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The resuhs of recenll)' complcled geoJogical and geophysical slUdies of the tectonically active 
portions of the Mariana Island arc system 3fe described . Leg 60 of the Deep Sea Oritling 
Projec!. 'lnd the drill si le selection cruises that preceeded Leg 60. provided the bulk of Ihese 
new dala . 

The Maria na roreare reglo" consis!s of remnant s of the Palau- Kyushu Ridge (r ifted in the 
Oligoce ne) and the Wes t Mariana Ridge (rifted in the late Mioce ne-earl y Pl iocene), partially 
covered by modern a rc sediments and volca noes. The forearc is disrupted by apparent normal 
faulls and vertical tcctonic movement that ultimalely produces net subsidence. with the degree 
of fau lt ing and subsidence increasinll doser to the trcnch. No compressional features are 
observed. even close 10 the loc us of plate convergence in the trench. No evidence for 
accrel ion of Pacific ocean plaIe material onto the Mariana farearc was found . Instead . the 
proximity of old arc rocks to the trench and the apparent ove rull subsidence of the Mariana 
rorenrc sugges t that it is being tec tonicallyeroded by the subduction of the Pacific lithospheric 
plate , 

Yolcanism in the Mariana arc system seems to be continuous s ince Eocene, although period s 
of possiblc incre'lsed or decrc;\sed le vels of volcanic ac ti vity can be interprelcd from the 
drilling resuhs. 

The hydrothermall y active Mariaml Troullh has been opening for al least the past 5 MY al a 
half ra te of , .5-2.0 cmlyr. and is now spreading roughly east-west with a recognizable 
spreading center/transform fault geometry from an ax ial grabe n near '8 ON la titude , 

OUIHlOI. Acta, 1981. Proccedings 26'h Intermllional Geological Congress. Geology of 
continental margins symposium , Paris. Jul y 7-17, 1980, 203-212, 

Tecto nique de l' arc des Maria nnes: rés ultats de travaux récents, notamment 
du Leg 60 du DSDP, 

Les résultats d'éludes géOlogiques et géophysiques récemment menées sur les parties 
tectoniQuement !Ictives du système de l'arc insula ire des Ml1TÏannes sont décrits. Le Leg 60du 
Projet de Forages Profonds elles c rois ières prépara toires à la sélection des si tes de forage qui 
ont précédé ce Leg. ont proc uré l'ensemble de ces données nouvelles, 

L 'l région du !ore(lrc des Marian nes se compose des vestiges de III ride de Pa/au-Kyushu 
(séparée par rihing à l'Oligocè ne) et de la ride Ouest-Maria nnes (séparée au Miocène 
terminal · Pliocène inférieur), partiellement couverts par des sédiments de l'arc récent et des 
volcans. 

Le !orearc est affecté par des fa illes normales et par des mouvements tectoniques verticaux 
qui entraînent enfin une nette subs idence ; l'intensité du fa illage normal cl la subs idence 
ltugme ntent en allant vers la fosse, On n'observe aucune figure de compression, même au plus 
près du point de convergence des plaques dans la fo sse. On n'a pas trouvé de s ignes 
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d·accrétion du matériel de la plaque pacifique contre le foret/rc des Mariannes. Par contre ,la 
prox imité des séries de l'arc anCÎen ~vec la fosse et l'apparente subsidence générale du forum: 
des Mariannes suggèrent qu'II est soumis à une érosion tectonique due il la subduction de la 
plaque lithosphérique pacifique. 

Le volcanÎsme da ns le systè me de rare des Mariannes semble être continu depuis rJ::ocène . 
bien qu·il soi t possible de distinguer , d'après les données de forages, des périodes o ù le niveau 
d'activité volcanique a augmenté ou, flU contraÎre. diminué . 

Le bassin des Mariannes, avec son hydrothermalisme actif. s'est ouvert depuis au moins 
5 millions d·années au demi-taux de 1.5-2 cm par an; il s'ouvre actuellement approximative­
ment selon une direction Est-Oue~ !. avec une géométrie reconnaissable comme un sy!>tème 
zone d'accrétion/faille transformante, à partir d'un graben axial situé à environ 18Q de latitude 
Nord. 

Delta/lOI. A cta. 1981. Actes 26~ Congrès International de Géologie. colloque Géologie des 
marges continentales, Paris . 7-17 juil. 1980, 203-212. 

