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Abstract. 287 heavy-mineral compositions of sediments, including 139 original analyses and 148
analyses from literature, have allowed outlining the major mineralogical provinces in the Philippine Sea
region. Three of these provinces are characterized by domination of arc volcaniclastic minerals
(clinopyroxene, orthopyroxene, and hornblende). They cover almost all within-sea basins as well as the
Izu-Mariana, central and northern Ryukyu, and northeastern Philippine arcs. Their provenances are
located on volcanic island arcs associated with subduction with weak plate coupling. In areas of the
Taiwan and Yap Islands, where local plate collisions occur, mineral suites derived from erosion of
metamorphic and intrusive rocks get dominant (epidote, actinolite, garnet, zircon, and others). In the
vicinity of the central and southern Philippine arc, where subduction is most likely associated with strong
plate coupling, sediments are characterized by complex heavy-mineral assemblages. They contain in
sufficient amounts minerals derived from both arc volcanism and erosion of metamorphic and intrusive
rocks. There also were noted marked differences between island arcs in composition of their volcaniclastic
heavy-mineral suites, which may be linked to differences between modes of the associated subduction and
types of the arc basement.

1. Introduction

Geology of the Philippine Sea region is very complex. This is, at least in part, resulted from great
variations in tectonics along convergent boundaries surrounding the Philippine Sea plate. On the eastern
boundaries, which are associated with ensimatic island arcs, subduction of the Pacific plate beneath the
Philippine Sea plate occurs along the Izu-Bonin and Mariana Trenches (Karig, 1974; Hussong and Uyeda,
1982). In the area of the central Mariana Trench, it is near to normal, with weak plate coupling (Uyeda
and Kanamori, 1979). In the area of Izu-Bonin Trench, subduction also is associated with weak plate
coupling, but has a sufficient strike-slip component (Uyeda and Kanamori, 1979; Simkin et al., 1989). To
the south, in the areas of Yap and western Caroline Islands, there is a collision between island arc and a
relatively rigid and buoyant block of oceanic lithosphere (Hawkins and Batiza, 1977; Eguchi, 1984). On
the northwestern boundaries associated with ensialic island arcs, near to normal subduction of the
Philippine Sea plate beneath the Eurasian plate occurs along the northern Ryukyu Trench. Nature of plate
coupling is not defined there, but modern back-arc spreading in the Okinawa Trough suggests that it is
rather weak than strong. There are subduction with a significant strike-slip component in areas of the
Nankai Trough and southern Ryukyu Trench, and continent-arc collision in the Taiwan area (Konishi,
1965; Katsumata and Sykes, 1969; Chai, 1972; Karig, 1974; Uyeda, 1974; Uyeda and Kanamori, 1979;
Herman et al., 1979; Page and Suppe, 1981; Seno and Eguchi, 1983). On the southwestern boundaries
associated with ensialic island arcs as well, there is a complex pattern of strike-slip and thrust faulting,
which includes subduction of the Eurasian plate beneath the Philippine Sea plate along the Manila Trench,
subduction of the Celebes Sea plate beneath the Philippine Sea plate along the Cotobato Trench, and
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subduction of the Philippine Sea plate beneath the Eurasian plate along the Philippine Trench and East
Luzon Trough (Murphy, 1973; Cardwell et al., 1980; Hamburger et al., 1983; Lewis and Hayes, 1983;
Hayes and Lewis, 1984; Barcelona, 1986; Nichols et al., 1990). Nature of coupling are not clear in this
region (Brooks et al., 1984), but intense compressive tectonics on the Philippine Islands suggest strong
plate coupling associated with subduction there.

The significant variety of subduction led to that of subduction-related volcanism. In particular,
island-arc tholeiites predominate on the Izu-Bonin (ensimatic) arc (Sharaskin, 1992) whereas calc-
alkaline lavas predominate on the southwestern Japan, northern Ryukyu and Philippine (ensialic) arcs, as
well as on the Mariana (ensimatic) arc (Scott, 1983; Sharaskin, 1992). There certainly are less manifested
variations in volcanism between arcs within each of these two major ranges. In the areas where subduction
is associated with significant strike-slip motions (the Nankai Trough, southwestern Ryukyu Trench, and
southwestern Mariana Trench) and where it has been replaced by collision (the Taiwan and Yap areas),
island-arc volcanism is absent. In addition, extreme tectonic uplift occurs in the cases of collision (Chai,
1972; Hawkins and Batiza, 1977).

A tensional and/or unstress tectonic regime seems to dominate in back-arc areas of the Philippine Sea
plate, although some faulting (for example, the Central Basin and Yap fracture zones) occurs therein
(Brooks et al., 1984; Svarichevsky and Wang, 1992).

Previously, we have found a general linkage between tectonic settings and heavy-mineral assemblages
in sediments deposited under them (Nechaev, 1987, 1991; Nechaev and Derkachev, 1989; Nechaev et al.,
1989). In particular, it was defined that island-arc volcaniclastic suite represented by green clinopyroxene
(augite-diopside series), orthopyroxene (mainly hypersthene), green and brown hornblende (including
oxyhornblende), and, rarely, olivine, predominates among heavy minerals in the areas controlled by
subduction with weak plate coupling, including back-arc areas associated with tensional or unstress
tectonic regime. In fracture zones, a complex assemblage, including both arc volcaniclastic and intrusive-
metamorphic suites occurs in various combinations although volcaniclastic minerals prevails in most of
the cases studied. In the areas of collision, the association of epidote (group), pale-colored and blue-green
amphiboles (tremolite-actinolite-hornblende series), garnet, chloritized mafic minerals, olivine, and, in
certain cases, zircon, tourmaline, staurolite, andalusite, kyanite, monazite, and sillimanite, all derived
from metamorphic and intrusive rocks, predominates. Moreover, we have found that volcaniclastic suite
derived from ensialic arcs contains sufficient amounts of hornblende while that derived from ensimatic
arcs contains hornblende only in negligible amounts.

In this study, a linkage between heavy-mineral assemblages and tectonic settings, associated with
convergent plate boundaries around the Philippine Sea plate, will be examined with more details. For that,
139 new (original) heavy-mineral analyses in addition to 148 such analyses from the literature, that is 287
analyses totally, will be used (Suzuki, 1975; Skornyakova et al., 1978; Murdmaa et al., 1980; Nechaev,

1987, 1991; Nechaev et al., 1989). Most analyses (all from the literature) represent Quaternary sediments.
This data set has allowed the standard statistical procedures to distinguish mineral provinces of the sea
and its surroundings that was impossible previously.

2. Methods

For mineral analysis, the 0.05-0.1 mm fraction was separated from sediments by wet sieving. After
that, heavy minerals were extracted using tribromomethane (2.89 g/cm3). The minerals were identified
using the petrographic microscope and immersion oils. The mineral compositions were defined by
counting at least 300 mineral grains in each analysis. All the mineral analyses were carried out by A. N.
Derkachev and N. A. Nikolaeva from the Pacific Oceanological Institute, Russian Academy of Sciences
(Table 1).

Methodology of the data interpretation included standard statistical procedures. Cluster and R-mode
factor analyses (Formatsyi, 1978; Shymanovich, 1982; Davis, 1986; Derkachev and Nikolaeva, 1992)
were made to distinguish major mineralogical provinces in the Philippine Sea and adjacent island arcs and
trenches. For that, percentages of heavy minerals given in Table 1 (127 original analyses) in addition to
some of those from literature (36 analyses completely comparable with ours with respect to the sample
preparation and analytical methods, all from Skornyakova et al., 1978; Murdmaa et al., 1980; Nechaev,
1991) were recalculated to exclude lithoclasts, authigenic minerals (iron hydroxides, glauconite, and
pyrite), fish debris, and opaque minerals. In this procedure, a total content of transparent clastic minerals
was taken as 100%. The cluster analysis distinguished several heavy-mineral assemblages, generally
representing major mineralogical provinces in the Philippine Sea region. After that, average mineral

Percentage of minerals in heavy fraction (0.05 -0.1 mm) of sediments,

Table 1.



