100,27 Foys
3K350-2-3 3801 000 001 2436 064 3709 015 000 000 000 003 000 100.29 Foys
IEIS048-1 3823 000 002 2397 073 l6EE 022 000 000 000 Q0% 000 100,14 Fog

Clingpyroxens
IK350-1-3 5205 021 092 910 132 14651 2082 000 000 000 003 0.0 9906 Eng Wog:Fs;q

IK3IS0-1-C2-1 51.82 028 1.67 940 1.17 1343 2180 056 000 004 002 004 10019 EngWouFs.,
IKIS0-1-C2-2 5189 031 1.6 993 1.33 1316 2156 000 000 000 003 000 G990 EngyWouFs .
IK350-1-C3 5268 022 0935 RS 1.31 1460 2140 000 000 000 002 003 9094 EngyWouFss
3K3502-1 5176 005 135 834 0.65 1520 2010 067 002 000 000 000 9924 EnyWouFss
3K3502-2 5197 033 L77 827 060 1519 2099 055 001 000 000 017 9968 EnyWouFsis
IK3I50-4-2 5197 034 1.63 588 070 1538 2105 Qda 000 003 003 (.00 10048 Eny, WouFss

Olivine-hosted plass inclusiont? Mg# &
JK350-2-3-1 6173 065 1831 4108 003 111 350 323 581 Q00 033 002 G895 0.34
3K350-2-3-4 660 064 1729 390 000 110 341 397 S 000 030 000 93.75 0.36
3K350-4-12 6238 069 1938 350 000 065 373 302 s560 000 036 004 00,55 0.27
IK3IS04-1-3 0 6151 049 1930 308 Q11 0467 376 391 555 000 035 000 99.03 0.29
IK350-4-1-4 610 075 1917 329 012 0461 387 3688 603 000 037 000 90.59 0.27
IKIS0-4-1-5 6681 074 1710 208 001 029 L35 404 640 000 016 000 9928 0.21

Adjusted olivine-hosted plass inclusion®™
3K350-2-3-1  6l16 064 1794 400 003 200 343 307 5469 000 032 002 98,50 0.4%
IK3I50-2-3-4 6098 063 1753 382 000 184 334 3E9 5852 000 0272 000 2315 0.49
IK3I50-4-1-2 6176 067 IEED 340 000 179 382 303 543 000 035 0.04 0897 0.51
IK3I50-4-1-3 6080 0467 1872 308 O 160 365 379 538 000 034 000 98,24 0.51
IR ES0-4-1-4 el08 073 1859 319 Q02 .68 375 357 585 0400 036 000 G892 0.51
IK3S0-4-1-5 6624 073 1676 204 001 103 152 396 627 000 016 000 98.71 0.50

Pyroxene-hosted gla_.‘;s_indusign_ﬂf
IKI50-1-3-1 7192 028 1445 131 012 007 083 214 564 000 Q15 008 97.00 0.0%
IK3IS0-1-3-2 7472 026 1526 142 007 004 080 220 453 000 012 000 99,42 0.05
IK3S0-1-3-3 7167 024 1461 116 003 003 078 200 506 001 000 005 95.84 0.05
JK350-1-3-4 7337 025 145 137 007 004 0753 267 482 000 008 000 98.36 0.05
IK3IS0-1-Cx-2 F133 0 020 1467 1352 03 005 0 1Bl 480 000 009 000 95.40 0.06
IKIS0-1-C3-1 7263 027 148F 187 Q5 007 071 335 510 000 004 000 99.14 0.07
IK350-2-1-2 6305 034 1739 353 04 0466 181 304 502 000 029 000 95.47 027
3K350-2-1-3 6306 048 1708 346 003 074 186 265 502 004 035 000 94.87 .30
IK3S0-2-1-4 6359 040 1619 356 022 058 172 247 430 000 026 Q.00 ¢4.28 0.24
IK350-2-2-1 GLYD 066 1706 4952 00% 021 215 324 64% 003 037 00F 9799 .24
IKIS0-2-2-3 6298 068 1727 503 020 087 223 301 sz 000 029 0.0 9878 0.25
IK3I5-4-2-1 68631 039 166% 245 005 026 099 18 539 000 013 003 26.88 0.17
IK3IS0-4-2-2 6770 043 1738 220 Ol 041 128 247 58} 000 022 006 9810 0.27
IK3IS0-4-2-4 6773 046 1722 231 006 040 132 233 587 000 013 0.00 07.83 025
IK350-4-2-6 6747 041 1722 3JEE Q08 042 079 289 G40 000 020 000 93.76 018
3K350-4-2-7 6781 039 1694 388 015 045 084 284 63 000 010 003 90,32 019

) Raw analytical data.

@ For calculation of Mg#, Fe**/(Fe** + Fe** )= 0.9.

) Olivine-hosted glass inclusion compositions adjusted to Kp = 0.3,
where Kp = [(Fea/Mga)/(Fei/Mgrq)] (Roeder and Emslie, 1970).

@ Raw analytical data.
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Fig. 10 Harker diagrams showing relationships berween host recks and glass inclusions, Whole rocks, adjusted olivine-hosted and
clinopyroxene-hosted glass inclusions are represented by open ¢ircles, shaded squares, and spotted diamonds, respectively,

plagioclase. Glass inclusions, on the other hand, form a
trend from near the Qz apex, through the PlagrAug+low-
Ca Pyx, to the Ol+Flag+Aug field. This trend is not
compatible with fractional erystallization of either
Flag+Aug+low-Ca Pyx or Ol=PFlag=-Aug alone, A plausilile
explanation is that magma mixing, instead of fractional
crystallization, ereats the liquid trend. An alkaline magma
mixed with low- K silicic magma may possibly generate a
serial derivant magma as shown in these North Hiyoshi
glass inclusions, The alkaline endmember could he
potassic and silica-undersaturated, in order to produce
these alkalic North Hiveshi lavas; while the felsic
endmember is most likely a subalkaline rhyolite. Such a
process had been proposed by Meen eof af. (in press) to
interpret the petrogenesis of Central and South Hiyoshi
lavas. Fractional crystallization may be the dominant
process among the host lavas in North Hivoshi. But,
evidence from the glass inclusions implies that magma
mixing has conlrolled the evolution of the whole magma

svstem beneath Morth Hivoshi, as well as the other

JAMSTEC J. Deep Sea Res., 14 (1993)

Hiyoshi voleanoes.

5. Conclusions

Lavas collected from Morth Hivoshi seamount in this
stucy are characterized by highly enriched REE and LIL
contents. Their relatively radicgenic Pb and Sr isotopic
compositions and non-radiogenic Nd are like those of
other AVT lavas.

Glass inclusions within olivine and clinopyroxene are
more felsic than host lavas but illustrate a continuous
evolutionary trend. The feature may be interpreted by
magma mixing between a fractional erystallization of
olivine-pyroxene-plagioclase-magnetite. This implies that
magmatic evolution of Nerth Hiyoshi lavas may be mainly
controlled by fractional crystallization,
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