INTRODUCTION 

The Mariana Arc system comprises several major north· 
south tectonic feature s which a rc forming as a resul! of the 
convergence of the Pacifie and the Philippi ne lithospherie 
plates. From east to west. the most conspicuous of these 
active feat ures arc (Fig. 1) the Mariana Trough. Perhaps 
equally imporlant, but less well-defined. teclonic feat ures 
are the wes t euge of the Pacifie plate, which has been 
drastically bent and broken prior to and af ter subd uction. 
and the Mariana foreare betwee n the trench and the ax is of 
preSent arc volcanism. The foreaTC is also an area of intense 
fault ing and crustal disTuption and may have been Ihe foc us 
of recent volcanism. 
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For over a decade the Mariana Arc system has bee" the 
subject of considerable geologic and geophysical study 
because it is a relatively uneomplicated example of a 
particular tectonic compone nt - the convergence zone 
between two purely oeeanic plates. Karig (1971) presented a 
model for the geologic evolution of the region that has been 
the framework for subsequent studies. He suggested thal 
the active volcanic afeas that form above subduction zones 
sometimes split longit udinally. New seafloor c rus t is then 
genera ted in the extensional basins formed by this rift ing. 
As these backarc basins enlarge. the inactive, remnant parts 
of the original arc move away from the s till-ac tive volcanic 
arc above Ihe subduction zone. In the Mariana system, this 
sequence of events has occurred twice. First, an original 
Eocene island a rc spli t and Icfl a remnant arc (the Palau­
Kyushu Ridge) behind an extensional backarc basin (Ihe 
PaTece Vela Bas in). Then, late in the Miocene, the active 
volcanic are rjfted a second lime and another backare basin 
(the Mariana Trough) was formed, sepllraling the remnMt 
Wes t Mariana Ridge and the presently active Mariana Island 
arc. This (atest rifting is still in progres~ . 

Because of ilS conceplua! s impl icilY , lInd because of the 
many questions il rab>e~ about magma genesis, island a rc 
structure, and the stresses and mechanisms involved in arc 
forma tion llnd rifting. Karig·s model produced increased 
interest in the Maria n;. region. Both the SEATAR projec! 
(an intcrnationally sponsored program of geologic and 
geophysical tranSCCIS funded in the Uni ted States by the 
Interna tional Decade of Ocean Explorat ion) and the Inter­
national Phase of Ocean Drilling (IPOO) of the Deep Sea 
DrilJing Project (DSDP) planned s tudies of the Mariam! Arc 
system along cast-west t nlnsect~ at llpproximately HI ON 
lati tude. Several geology and geophy~ics eruises from the 
Hawaii Institute of Geophys ies, Scripp~ lns litule of Ocea­
nography, and Lamont·Dohert y Geologiea! Observalory, as 
weil as four months of deep-oeean ~cientific driJting (Leg~ 
59 and 60) have been concentrated along this hnitude during 
the pasl five years. 

This paper is a progre!>~ report on the resu!!s of the Icctonic 
aspects of the~e recenl studies. We will re~triet the discus­
sion 10 the active eastern part of the transecl (boxed ;uea in 
Fig. 1). T he authors were co-chief scicntis t ~ on IPOD 
Leg 60, which sam pIed the Mariana Trench. forearc, and 
backare basin, ~o wc will emphasize partiçularl y the rcsults 
of Ihis drilling. 



SClENTIFIC OBJECTIVES 

The scientific objectives of the conventional research 
cruises were ge nera lly the same as those of the IPOD 
drilJ ing. In facto many of the cruises were drill si le selection 
sun'eys . 
The Pacific plate east of the Mariana Trench was studied to 
delermine ils age and c rus tal s tructure and was drilled 10 
provide a section of sediment and upper c rus ta l rock s that 
could be used as a reference of the materia l being delivered 
to the trench. 

S tudies of the Mariana arc and foreatc. from the trench ax is 
to the volcanic islands. were primatil y directed toward 
determining the volcanic and tectonic history of the region. 
Although the genetal motphology of the a rc·s ide trench wall 
was known, it was not known what portion . if any. of the 
foreare is composed of island a rc volcanic rocks and what is 
Paci fic sediments and rocks that have been scraped off the 
subducting plate and uplilted and accreted into the overri­
ding Mariana foreatc. 

ln the backarc basi n, data were collected 10 help define the 
spreading, subs idence, and sedimentation history of the 
Mariana Trough. It was hoped that in addition to determi­
ning the age and raIe or r ifting, the geomclry of the 
spreading could be ddined to decide if these basins wcre 
opening from a s table sprellding-ridge/transform fa ult sys­
tem analogous to mid-ocean basin spreading centers. Are 
these small backarc basins s imilar to the basins that exist 
during the initial rifting stages of ma jor ocean basins ? 