217

Heavy-Mineral Assemblages in Quaternary Sediments of the Philippine Sea

- - - - .- .- - ... .- - - - 01 80 VT 907 B 80 80 80Z Z'lS $08d¥1L Lvi
- - €0 - - - 60 €0 €0 - €0 - - - - - - - - g0 \'S 6LL8L - €0 €1 €6Z66H 6ESY LvI
geg suiddijiyd 8yl JO e3ly UIBISIMYMON

- vzL - - ¥T - €0 - - - - - - - - -qgo - - - 9viL8L - - L6 - 08 €2 ZONY evi
- - - - €0 €0 - €0 - - - - - - - - 4t - - 'l 8 tess0o - €0 L't ZELVIT 8YSLY LvI
T - o > TP % - B 2 : B -1~ - 97 1's T6l LYSLNY evi
- - - - - - - - - 70CO -TO - - - 0L TO - TO 98Lv8 t6 TO 0L 67 S1Z 6'SE TYSOY VI
- - - - - -8 - - - € - - - - -0 - - gL 8ETETLES - - SVl 1’9 €€ VSV Laii
uiseg NMIoNYS

- €0 - - - - L1 €0 - 0L - - 0C €0 €0 - 0t - - L} L0 Ol SLLLO - 6Vl ¥EE O'LZ 8ESLY Zvil
- - - - - - gE €0 -€0OV - - - - - g0 - - 60 6T9LTLET - 60 61 61 vOlL SYSON EVi
ybnoa} exuen

- - - -%7o0o -¢o - - - 60 - - - - - - 0 - 60 VEYESLES TO 'L 1S L0 ¢sT LOVLNLL A/
- - - - - - - - - - gy - - - - -.G0 - - €0 I'S 80 OVZEO S0 - ('L 09§ 9OVLNLL [A4|
y6noa) eueuepy

- - - - - -0 - - - - - - - - - g0 - - €0 L€9LT €0 - - - 01l gTE LONY [A4|
- - 96 - - - - - - -y{Vv -gTT - - - 0T S0 - TO 9TLSOVOE - S0 - ZT1 092 8YNb Vi
- LYl - - 0§ L9CTO - - - - - = - - - - - - [0 %8 - §TE - - 1L 9T O€El PSNY (Al
- - - - - g0 - - - - - - - - - - g0 - - €0 VIWOIZVZ - - - TE L1e 8SNP (A4
- - - .-60 - - - - -+ - - - - -.g0 - - G0 S9EL'LV69 - - 60 - zTEL 00SEA evi
- - - - - - - - - .Y - - - - - - - - - g8580LGY - - G0 Sl 0€C 86VEA (A4
- - - - - -€0 - - -7T - - - - -g0 - - - §Ip8EZ8O - - TT VL e YISEA [A]
- - - - - - - - - - m - - - - -0 - - - g699L 0€ - - €0 €1 0Lz SSYEA (A4
- - - - - - - - - .80 - - - - -®g0 - - - TeIVOLEO - - L1 L g9l €8VEA [A 4]
youai] pue d1y eueue-nz|

aouinoud 21y 1se3

ydo eg A4 OO Q4 20 g N SNW BV 10 IS MO W uwiy yds dv sz wo d3 T pH dO vqH €9H Z9H 19H xdo xdD) adweg a8ejquisssy

*SJULWIPAS JO (W ['0—G(°(Q) Uonoely AABSY Ul S[eIoUIW JO oejuaorog [ 9[qel



dp g A M A b A
A0 8 A G0 dd 20 ' W MW BV 10 IS MO W wip yds dy iz wp dg 1 _PH dO ¥9H €qH ZqH IqY xdo xdd dure, - m—
3dures

a8vjquiassy

‘(panunuoo) ‘1 9[qe],

. -¢z - - -g€0 - -1z €O - - - - ;D gO B - 6¥ €L TTLYS 80 - €1 98 6F £93 9189AYS Vi

. - ¢z - - - t€£E 90 -90€0 - €0 - - - €090 - LE L'L 96 6§ 0T - Ll LOLZY O€S 8L89AYS A

- - - - zeg -0 - - %O - - - - - -g0 - - - -9O0 - - - - 60 8ELLO OLNY Lvi

- - - - g -802C0 -TOOL - OL - - - ¥L TO - ¥E 0T ¥L 9ELYO - ¥O 9€ 99 ZT0C YZBOAYS LvI
uiseg eurddijiyd 1S9\

.17 - vo@W - - - - - - - - - - - 7o - - v0 g6 £S90 OL - - - 1T 97l ozgzace (A4l

. - - -8 - - - = = - - - -+ - 7OTT - - 80 6925920l 80 - 80 - V€ 98 z/1z8z8¢eE VI
-0 - - t8L - -¥O - - - - TO - =~ - GO - - LO 9Y &LV B €L - 6E - 0T 66l 1/1z8zgEE Zvi

- - - - < < < -zoTo - -90 - - - 99 - 7O TO - g9seTELL - - - - Tl gzezace (A4

o - - gZL - €¥9 - - - - - - - 7O - - -803TO0 - 60 Z¢ 9L vO VS - - - ZTT 06 vz8zace evi
.m - %0 - - €% - - - - - - - - - - - 90 - 0o ¥Oo - 60 €L ¥O - - - €€ PLL wWoOZl1-601/978T8EE LvI
m - - - . g®§ - - - - - - - - - - - g0 - TO 80 - 80 8L 9t - - - ¥LllL89E WOZOL-99/9Z8ZEEE Lvi
/A - 60 - - ¥¥W - - - -7O - -TO - -TOTLTO - ¥O - 9L £8 OL - - - G9L9VZ  WI99-GH/9ZTBTEEE LI
“ . - - - g8 - - - - - - - - - - -90 - - %0 -0z TOOL - - - 9L 89 9z8zeee cvi
.m . - - - gz9 - -2T?0O0 -TO - -60 - - - g0 - TO 80O - 69 €0 €0 - - - LTLZSL ov-£2/L2828€E Lvi
s - - - - ggp - - H® - - - - 8w - - 7TOSO - - TO ¥6 8ELYL 9L - - - 0L O Lz8z8eE Lvi
s - - - - 90§ - -g7gogzOVO - - - - - TOW¥E - - Sl - L9 V€SI - GL T8 95 €TV z/8zezece Vi
m .- - ST - - - - - - - - - - - m - - VT TLYUSY - - - - 8l 86 1/82829EE v
a .. . . 8§ - -+ - - 4 - - - - - - -g0 - &L - vILEWOL - - SL 9V 98y 6zazgce (A
> - - - - 4 < - - - - - - - - -%®0 - - - T9 ¥eELEEL - - - - 8L 999 z/oeszace (A4
. . - . g -TO - -TO - - - - - - %O - - &L - LELEY 8T - - - Lt €€ 1/0e8Z8EE vl

- abpiy nejed-nysnAy

- - g0 - €% - 61 €1 61 LT SO - €% - - - €0 €0 - TE 0TT9L SO €0 - ¥T T9 L'l 8V 80VINLL Vi

- - - - &L - - - - = = - - - - - g0 - - €0 9¢9Z8 6T - - - €L 9l 66l 9AE (A4

- - - -8 - - - - - - - - - - 80 - - 80 GE9E0 Y - - - 9T €1l 8 EAE A/

- - - <44 - - - -g0€0 - - - - ~-g0 - - - 8€999 LY - - - SO0 LI 9l SGAE cvi
uiseg ej9A\-993.ed

o vg Ad o0 ad 9 g W SYW BV [0 1S MO W uwil yds dv 17 wp di 1 pH do +AH €9H 2qH I[qH xdo xdD asjdwes a8ejquiassy

“(panunuod) 1 d[qel

218




219

€05 - - - - 10 V'O ZO 9€ €0 SO - Z0 S0 ZO L'L L'0O - 10 S0 61 €C 08 %0 €0 L0 L0 - 16 8L0LdL1 LVill

€0 - - - - 8L ZL 8L6 - - - €0 90 SV 6€ LT 8Y 90ZvZ 9 ¥6 0Z B - €0 90 Sl Gl 60 690LdL L lIA

€0 - - - - €0 - LTLOL B - €0 Ol €S ¥G @€ - L1109 L'v TLEEO €1 - B/ - L9 9L O 090Ld£1 HA

n - - - - €€ L 9¥Z6S 8E - €0 Tl 60 60 90 SL ZL B L'v 0G LOLEO €0 08 - GYL89 0§ $60LdLL 121

4 - - - - - - 9L €0 8¢ - €0 99 90 €0 T ZZ €0 L0 S9ZSE LO 9L - €L - 88 E€EILEEl 6z6dtL A
m - - - - - TV L)V TOTEY €T - - 90 B/ 90 N 0 80 N ZL ¥9 TOL B/ Ll 0C €0 ¥VELEE 06 z60LdL1 Lo
E - T0 - - - Y0 60 9C L'L S€ - - L0 TO L'L L0 ¥0 60 20 S SS S8 60 6L SL 81 LYLLS LU €80LdL 1 eVl
..m - - - - - - 't 08 S0 €L - - - 80 6L 4O G0 €1 91 91 9T v9 SO0 96 €1 80 01Z 20 68l £80LdL L (A4l
.mm €0 - - - - - €0 €L - S0 - - €l S0 €L - €0 81 Ol OGL8E€ EELELIEO - €0 Z2TTL8Y OVl LZ6dYL ealil
P youai] pue a1y nAyniy
g aouinoid NAYNAY ula1samylinos
Z “ - - - - - - L0 - €0 - - L0 9% - €7 €0 €€ 9v SOL9OY G6 0SZEO 9V - €S STLIE 8z6dvL (A4l
m - - €0 - - - - €0 0L OL - - L0 L0 B €0 £0 €0 €1l €S 0T 96 96 L0 9T - OP 96E L'tT 168dv1L (A1
M - - 9§ - - - - €090 €0 - - TI M - 90 €0 SIL 90 8L BL L't BE - Tl - €8 G6E 98T vesdvl LVl
2 - - to - - - - €0 - L0 - LO - - - €0 L0 €0 - 9T 9€ 91 6€ €0 €T - 86 L9V L9 z68dbL Lvi
£ - - - - - - G0 1T S0 €l - - - ¥L L't L't 6L €¥ 61 69 TE ¥8LL9 - LOLEO 8F% ¥8lL ¥yl L88dvL (A4l
5 A - - - - - - g0 - €€ - - €ELOL - €L €1 L0 0T LELLY OGS 0S €0 €9 - OF€ E€E€L LI 68advL Lvii
N - B €0 - - - 1 €0 €0 Sl - 90 €0 8E B €0 ZL S 90 0S S 90 ¥Z 60 T - ZT6 L8y vOT veadvL Lvil
m - - - - - - 906l - 8 - - v N 1O N €0 90 N ¥S 61 TE 9L €0 60 - €8 6GE L'6C zesdyiL LVl
W - - - - - - ¥T T8 90 8% - - 8L 60 €0 €0 60 LT 60 LS - - ¥S - 9E - 09l 6E 09 szZ8dvl [A]]
£ - - - - - - - €0 - €0 - - 9L 90 €0 N L0 - N 9Z ElL 6% L0 L0 €L - 9V TEYEIE zi8dvl Lvih
m - - -~ - - - - L0 €0 - - - L0 €0 €0 L0 OL & OL OV OE €V 0T OL 9€ - 00l OLE ZOE visdvi cvil
e - - - - - - - €L - - - - - m» - g0 N - €0 €0 EZ Ol €0 €0 - - €1l P¥SI8E 108d¥1 (A4]
k| 4 - - - - - - - m - - - [0 - - - [0€0 L0 E0 Ol OL LO €0 - - OZ ZESLEE oosdvL Lvil
M% - - Y% - - - - - g0 A& - - #Q90 - A4 B 1 €0 L0 LT LO OL €0 N - 0T 08SEEE 66LdbL Lvil
g 4 - - - - - 0LO0lL - - - €0 L0 N L0 B 9T N €0 9L 0Z 0T LO LO LO - €L L'SYEOE L6LdvL LVl
= - - - - - - g0 -€0 - - - - - - - g0 - 91 9T 6L 6T €1 - - TE 8LYELE ¥6LdbL Lvil

youaa] pue a1y nAynNAY
9ouIn0Id J1y 1SBMYLION

ydo eg Ad 9D 44 2 ' N SNW BV 10 IS MO W wip yds dv iz wo d3 1 PpH do pqH €9H Z9H I9H xdO xd) sjdureg a3ejquiassy

“(ponunuod) °| alqel




A

\J

Yl eu

&IEL LU TV

ym——

Rtnded s sl 22"

“(ponunuod) ‘1 o|qe]

- - - - - - 908 -9 - - - €L - - - g0 - - - 99 0C €l §LZ - €T LIE - 6€l Wo0Z/BAET rA411!

easy ob6piy enben

aouinold eag auiddijiyd 1SoM

- - - - - [T €0 O% SC €0 - - LEYEO €0 - €0 SO - v9 6% L'IE - €0 - - Ll €0 LO ZAee IA

- - - - - -g0€0 - - 80 - VL - - - - - - 90 L'LLEE TL 98 - 69 ¥YLLL TEY wogo L -L8/LAET Lai

- - - - - - 01 80 S0 80 €0 - 98 - - - S0 - - €€ 6LLEY 96 ¥9 - 9F¥ ¥TLOE €9€ wo/ £ -69/LAET Lai

- - - - - STV -TOLO - - ¥L - - - TO - - €€ LLLLY 68 L'S - 9SG L¥LOV ¥TE wWoZ9-ZG/LAET Lan

- - - - - - L o0z vz - - - L€SEO - - - - - €0 - 6€EL - 90 - €0 PE - 0T wogL-G/LAET IA

- - - - - g0 0L 62 Ll OL - ZO 66ZY0 v¥0 - - €L Ol OVLZELYELLL 90 - LT ¥vv v0 9€ EAEZ IA

- - - - - g0 9080 8Z - - - 1T - - - - - STV YL - - 19 - 'L L'ILEO 98 YAEZ IA

2 - - g0 - - G€ 6L L'6 OLEEO €0 - 68 - - - - €0 - €1 91 91 §0 - - €0 80 - HT 96SLNY IA

E aoulnoud uemie]
+

. - - - -88 -0V - - - TO - - - - - L0TO - TO ¥YE LLESO LO - - ZTILBLLYLL 69NV Zvil

z - - -0 - -2O - - - - - - - - - 0L TO - 80 LL E£TTLSE OE - - 6LL9BTEVL YONY fA4]l

< - - - - g6 L0 TO TO TO SO - - - - - - 70O TO - ¥L 9V 68LTLL - - - ETLEYV 8'SE 6SSLIY vl

.m - - - - - - 0L OV - - = = = = - - L% - - L'l 88 L6 L'SGLOL - Ol 00ZO0€ELSSC 85SLY [A4]]

2 - - - - -+ - - - - gL - B E0 - €0 LO EO E0 - 9 OV €L LO €0 €T - 90L9TY ¥OE €88dvl LVl

m - -0 - - - - (0 " OL - B 6L EOLO B - N L0 09 9T 9l OE €0 9CT - TLLISGE LTT 788dtL (A4l

z - -g0 - - - - ®0 - O - - - W . m - - - - 0L 0l 9 €¥ L0 OL LO L9 8TIE 69 ovedvlL [A4l

A - - 9L - - - - (0 MmMEgL - - - - €0 - €0 €0 - €T €T 0T 9T €l GSIZEO ZOLIT6LLL 188dv1 [A4]]

> - - - - - - - g0 - - - - .m - m - [0 - €l L0 LL OEEEO €0 L'ELEO 09Z €9l 6.8db1 [A41l

- -9§ - - - - - - - - -yqgo & - - - L0 - 0T - L} 98 N €0 N 9G LIVLLE LE8dY1L Lvil