Pacifie plate 

The Pacifie plate juS! east of the Mariana Trench is shown 
as part of the Mesozoic quiet zone in Pacilic-wide magnetie 
anomaly compilatio ns such as that by Hilde et (II. (19n). An 
apparent magnetic a nomaly s tripe was, howcver. lound by 
Hussong (in press) during l POO drill sile surveys. Al though 
the anomalies have not been identified, their orientation 
suggests Ihat they mny be the same Mesozoic sequence 
identified by Hilde el al. (1976) as the Japancse sequence. 

_ .. - ----. 
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Figure 2 

TECTONtCS IN THE MARIANA ARC 

Crus tnl struc ture in the a ren was determined by LaTraille 
and Hussong (1980) ; who lound thal the total thickness 
(6.8 km beneath 5.S km 01 waler) was s imilar to the average 
thickness 01 younger oceanic crust. but that the deeper 
layers 2 and 3 were thin . Layer 2A was, however , unusually 
thick, perhaps because of mid-pla te vo1cnnism (t he area is 
part of the Magellan Seamount province )or the occurrence 
of very thick chert layers. 

The bathymctry and generalized c rus tal struc ture of the 
tectonically ac ti ve part of the Mariana a rc system are shown 
in Figure 2, along with IPOO Leg 60 drill sites. This figure is 
a revised vers ion of a s imilar bloc k diagram published by 
Hussong. Uyeda el al. (1978). 

Durini IPOO Leg 60, tWO holes were driJied al o ne locatio n 
(site 452) on the Pacific plate (Table . Fig. 3) about 75 km 
easl of the Mariana trench axis. Impenetrable chen s of 
probable Campanian age prevented further drilling after less 
than 50 m of Neogene sediment was cored . As the first 
reports of Leg 60 (Hussong et al .. 1978) pointed out . this 
site was one of 16 in the fa r western Pacific with Il 

Cretaceous-Neogene disconlorm ity. Recause there is Neo­
gene, and virt ually no Paleogene . sed iment on the deep sell 
f100r in the western Pacifie, if any sedime nts of these ages 
were fo und on the island arc side of the Mariana Trençh, il 
is likely Ihat the y were not derived lrom the subducting 
oceanic plate . 

Mariana Trenc: h 

A typical single-channel ai rgun seismic reflection prOlû.e 
across the Mariana Treneh and forearc is shown as 
Figure 4 A. From east tO west , note the development of 
horSI a nd graben topography o n the surface of the Pacific 
lithospheric plme as it bends prior to subduction. Note also 
the abse nce of any lurbidile fill in Ihe Irench ax. is. No 
sediment ponds were found anywhere in the trenc h axis 
between IP'1S ' N and 18<>tS'N la titude , and almost no 
sediments were located anywhere on the inner (island arc) 
wall of the trench. The first clearly defined sediments were 
not observed until west of the trench s lope break. at a depth 
in Figure 4 A 01 about S.4 sec. (4,100 ml. To the north and 
to the south of this figure. rar more bathymetric re lief was 

Ph ys/ographle uiagru/II and gell tru/iuu c:ru sw/ s/rUCIUU o/'''e /ec:/ollic:u/ly lIc / il'e pI,rtioll ol/ht Murio" !1 Is/a/tu urc sysum .lrom HU$Sonlf (i" 
press). lAIcu/ions of DSDP Leg 6() urm sÎus 451 Ihrough 461 un Îndlea ltd. 
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T~bJc 

DSDP Le/( 6(J drilllflii rlsul/s 

La/ilude u)I!//;ludt Holt Elll"irorrmell/ 
(NI (El 

452 old ocean basin 17 40.2' 148"'38.7' 
4HA old ocean basin 17·40.2 ' 148"J8.8 

'" back-arc basin 17'54.4' 143"4\.0' 

'" back-arc basin 18000.8' 1440) 1.9' 

"" back-arc ba~in 18-00.8 ' 144"31.9' 
455 back·arc basin 17"51.J ' 145~U' ,,. bac-arc basin 1754.7' 145<10.8 ' 
456A back-afc basin 17'54.7 ' 145"10.9 

'" active volcanic arc 17 50.0' 14549.0 ' 

'" fore·arc 17"51.8' 146· 56.1 ' 

'" rore·arc 17'51.8 ' 147"18.1 ' 
459A fore-arc 1751.8' 147·18.1 ' 
4598 fore-arc 11"5t.8· 147"18.1' 

'''' inner treneh wall 17"40.1' 14735.9 

''''A inner Irench wall 1 NO.O· 147·35.2 ' 

'" inner Irench wall 17' 46.1 ' 147"41.2 ' 

"'A inner trench wall 1746.0' 1474\.l ' 

·illlerbedded b:lSllIt and sediments encountered trom 67 10 149 m 
below Ihe ~ea fl{)Or . 