- - - - - - - 0LEOEO - - 9L MW EO - B/ - - L1 0E 9L 9L €0 €0 - EL LTGSOVE £08dv1L LVl

- eag auiddijiyd ayl JO ealy UIBISIMYLION

- - - - - g0 0L OZS€EY - - - &L - - €0 - A €0 EE - GELY B/ - - 69 €0 €7 SIAET Lol

- - - - - §T - ¥LLe €0 - - TL - 80 - €0 - S0 TELOZ 9628l - LT SO T9 LY OF 9LAET Lo

G0 - - - - €0 97 6621 LT - €0 90 €0 8L - 91 A N GG 6L §6 €0 L9 9T 'L ELL8SG 6L SL0LdLL LI

61520 - - - - 2O TO €€ LO L0 - 10 Ol 20 S0 €0 90 20 Z0 9% T8 902Z0 SO 20 #H - 6§ LL0LdLL r4o)ll!

ydo eg A4 D a4 % ' YN STW BV [0 IS 4D W uwip yds dv iz wp dg 1 pH dO +9H €9H Z9H 19H xdo xdp ajdweg adejquisssy

220

“(ponunuoo) "1 d[qeL,




221

Heavy-Mineral Assemblages in Quaternary Sediments of the Philippine Sea

- - - - - - 90 - - - = - - - - Tz €0 - - 60 6L SSLTL - - 9ELEO PE ovAE Lvill
- - - - .- - ... - . - - . yg - - £0 S0 06 8V L'T - 61 8IIEE 691 9LAE A4l
S T X« N i B 2 S 0 A 0 SRR - S A - WA N1 LIAE Lain
- - - - - gL - - - - - - - - -gr - - - - 79 9E 9E - S0 T6L - 9T SYAE Lvii
- - - - - -90 - - - - - - - - - 80 - - 6087 90 61 TL - - 6€EG0G TTE z/se8zace Vil
- - - =90 - - .- .- .- .- L - - - L ET90TL - - 6Ll - 9vL 1/se8zgeE [A4]
-6Z - - ¥0 - %0 - - - 90 - - - - - @EL - - - 9VL¥SELE - - - Tl ¥0 ¥LZ veszace evi
- - - -.m - ZOo - - - - - - - - - FL - - %Lty 8L gL 0 - - TES8L €S  WOEL-0S/IEBTHEE vVl
- - - - - g0 ™ - - - - - - - - gL - - G0 Gl S0 S0 8Z - - OILEE L[l  WI0G-GZ/IEBTAEE Vil
- - - - - -9g0 - - - -7TO - - - - 0L - - 60 9€ SO0 VE TT - - TSS99 B8G  WOGZ-91/9£8ZHEE vvil
- - - - - -80 - - €0 - €0 - - - - 0L - - Ol 6 OL S0 €1 - - 19991l €€ otgzgce Vil
- - .- .- .- - - .- - g0 - - LV - €0 L0 V'S TOL¥ITLL - - vEZ VL VLT S6ELNLL La
- - - - - - 0T - ST - S0 - L¥L - - - 0L - - 0f €6 I'S 0 ¥lLlL - 'S £€IZE€0 8EZ wo/91-0GL/OAET EVII
- - - - - - 91 9L g2 - €0 - LS - - - 80 - - 80 09 9v vtZ TE€ - € OCL Ll SE wo0Z 1-01 L/OAET Lol
- - - - - - 4g - 9E - 'L - 0T - - - €0 - - 8T TT 90 TT 89 - 6€ OVL - €LI wo09-08/9AET rA 4!
- - - -8 -90 - -90 - - - - - - GZ €0 - 61 OPLO6ELEY 90 €0 90 L'SZEE 6l 19500 vvil
- - - - - - gL €S 6¥ - - - 9E - - $¥O0O - PO - €6 T9 69260 ZOlL - LT BELEO 69l 665 evill
- - - - 90 - 60€0 - - - - €0 €0 - - 0Z - - €0 L9 6L VEL - TI 90 ZTEVLY 8LL 0954 vviil
-90 - -90 -90 - - - - - -90 - - €T €O - - 6T - - 60 - - 9€G6'Ll S €9NY vVl
- - - - 6L -y - - - - - - - - - 9l &L - LT LT 08 - 9€ - - €£6616lL081 99NV PVl
- - - -90 -€0 - - - €0 - - - - - €090 - Gl G8B ¥9 T6 - 81 8L S92 LOLPIE zSSM Lau
- - - - - - 7ZVEO - - - - - - - -.GT - €0l L€ LOLOYLBL - 90 TS89 G6Z YEEINLL Lain
. eag auiddijiyd oy} JO ealY UISISIMYLION

- - - - - zo OV it 8€ ZO - - &Ll - - - $0 - - 9€ L'l &l¥ - TS - GZ 66 80 Gl ZIAEZ [4e]]]]
- - - - - -®y - TL - €0 - 90 - - - 90 - - 60 L9 8OLZILGS - 8l 9LZEO 88 wo06-0L/0LAET eVl
- - - - - -8&L -€0 -€0 - - - - - - - - 9T ¥6 - 6T &S - - 90EET OV wo0/-YS/0LAET Lam
- - - - - - g0 - &0 - G0 - 80 - - - B - - - $LLYL E0LL8 - 9L LIEYL LV wWoYG-0E/0LAET vviil
- - - - - -9V - - -G0 - - - - -.80 - - 6L L - - ¥PLS0 - LLivvT 62 OLAEZ vvill
- - - - - -90 - - E€E0E0 - €0 - - - €0 #/ - £0 8ELTS OV 09 - 98 LOZ6O E6E 6AET Lai
ydo vg Ad 1O Qd 9 ' YN SON WY 0 IS MO W wip ydg dv Jz wo dg 1 pH do ¥9H €9H Z9H 19H xdo xdD ajdures 33ejquisssy

‘(ponupuoo) | 9|qeL




clinop,
musco

epidote
The da
Skornyako

1).

All th

Institute, F:

Taiwan pro
Vi(4)
In the first cx

* Assemblag

Cpx
Ep
undistinguisk

Yap-Palau |
Mus

INCc1(6)
IV(3)
V(6)

ncz(2)
VII(2)

Assemb|
East Arc pr
1A1(20)
1A2(40)
IA3(4)
Northwest
HA1(17)
11A2(13)

ili
1B2(4)
nB3(2)
Southwest:

and analyti
comparisor
pyroxenes.
actinolite, ¢
and sphene
between cl:
based on ¢
crystalline
al., 1989). .
allowed mi
3. Sources
on differen
the sedime
Oceanolog;

<

= 2
g8
aoa,
mm
S

"ouepunqge 2oen=n ‘oueydoone[3=ydo ‘9req=rg ‘ANuAd=A4 ‘S1uoone[S=ulo ‘s1qap
Usa9J=(J, ‘NIeI=D)) IIN0Iq=1{ ‘BIIUI USSIB=TJN SUA0ISNW=SNJ N[OUNOB=)0Y SUIAIO=][(O PAYSINFUNSIPUN }ISN[EPUB PULR ‘WNPUILIOI ‘S}T[OINE)S=]S ALO[YI=[])) ‘paysinSunsipun
asejeur pue S[NI=)Y ‘surjeuumo=ul] ‘ousyds=yds ‘oyede=dy ‘uooonz=17 9pured=uin ‘(dnoid) ajopidao=dy ‘syuswdes onpi=" (soprxoipAy uor) sjersurur anbedo umoiq=pH
‘(anuonyo ‘syudurt ‘gydudewn) sperourwt anbedo Yoejq=dQ (umoiq Ajsnp=p ‘UsaIB=¢ ‘UMoIqQ=7 ‘U213 YSTUMOIq=]) Spud|quioy=qy SSusxoiidoyiro=xdp ‘ousxoiidourjd=xd)

- g0 - - - 70 - LO @B TY 60 TO €S - TO ZO LO - - GE€SET LE€LTO - - - €T TY LOL 6ZVLNLL A

- €0 60 - 8L - - €0 - §L - - ¥l - - - 90 - - £6 66 YOZ8BOL - - 90 VLIl LOC 69SLMY gl
aouinoid nejeq-deA

- - - - - -g€0 - - €0 - -O0OL - - =0T - - ¥L Ll LS L€ 0T - 0T 89 Ll €L 8089AYS A/

- - - - - - g0G0 - 85 0L - 0Z - - €0 0L - G0 90ZS€ 89 SZ - €T O} €GL8Z 6EE ZI89AYS gl

m - - - - - -0z - - S¥ - -S§T - - G0 80 SO0 - B6LEE S9 OE 8L - €0 9IZBE L'6Z O1l89AYS cgalil
m - - - - - 7O LO TO LO L6 - - 8T - - 60 20 - 20 0929S €6 L LO - - 60ZZL €6l 065 zgll
m - - - - - - g0 €0 S0 86 - - Ol €0 - €0 OL O} 80 2SS0 v9 80ES0 - €€ 9LL80 LG Wo0E-GZ/6LYLNLL A
Z - -0 - - - - TO - ¥T TO - 1T TO - 20 ZTO - - SZZLLLBE €8 OL 9T LO 99 9T OE LZPLNLL gl
< yous. ) supddipyd
) S €0 SL €0 - 21 - - - LI €0 - €LL69ZGE 06 €0 - 60 6ELET 692 ELYINLL cgalll
m - 0000 -00 - - 000000 - -00 - - - 00 - - 0000 O00O00 - - - 00 00 00 ZIVINLL galll
,m - - - - - -g0 - - €0G&L - - - - - - - - g0 OLVYY 60L90 - - LT €§ LTE 9LPLNLL LVI
Z - - - - - 60 - 60 €0 90 8L - 60 - - - €0 - - Q€ E€9ESGY Sbv 90 - vT 'L €€ LTE S6SLY Vi
A youas) ejuepy
> aouinoid 21y auiddijiyd
- - - -60680 - - - -.€0 - S0 €0 - - TL €0 - OL ¥LL¥9 LL - Ll S| EEE98 6 PLSOW vviil

- - - -T7€ - - - - 60 ¥L - G0 - S0 S0 6L - - L'S 6L OCZLE6 SO - - O6lLLE B6E €8SV Lail

- - - - - - - - - 98B - - 90 €0 - I'L €0 60 - L¥ - ¥L ¥L - - - 80 - €0 SLSLIY A

- - - - - -1z r0oTOSS - - L€ - - TOZTO - G0 90ZLT LS ¥l - 8l S S6ZOE 66l €8S cglil

- - - - - -0L1l0 -S§LO - - - - - - - -.gT - 08 - 10 - - TI 10 EY¥ 88SLY Lall

- - - -0 - - - - - €0 - €0 - - 60 - - 90 v¥ LYPES €0 - 90 SZLE0 Lbl €EAE L8l

uiseg euiddijiyd 3sem

ydo eg Ad 9D ad 90 ' YN SWW BV [0 IS MO W wul ydg dv iz wp d3 1 pH dO v9H €9H Z9H I9H xdo xd) adureg ade[quisssy

“(panunuod) | alqe]

222




Heavy-Mineral Assemblages in Quaternary Sediments of the Philippine Sea 223

Table 2. Average heavy-mineral compositions (%) of the sample groups defined by cluster analysis.

Assemblage Cpx Opx Hbl Hb2 Hb3 Hb4 Ep Gm Zr Ap Sph Trm Rt Chi St Ol Act Mus Mi Bi Cc Ba Gph
East Arc province

1A1(20) 633271 29 04 - 1.1 13 02 tr 16 tr - - 02 05 05 02 tr 0.2 02 tr 0.2 -
1A2(40) 763 66 58 09 tr 19 28 03 02 1.3 - - t 05 02 25 04 01 02 03 tr 04 -
1A3(4) 481142 39 55 - 105 23 - 03 14-- - - 03 - 37 04 - 04 42 - 55 -
Northwest Arc province : :

A1(17) 324497 59 - 1.3 05 3.7 05 05 07 04 01 06 1.7 01 - 1.2 02 05 01 tr - -
A2(13) 26.832017.3 20 47 18 44 11 1.3 1.2 05 05 1.1 1.1 - tr 1.0 0.2 20 08 - tr
West Philippine Sea province

MA1(7) 5.2 18722 05 tr 16109 04 03 15 tr 08 02 03 02 - 10 0.2 27 04 01 - -
MA2(2) 168 - 247 34 - 399 16 - . 03 - - - 18 - 06 - 50 - 60 - - -
MA3(4) 316 20256 36 22114 54 r 04 06 04 03 tr 60 - 03 1.0 33 28 28 01 tr -
MA4(13) 261 806567 06 04 36 1.2 - 03 1.7 - - 01 02 tr 01 01 tr tr 07 tr tr -
WB1(14) 480 64301 31 02 37 35 v tt 1.2 v tw 02 12 - 06 05 01 02 09 - - -
Philippine Arc province

B2(4) 437 25180 14 09 11222 - . ©07 tr - t 28 - t 60 v 02 02 - 01 -
B3(2) 258 57282 54 - 11218 08 1.6 06 03 18 04 23 - - 27 - 18 1.2 - - 02
Southwestern Ryukyu province

NC1(6) 10.2 58133 1.2 3.2 23 76 0.2 04 1.2 0.2 09 02 21 01 tr 17107353 1.7 1.6.- 0.1
nc2(2) 16.6 45182 2.2 04 56135 04 04 1.8 06 1.0 04124 02 - 1.8 50109 40 06 - 04
VII2) 1.3 22 63 03 02 - 54 6321.2 27 43 66 68 1.1 04 - w 08317 07 1.3 - 04
Taiwan province

Vi(4) 47 02 58 1.2 - 20 68 04 06 - - 02 02628 tr t 05175 43 1.4 1.3 - -
Yap-Palau province*

V(3) 266 31 19 - 88 05103 - - - - - - - - 467 22 - - - - . .
V(6) 120 54 88 09 1.4 0.1508 03 05 09 07 01 0.2 27 01 271156 02 05 tr tr tr -

In the first column, number in brackets indicates a number of analyses used to calculate the group mean.

* Assemblage IIIA1 (see West Philippine Sea province) is also characteristic of this province.

Cpx=clinopyroxene; Opx=orthopyroxene; Hb=homblende (1=brownish green, 2=brown, 3=green, 4=dusky brown);
Ep=epidote (group); Grn=garnet; Zr=zircon; Ap=apatitc; Sph=sphene; Trm=tourmaline; Rt=rutile and anatase
undistinguished; Chl=chlorite; St=staurolite, corundum, and andalusite undistinguished; Ol=olivine; Act=actinolite;
Mus =muscovite; Mi=green mica; Bi=biotite;Cc=calcite; Ba=barite; Gph=glaucophane; -=not found; tr=trace abundance.

compositions of these assemblages (Table 2) were compared with mineral compositions of individual
samples, which had not been included in the statistics because of some difference in the sample preparation
and analytical methods (112 analyses from Suzuki, 1975; Nechaev, 1987; Nechaev et al., 1989). The
comparison was carried out on the basis of major mineral characteristics such as: (1) total content of
pyroxenes and hornblende (major volcaniclastic minerals) versus total content of olivine, epidote, garnet,
actinolite, chlorite, glaucophane, colorless and green mica, zircon, tourmaline, staurolite, rutile, anatase
and sphene (major minerals derived from metamorphic and intrusive rocks); and (2) interrelationship
between clinopyroxene, orthopyroxene, and hornblende. Choosing these mineral components, we were
based on our previous work on heavy-mineral assemblages from sediments as indicators of major
crystalline rocks in their provenances (Nechaev, 1987, 1991; Nechaev and Derkachev, 1989; Nechaev et
al., 1989). As a result, all the mineral analyses available were “distributed” between the assemblages that
allowed mineral provinces of the Philippine Sea region to be outlined as carefully as possible.