---

1 . u..... 

...- -­.......... _._ .. 

R:--l--

\Vu/er Tmal 
deplh pelle/ra/ioll 
(ml (m) 

5858 28.0 
'861 "'., 
4693 605.0 
3819 38.5 
3819 171.5 
1<68 104.0 
3591 169.0 
3591 159.0 
2637 61.0 
3450 465.5 
4130 1.' 
4120 67.0 
4\15 69\.5 

'''' 85.0 
"'1 99.' 
7029 20.5 
7034 15.5 

~ .......... -
::;---

Pnrefrul;ulI 
;11/0 A" iglltorlS of dupesl 

baumell/ sedimerr/~ 
(ml 

Pleistocene 
Campanian 

149.5 Earliesl Plioctne 
Late Pleistocene 

n.5· Early Pleistocene 
Early Pleistocene 

55.0 Early Pleistocene 
41.0 Early Pleistocene 

Late Plei~locene 
209.0 Early Oligocene 

RecclII 

132.5 Pre·lale Eocene 
Eocene 
Quaternary. reworked Eocene 
Quaternary. reworked Eocene 
QU:ltern<rry. reworked Eocene 

Figure: 3 
Lilhoiogic CU/UIII'I$ f"f sill's dril/rd (/II DSDP 
Lrg 60. 

E:J---
0-" 
~-_ .... 

c=-
0 -"'-
~~';':: 

C::::--

observed on the fore!lrc near the trench slopc break. Note. 
for instance. the forearc :.eamount in Figure 2, whieh rÎses 
aboul 2.500 m above the surrounding se:! floor. The origin 
of this feature. which has the general conkal shllpe of il 

voleano. is unknown. 

Two IPOD sites with IWO holes at e:ach site. were driJied on 
the inner w!lll of the Irench. At s ile 460. an 85-m-deep cored 
~ection revealed Pleistocene oozes overlying Eocene ,mu 
OJigocene sedime nt ~. The ca1carcous nalur.: of these Pareu-
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gene sediment s sugges ts thul they had :.ubsided 10 their 
present depth of over 6 km ;tfter deposition above the 
carbonate compensation depth. A second hole at this si le. 
hole 460 A, relric:ved reworked and mixed sediment:. comai­
ning mÎtrofossils of !Ill ages from Qualcrnary Ihrough 
Eocene. 

Sile 461 . al a watcr depth of over 7 km. is the deepest site 
ever drilled in the ocea n. Unfortunalely. the penetration lit 
the IWO holes attempted was very disappoi nting . Recovered 



Figure 4 A 
Single-drarmel ref/ecliun seismic profilt acmss lire 
Mariana lrench and lore-arc rtglon aequired by Ihe 
Ha waii JnSlllule of Oeaphysics during a drill silt 
seleclion cruise (KK 760103 Leg 2). DSDP Leg 60driJI 
sites 452 and 458-461 are /101 un Ihis profile, but are 
indiea/td al posirions pmjec/ed 011 /0 tht profilt. Nou. 
on profile D-E. Ihe dt"e/opment of tenslonal uppu 
crus/a/ fau/l ing as Ihe Pacific Iirhosphuic plate is belli 
prior 10 subduction. On pmfile Co D Ihe fore-arc is 
dis r/lpled by sI/rail hi8h-all8le (prt.~"mably normal) 
fa {, IIS Ihol inr:reast clost 10 1111.' Irtn ch. 
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TECTONICS IN THE MARIANA ARC 

--
...... -

Figure: 4 Il 
C(II,lill/w/iO/r of seismic rtf/ecliml I" .... file sho"'/I ill 
Figl/re 4 A. The axis (Jf bCick Circ sprt.'oditlg is approxi­
ma/ely 01 pol/ll B. 