3. Sources of Samples and Data

All the samples used for our analyses were taken from the collection of the Pacific Oceanological
Institute, Far Eastern Branch, Russian Academy of Sciences. They were obtained in several marine cruises
on different Russian research vessels, as indicated in Appendix and Fig. 1. More detailed information on
the sediments studied is available in the initial cruise reports kept in the archive of the Shirshov
Oceanological Institute (Moscow, Russia).

The data used in addition to those presented in Table 1 were compiled from literature (Suzuki, 1975;
Skornyakova et al., 1978; Murdmaa et al., 1980; Nechaev, 1987, 1991; Nechaev et al., 1989; see also Fig.
1).
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Fig. 1. Map of the Philippine Sea region (simplified after Svarichevsky, this volume) showing the sample locations. Data from
literature were compiled from Suzuki, 1975; Skornyakova et al., 1978; Murdmaa et al., 1980; Nechaev, 1987, 1991; Nechaev
etal., 1989.

4. Results

As a result of cluster analysis, seven mineralogical provinces were distinguished in the surface
sediments of the Philippine Sea and its margins. Below, we will describe heavy-mineral assemblages for
each province.

4.1 East Arc province

This province covers the eastern part of the Philippine Sea including the Izu-Bonin and northern
Mariana Trenches, Izu-Bonin and Mariana Arc, Mariana Trough, West Mariana Ridge, Parece-Vela
Basin, Nankai Trough, Shikoku Basin, Kyushu-Palau Ridge, and southeastern West Philippine Basin
(Figs. 2 and 3). Its heavy-mineral assemblages (IA1, IA2, and IA3 in Table 2) are dominated by two-
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pyroxene suite, in which green clinopyroxene (commonly augite, 63.3, 76.3 and 48.1% in group means)
prevails over orthopyroxene (commonly hypersthene, 27.1, 6.7, and 14.2%). Small amounts of olivine
(0.5, 2.5, and 3.7%) and apatite (1.6, 1.3, and 1.4%) characterize most of these assemblages as well.
Pyroxenes, olivine, and apatite are often associated with brown and colorless volcanic glass, groundmass
of volcanic rocks, plagioclase, magnetite, and, rarely, ilmenite. Their grains are, as a rule, fresh and
crystalline-shape. Microprobe analyses of these minerals evidence that they are chiefly derived from
volcanoes of the Izu-Bonin and Mariana (both ensimatic) arcs (Nechaev, 1987, 1991). Their transportation
to the west, into the deep basins, is carried out mostly by pumice drifted with the surface water flows: the
North Passat (trade-wind) current and Kuroshio counter-current (Danchenkov, 1977). These water flows
have caused, respectively, the southern (south of 20°N) and northern (north of 28°N) advancements of the
province to the west (Fig. 3). On the western flanks of the province, contents of minerals, which are
characteristic of the adjacent provinces, are growing up. So, we can see the increasing orthopyroxene,
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Fig. 2. Map of the Philippine Sea region (simplified after Svarichevsky, this volume) showing the heavy-mineral assemblages
distribution and mineralogical provinces of Quaternary sediments (see Table 2 for the average compositions of assemblages).
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Fig. 3. Map of the Philippine Sea region (simplified after Svarichevsky, this volume) showing mineralogical provinces and
surface water currents (simplified after Danchenkov, 1977).

hornblende, and biotite contents in assemblage IA3 distributed mostly in the Shikoku Basin, northern
Kyushu-Palau Ridge, and northeastern West Philippine Basin (Table 2, Fig. 2). Sediment supply resulted
from erosion of intrusive and metamorphic rocks is limited in the East Arc province. Nevertheless,
relatively high contents of epidote, actinolite, and chlorite were found in sediments from the trenches,
associated with subduction on the eastern boundaries of the Philippine Sea plate, as well as from local
basins and narrow gullies associated with faulting in the intraplate environments (Skornyakovaetal., 1978;
Murdmaa et al., 1980; Nechaev et al., 1989). Perhaps, some increasing of olivine contents in sediments
from the Izu-Bonin Trench (samples V3483, V3514, V3496, 4N48 in Table 1; Suzuki, 1975) is due to
submarine erosion of ultramafics exposed on the specific diapiric seamounts (Ishii ez al., 1992; Lelikov
et al., this volume). High barite content (up to 40% in sample 4N54, Table 1) in sediments on the island
slope of the Izu-Bonin Trench near its connection to the Mariana Trench probably indicates some
hydrothermal deposits eroded in this area.
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4.2 Northwest Arc province

This province covers the central and northern Ryukyu arc-trench area and extends into the Philippine
Sea between the Oki-Daito and Kyushu-Palau Ridges (Fig. 2). As the previous one, it is represented by
heavy-mineral assemblages with dominating pyroxenes. However, orthopyroxene is more abundant (50—
32% in group means) than clinopyroxene (32-27%) here (assemblages IIA1 and IIA2, Table 2). The
highest orthopyroxene contents (>50%) are noted in the area of Kyushu and northern Ryukyu Islands.
Hornblende contents in this province are higher than those in the East Arc province, they are growing to
the south, where assemblage IIA2 with Hb = 25.9% in average and up to 39% in the individual sample
values prevails (see Fig. 2). This assemblage is also characterized by relatively high amounts of garnet,
zircon, tourmaline, sphene, and anatase (Table 2).

Factor analysis indicates that orthopyroxene and clinopyroxene have a positive correlation between
themselves and negative correlations with all other components of the assemblages IIA1 and I1A2. So,
pyroxenes and other minerals of these assemblages are of different origin. Pyroxenes are chiefly derived
from Kyushu and northern Ryukyu Islands (encialic island arc), where great (caldera-creating) volcanic
explosions occurred in the Late Pleistocene and Recent time (Machida and Arai, 1976, 1978; Miyachi and
Miyachi, 1988). The relatively high hornblende content in the southern part of the province (see the
distribution of assemblage IIA2 on Fig. 2) may be explained chiefly by the influence of other volcanic
sources located between Luzon and Taiwan Islands (see below). Most of pyroxene and hornblende grains
are fresh, crystalline-shape (mostly prismatic), and often covered by colorless volcanic glass that supports
their pyroclastic origin. Configuration of the province, which does not correspond to the pattern of surface
water currents (Fig. 3), suggests that transportation of volcaniclastic material from the northern Ryukyu
Arc into the intrasea region is carried out rather by wind than by water flows. Zircon, tourmaline, garnet,
anatase, and sphene, which are relatively abundant in the southern area of the province, where the recent
volcanism is absent, positively correlate with epidote, actinolite, and chlorite. All they are most likely
derived from local erosion and weathering of Tertiary metamorphic and sedimentary rocks composing the
Ryukyu Arc and Daito and Oki-Daito Ridges (Sato and Suzuki, 1977; Hashimoto, 1978; Sato, 1980;
Kizaki, 1986). Perhaps, some of hornblende grains associated with metamorphic minerals in assemblage
IIA2 are of the same origin.

4.3 Southwestern Ryukyu province

This province covers the area around the Sakishima-Gunto islands in the southwestern Ryukyu arc.
According to the previous data (Derkachev and Nikolaeva, 1992), it extends into the Okinawa Trough and
northern areas of the East China Sea following the main stream of the Kuroshio water current (Fig. 3).
Below, we will describe mineralogy of the southeastern part of the province located to the east of the
Sakishima-Gunto islands. Its main assemblages (IIIC1, IIIC2, and VII in Table 2) are dominated by
minerals commonly derived from granites and metamorphic rocks (zircon, tourmaline, colorless and
green mica, epidote, chlorite, garnet, sphene, rutile, anatase, actinolite, and glaucophane). This mineral
suite is resembling that distributed on the East China Sea shelf: sediments of both Southwestern Ryukyu
and East China Sea provinces contain high content of green mica (Derkachev and Nikolaeva, 1992).
Meanwhile, the southwestern Ryukyu sediments differ from those distributed elsewhere in the region by
the relatively high contents of glaucophane. This mineral associated with other metamorphic debris is
most likely derived from local sources, in particular Phanerosoic metamorphic rocks of the Yaeyama
group including glaucophane-bearing shists and conglomerates of the Tomura Formation (Kizaki, 1986).
The arc-volcaniclastic suite, normally composing mineral assemblages of the southwestern Ryukyu area
in minor amounts, is similar to those composing assemblages IIIA3, IIIB1 and IIIB3 which are more
common to the south of the southwestern Ryukyu province (in the West Philippine Sea and Philippine Arc
provinces, see Fig. 2). In few samples, volcaniclastic minerals get dominant. The transportation of these
minerals from the Philippine Arc well corresponds to the way of Kuroshio water current (Danchenkov,
1977). Thus, we suppose that there are the three following sediment supplies to the southwestern Ryukyu
arc-trench area: (1) clastic material derived from local weathering and erosion of the recently non-volcanic
island arc; (2) terrigenous material transported by water currents from the East China Sea shelf; and (3)
pyroclastic debris (pumice) drifted with the Kuroshio water current from the Philippine Islands.

4.4 Taiwan province

This province is located off the Taiwan Island (Fig. 2). Its heavy-mineral assemblage (VI in Table
2)is characterized by the highest (in the entire region) contents of chlorite (52.8% in average) and colorless
mica (17.5%), as well as by the lowest content of orthopyroxene (0.2%). High calcite content is also
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characteristic of this assemblage. Many of mica and chlorite grains include fine crystals of black opaque
minerals and rutile that is specific for this province as well. The main source of this mineral assemblage
is the pre-Tertiary Tananao metamorphic complex of Taiwan, which consists of mica- and chlorite-rich
shists, marble, and more rare acid plutonic rocks, gneiss and migmatite. This complex is being severely
eroded as a result of the current tectonic uplift in the Central Range (Ho, 1982; Biq et al., 1985). Dis-
tribution of the metamorphic mineral suite is carried out by bottom water currents, which advancement
to the east is limited by the Gagua Ridge stretching out along 123°E.

The arc volcaniclastic material, which is similar (Hb > Cpx > Opx) to that dominating in the West
Philippine Basin, compose the Taiwan area surface sediments in small amounts (compare assemblages VI
and IIIA in Table 2). However, it is more abundant in samples from some deep in the cores obtained in
the area (see contents of Cpx, Opx, and Hb in samples from cores 23V7 and 23V6, Table 1). This
observation suggests the impulsive character of sediment supply from Taiwan.

4.5 West Philippine Sea province

This province extends from the Luzon-Taiwan area of the Philippine island arc into the West
Philippine Basin (Fig. 2). Its heavy-mineral assemblages (IIIA1, IIIA2, IIIA3, IIIA4, and ITIB1 in Table
2) are distinguished by the highest contents of hornblende (37-74% in group means and up to 92.3% in
individual samples values, Tables 2 and 3). Biotite and apatite are relatively abundant here as well. Many
grains of hornblende, biotite, apatite, pyroxenes, and opaque minerals (mainly magnetite) and some of
zircon gains are fresh, crystalline-shape, and covered by colorless volcanic glass that suggests their
pyroclastic origin. The same is supported by comparison (on the basis of microprobe analyses) between
hornblende, pyroxenes, magnetite, and plagioclase from pelagic sediments, associated volcanic ash and
pumice, and those from volcanic rocks of the ensialic island arcs (Nechaev, 1987, 1991). The main sources
of these minerals are most likely volcanoes of the northern Luzon, Babuyan and Batan Islands located in
the western area of the province. These volcanoes, composed chiefly of hornblende-bearing andesites, are
well known for their high explosivity (Lelikov and Ostapenko, 1978). Regional distribution of hornblende,
which is the dominant component of the assemblages noted, well corresponds to the water current system
in the sea. Maximal contents of this mineral are noted in the area between the North Passat current and
Subtropical counter-current where anticyclonic gyres occur (Fig. 3). The latter promotes the pumice drift
far to the east from its source. It is possible as well that the concentration of hornblende in the central part
of the sea is partly resulted from the most powerful volcanic explosions on the remote island arcs. A
number of ash layers noted in the area supports this idea (Nechaev, 1987). If so, a ratio of hornblende
versus pyroxenes in the volcaniclastic material may serve as an indicator of volcanic explosivity. In this
terms, the northeastern Philippine arc volcanism is the most explosive in the Philippine Sea region.

Factor analysis distinguishes several mineral suites combined in various proportions in assemblages
IIIA1, IIIA2, TITIA3, IIIA4, and ITIB1. The association of green-brown hornblende and apatite contrasts
with all other minerals. Clinopyroxene has no positive correlations with any other mineral. Almost all the
metamorphic minerals positively correlate with each other, but these correlations are weak. The most
significant suites among them are as following: (1) epidote-garnet-tourmaline-anatase-actinolite-mica-
calcite and (2) green hornblende-epidote-sphene-actinolite. These minerals are distributed mostly outside
the province, in the areas of southwestern Ryukyu, Yap, and Palau Islands, where assemblages II1IA1,
IIIA4, and IIIB1 occur as well (see Fig. 2).

4.6 Philippine Arc province

This province surrounds Philippine Islands excluding the area off the northeastern Luzon Island (Fig.
3). Its main assemblages (IIIB2 and ITIB3 in Table 2) are characterized by high contents of epidote (22.2—
21.8% in group means), hornblende (21.4-34.7%), actinolite (6—2.7%), and, sometimes, chlorite and
biotite. Pyroxenes are abundant as well, but their contents (Cpx =43,7-25.8 and Opx =2.5-5.7% in group
means) are commonly less than that in the average heavy-mineral composition of the entire region.
Relatively high amounts of garnet, zircon, tourmaline, sphene, anatase, and glaucophane in the average
composition of assemblage I1IB3 are found only in sediments distributed outside the province (Sample
14P927 from the southwestern Ryukyu Arc).

Small number of heavy-mineral analyses does not allow factor analysis to be applied for distinguish-
ing the mineral suites of different origin among the assemblages I1IB2 and IIIB3. Nevertheless, the
complex mineral compositions of these assemblages and their distribution suggest that they are derived
chiefly from the two local sources, both belonging to the Philippine island arc. Epidote, actinolite, chlorite,
and, partly, green hornblende, biotite, and pyroxenes are resulted from weathering and erosion of
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metamorphosed magmatic rocks: green shists and amphibolites, including metaophiolites (Geological
map, 1963). The metaophiolitic material in sediments is indicated by enstatite, diopside, and chromian
spinel found in small amounts in all the samples from the island slope of the Philippine Trench. Most grains
of augite, hypersthene, green-brown and brown hornblende, oxyhornblende, and biotite, which are fresh,
crystalline-shape, and associated with volcanic glass, are of volcanic origin. So, we suppose that the
pyroclastic and erosion-related contributions to sediments of the Philippine Arc province are close in
volume although their interrelationship changes significantly from place to place. Where the volcaniclastic
suite dominates, it resembles assemblage IA2 (with prevailing clinopyroxene that is common in the East
Arc province), but has the higher amount of hornblende. '

4.7 Yap-Palau province

Specific mineral assemblages (IIIA1, IV, and V in Table 2) are distributed in the southern Mariana,
Yap, and Palau Trenches. They contain abundant debris of metamorphic and intrusive rocks (epidote,
hornblende, actinolite, and sometimes, olivine, chlorite, sphene and biotite), that disturbs the domination
of volcaniclastic clinopyroxene in the eastern part of the region. Among other minerals, here are noted
diopside, enstatite-bronzite, chromian spinel, serpentine, which are characteristic of metamorphosed
ultrabasic rocks (Skornyakova et al., 1978; Murdmaa et al., 1980). The only possible source of all the
minerals mentioned is a complex of metaophiolites and metabasites composing the southern Mariana, Yap
and Palau ridges (Shiraki, 1971; Hawkins and Batiza, 1977; Evlanov et al., 1979; Savelyeva et al., 1980;
Sharaskin et al., 1980). Strong erosion of the basement rocks is promoted by collisional tectonics (in
particular intense tectonic uplift) in this area (Hawkins and Batiza, 1977; Eguchi, 1984). Volcaniclastic
suite distributed there in minor amounts does not differ from that dominating in assemblages IA1 and IA2
(note that most hornblende grains are likely derived from the metamorphic rocks).