D. M. HU550NG, 5, UYEDA 

wl!rc ilpparenl olistostrome deposits. consisting of redepo­
si ted and mixed Cenozoic and Mesozoie sediments, as we il 
as eobbles of igneous and ml!tilmorphie rocks. The Meso-
20ic foss ils were apparenlly redeposited from nearby out­
crops a nd include Laie Crelaeeous radiolarians in 
holes 460 A and 461, and Upper Jurassic calpionellids in 
hole 460 (Azema, Blanchet. in press). 

At both si tes 460 and 461 , a polymici assortment of basait , 
metabasalt, bronzite·andesite , and gabbro eobbles a nd 
fragments were cored. Ali of these rocks seemed to he 
debris mixed in with sediments and do not necessaril y 
represe nt baseme nt material. Chemically, ail the rocks thal 
were analyzed have is land-arc. as opposed to ocean crus!, 
amnities (Wood el al" in press). 

ln addi tion to the chemical eharacteris tics of the rocks , the 
age d istribution and characler of the fossils and the common 
calcareous sediments recovered from sites 460 and 461 
suggest thatnll the mnterial recovered from the inner wall of 
the Irench came from the island arc. Noevidence was found 
for accrelion o f ocean plate sediments to the overriding 
plate. 

i\1arlana Arc and .-ortare 

Geophysical surveys on the Mariana rorearc rcvealed thiek 
sediments, commonl y over a kilometer thick , overlying 
basement with velocities of 3.0-5.8 km/sec. (LaTraille, Hus­
song, 1980). This base ment probably consists of arc volca­
nic rocks and inlrusive igneous rocks. LaTraille and Hus­
song (1980) inlerpreted a layer with velocities of 
6.1-6.5 km/sec. at sub-bollom depths of 4 to 5 km. th!lt they 
suggeSI is the original backarc basin of oceanic crust upon 
which th t arc voJca nic rock~ erllptert Occa~ional short_ 
w!l ve length , high.amplilude gravit y anomal ies, sueh as 
identifie d but not interpreted by Sager (1980), may be 
caused by vokanic roc ks that have been buried or partially 
buried by the forearc sediments . 

The structure of the steep inner wall o f the trench is poorl y 
defined by seismic proriles. West of the trench slope break, 
however. where the seafloor is flaner. surface and subsur­
f!lce structures are clearly deHneated. Surprisingly, the 
forea rc seafloor b dominated by extensive high-angle, 
normal fli ullS liS do~e as 30 km to the locus of plate 
convergence in the trench ax is. These faults can be seen on 
the forearc in Figure 4 A. but are more readily seen in 
migrated multi-channel seismic refl ection data (Fig. 5). 
Mrozowski and H!lyes (1980) round the fault s genera1Jy to 
parli llei the strike of the arc, 10 have offse ts ranging from 
10 m to 200-300 m, and to extend in many places through the 
sediments and into the basemenl. 

Two si tes (458 a nd 459) were drilled o n the forearc , and a 
thirJ si te (457) was drilled on the volcanic axis of the arc 
(Fig. 2). Site 457. on the slope of Alamagan Island , was of 
liule val ue in Ihal it was not possible 10 penetrale the rectn t 
coarse pyroclaslic sa nd thal blankets Ihe region. 

Orilling at both site 458, on a local 40-mgal gravily high that 
Hussong and Fryer (in press) sugges t may be a buried 
volcanic pile , and site 459, just west of the trench slope 
break (Fig. 4 A), produeed thick sediments and subs tantial 
sections of igneous basement (Table ; Fig. 3). O n Ihe basis 
o f the loe cores, the IPOD Leg 60 scientists developed a 
sedimentBry history for the rorearc (Hussong el al., 1978 
and in press) that we will su mmarize. The basal sediments at 
both forearc sites are coaTse. highly altered volcaniclast ic 
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Figure 5 
En/argemt m of li portion of u mulli-chunnel uismic repecliolt 
pmfUt acquirtd b)' Uu/tom·Dohert)' GeQI(lgical Obsen'atory. The 
profilt is (In tht fore-arc near DSDP .lift 459 (bet ... ·ult IIJO Z a(ld 
J200 Z 0 1'1 profile CD. Fig. 4 A). The profile ha.l bUIt slarked ultd 
mill,aud 10 .lho'" Ihe ItQrnral faults which are do"'n-dropped on lhe 
east. lowurd the Mariano "t/tch. Profile from Mrozowski and 
Hayu (980). 

debris deposited on island-are·related volcanic basement in 
the early Oligocene at si te 458, and the Eocene at s ite 459. 
From these beginnings 10 the middle Miocene , nannofossil 
chalks were being formed al site 458 , whereas Ihick lurbidi­
tes accumulated a t si te 459. The apparently undisturbed 
ealcareous and vi tric mud was being deposited during the 
same period a t s ite 460 , afler which this trench wall si te 
~ lJh~ided 10 it~ present deplh . The ~edimentary sequences in 
bath s ites 458 and 459 have several hiatuses thal are 
generally independent of e!lch other excepl the prominent 
hiatus from late Mioeene 10 Pliocene . The forear c s ites then 
show an increase in biogenic sedimentation in the Pleis to­
cene thal , by recent time, had beeome prinlllril y s iliceous 
ooze . 