5. Heavy-Mineral Assemblages as Indicators of Subduction/Collision-Related Tectonics

In the previous paragraphs, we have noted that, in the region, there are three heavy-mineral provinces
(the Southwestern Ryukyu, Taiwan and Yap-Palau provinces) with the dominant mineral suites derived
from erosion and weathering of metamorphic and intrusive rocks (Fig. 4). These provinces cover areas in
the close vicinity of local plate collisions, where severe tectonic uplift and strike-slip motions are taking
place. Volcanic activity is currently absent there. Consequently, volcaniclastic material presented in these
provinces sediments in minor amounts are derived either from the distant arc volcanism or from the local
erosion of ancient volcanic rocks.

Three other provinces (East Arc, Northwest Arc, and West Philippine Sea provinces) are almost
completely volcaniclastic. They represent large areas within the Philippine Sea plate, which are continued
into the areas of island arcs and trenches associated with subduction, volcanism, and tensional tectonics.
In certain cases, some strike-slip motions also occur there. In these settings, subduction-related volcanism
isthe dominant process supplying clastic material to sediments even ifthese sediments are being deposited
far away from any island arcs. Volcaniclastic debris is distributed over the spacious basins between arcs
as a result of volcanic explosions and the consequent transportation of pyroclastics with winds and water
currents. Metamorphic and intrusive (basement) rocks are prevented from erosion and weathering in the
provenances because they are commonly buried under thick piles of volcanic deposits. Some increasing
contents of the metamorphic and intrusive detritus have been found only in sediments associated with the
local tectonic features like Yap and Central Basin fracture zones within the Philippine Sea plate and
diapiric seamounts in the Izu-Bonin Trench.

The Philippine Arc province is transitional with respect to the ratio between the basement erosion-
related and volcaniclastic contributions to sediments. This is due to the specific tectonic regime, in which
several subduction zones, often facing one against others, are associated with significant strike-slip
motions, compressional tectonics, and arc volcanism.

The observations presented above only confirm and, to some degree, develop our previous
conclusions (Nechaev, 1987, 1991; Nechaev and Derkachev, 1989). To go further in studying the linkage
between heavy-mineral assemblages and tectonic settings associated with convergent plate boundaries,
we should examine spatial distribution of arc volcaniclastic minerals in sediments of volcanic island arcs
and associated trenches. This will allow us to distinguish mineral suites indicating different types of arc
volcanism, which, in its turn, reflects the mode of subduction and type of the arc basement.

Diagram on Fig. 5 shows variations in relative contents of orthopyroxene, hornblende, clinopyroxene
and olivine, which are the major arc-volcaniclastic heavy minerals, in Quaternary sediments of volcanic
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island arcs (Izu-Bonin, Mariana, Ryukyu, and Philippine) and associated trenches. As one can see,
clinopyroxene and olivine predominate among volcaniclasic minerals of the Izu-Bonin ensimatic island
arc. This well corresponds to the fact that arc tholeiite is a leading rock type there, calc-alcaline lavas occur
in minor amounts, and alkaline volcanites are absent (Sharaskin, 1992). Subduction in the area of the Izu-
Bonin Trench is associated with significant strike-slip motions and weak plate coupling (Uyeda and
Kanamori, 1979; Simkin et al., 1989).

Volcaniclastics of the Mariana (also ensimatic) island arc, associated with normal subduction and
weak plate coupling, differ from those of the Izu-Bonin arc by the higher content of orthopyroxene. The
difference in mineralogy probably indicates the difference in volcanic rock composition between the two
arcs mentioned. On the Mariana arc, calc-alkaline lavas predominate, tholeiites are common, and alkaline
rocks are very rare (Sharaskin, 1992). This is, most likely, the case of ensimatic island arc, which
magmatism is well and freely developed in the background of normal subduction with weak plate coupling
(Uyeda and Kanamori, 1979; Simkin et al., 1989).

In the area of the northern and central Ryukyu (ensialic) arc, orthopyroxene is more abundant than
clinopyroxene, clinopyroxene is more abundant than hornblende, and olivine is very rare. In contrast to
the Izu-Bonin and Mariana arcs where the volcaniclastic suites are almost completely lacking of
hornblende, content of this mineral on the Ryukyu arc is, in many cases, sufficient. Here, calc-alkaline and
alkaline lavas occur in marked amounts while tholeiites are relatively rare (Sharaskin, 1992). Like the
Mariana-arc magmatism, magmatism of the Ryukyu arc is likely running in the background of normal
subduction with weak plate coupling (Uyeda and Kanamori, 1979; Simkin et al., 1989). However, it is
developed on the sialic rock basement.

In the vicinity of the Philippine (ensialic) island arc, orthopyroxene and olivine occur in minor
amounts while clinopyroxene and hornblende predominate among arc-volcaniclastic heavy minerals (Fig.
5). Interrelationship between the last two minerals significantly changes from place to place, hornblende
being concentrated in the northeastern area of the arc (see the paragraph “West Philippine Sea province”
above). As noted, the latter probably indicates that the local volcanism in this area is the most explosive

Table 3. Heavy-mineral assemblages indicatory of subduction/collision-related tectonic settings.

Subduction Associated Island Recent Arc  Volcaniclastic heavy- Heavy-mineral suites
Arc Volcanic Rocks mineral suites derived from the basement
erosion
Normal subduction Ensimatic (central  Calc-alkaline, Dominant: Negligible
with weak plate Mariana) tholeiitic, alkaline* Cpx+Ol1>Opx>Hb
coupling
Normal subduction Ensialic (northern  Calc-alkaline, Dominant: Negligible
with weak plate and central Ryukyu) alkaline, tholeiitic* Opx >Cpx+01>Hb
coupling
Subduction with Ensimatic (Izu- Tholeiitic, Dominant: Minor
strike-slip Bonin) calc-alkaline* Cpx+01> >O0px>Hb

component and
weak plate coupling

Subduction with Ensialic (Philippine) Calc-alkaline Major: Minor but sufficiant: Ep,
strike-slip Cpx+O1>Hb> >Opx and Act, Chl, Hb, Bi, Cpx, Opx
component and Hb > Cpx+01> >Opx

strong plate

coupling

Collision between ensimatic island arc Absent Minor, derived mostly from Major: Ep, Hb, Act, Ol, Chl,
(Yap) and buyoant block of oceanic the adjacent volcanic arcs ~ Sph, Bi

lithosphere (Caroline Islands area)

Collision between ensialic island arc Absent Minor, derived mostly from Major: Chl, Mus, Zr, Trm,
(Taiwan) and continent (Eurasia) the adjacent volcanic arcs Ep, Grn, Sph,, An, Act, Gph

* Rock types are listed in according to their frequency (first type is the most often). Mineral abbreviations are the same

as those in Table 2.
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in the Philippine Sea region. Recent volcanic rocks of the Philippine arc are poorly described in the
literature available to us. Nevertheless, hornblende and two-pyroxene calc-alcaline andesites are commonly
noted here (Lelikov and Ostapenko, 1978). There are several subduction zones, sometimes facing one
against others, in the area of Philippine Islands. Most of them, if not all, are associated with significant
strike-slip motions and strong plate coupling. Perhaps, this tectonic regime locally stimulates intense
assimilation of the earth’s crust material in the island arc magmas. As a result, the magmas are enriched
by water, that, in its turn, leads to high explosivity of volcanism and extreme crystallization of hornblende

and other water-bearing minerals.

6. Conclusion

Quaternary sediments of the Philippine Sea region contain heavy-mineral assemblages, which
distinctly indicate various tectonic settings and arc volcanism on the Philippine Sea plate boundaries
(Table 3). We hope that these observations will help other researchers in studying the geological history

of terranes composing modern and ancient plate margins.
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