As sugges ted in the Leg 60 Initial Report s Volume (Ship­
board Party, in pres~), the sedimentary history of the 
roreare s ites is s trongly influenced by teclonic evenl~. The 
Oligocene-Miocene c halks at site 458 appear to have been 
deposited near Ihe equator . There are no turbidites at 
s ite 458, and the domin!lnl ehalk deposits in that hole 
sugges t that the s ile was o n a local bathymetfic high , or 
uplifted part of the rorenfc. In contrast, thick turbidites at 
s ite 459 ind icale Ihat this part of the forearc was subjeci to 
subsidence relative 10 its sUTToundings (or uplift o f the 
surrounding area), particularl y during early Üllgocene and 
Mioeene limes. At both sites, local sediment reworking and 
redeposition occ urred a t allt imes, even dudng the relatively 
quiescent c hal k deposition at si te 458. This reworking may 
be an effect of the dominant faulting observed În the seismic 
reflection profile s in the area. 

The deeper, more conloolidated . sediments at si te 459 (and 
to lesser extent a t si te 458) were fractured and raulted . The 
domina nt small-~cllie normal fa ulting observed in the cores 
supports the concl usion from the surface geophysical obser· 
vat ions Ihat the fo rearc is under tension . 

Thin ash la yers, and abund.tnt volcanÎc glass. occur 
throuahout the foreare sediment sectiQns, !ll though they are 
les lo !lpparenl in the Ol igocene ; their presence sugge~b 
nearby volcanic activit)' . 



The upper 130 m of igneous basemerll at site 458 consists of 
bronzite- and cJinopyroxene-bearing, nearly plagioclase­
free lavas which resemble high-magnes ian 'Indesi tes found 
associated with boninites. an unusual and rare rock type 
found in some is land arcs (Meijer et al .. in press). Chemi­
cally. these rocks are reported by Wood et ai . (in press) to 
have Ni (60-100 ppm), Cr (170-300 ppm), and MgO 
(6.1-9.2 % ), bUi low TiOI (0.28-.51 %) a nd Zr (29-51 ppm). 
even thouSh the Si02 in the rocks is hiSh (52-54 %). Deeper 
in hole 458 these distinctive andesites are interbedded with 
two-pyroxene basalts which Wood et al. (in prcss) show are 
c hemicaJly similar to the tholeiit ic basalts wh ich dominate 
the site 459 basement and are typically found in is land arcs. 

The nearly 130 m of isneous basement cored a l s ite 459 
consists of vesicular . c linopyroxene-plagioclase, tholeiit ic 
basalts in piltow lavas , flows, [-Ind possible s ills. These 
basalts are high in Si02 (51.1-58.6 %), are quartz-normative. 
and ha ve low TiOl (0.7-1.2 %), Ni (11 -57 ppm), and Zr 
(36-73 ppm) as measured by Wood el al . (in press). The 
rocks a lso show a range of iron enrichment (Fe20) a t 
9.8-13.6 %) indicating that they are highly frac t ionated at 
typical values for island arc tholeiites. 

The igneous rocks at si tes 458 and 459 arc highly fraclUred 
and altered to smectite·philJips ite assemblages. Natland and 
Mahoney (in press) fo und secondary palygorskite and 
celadonite in s ite 459 basalts which they suggest formed 
du ring an early oxidalive s tage of hydrothermal alterat ion. 

Heat fJow was measured by Uyeda and Horai (in press) in 
the holes al both sites 458 and 459, a nd in both it was below 
1 H FU. 

Bleil (in press) measured remnant magnelism in the igneous 
base ment of the fon::arc sites. He found nine separale 
magnetic unÎ(s wi th distinct incl inat ions in hole 458 - ri ve 
in the high-magnesian andesi tes and fo ur in the arc-tholei itic 
basalts. Although some of these different units may be 
caused by d isplacement due to faulting, many correspond to 
chemical uni\S in the rocks and are probably representati ve 
of secular variation in the earth's field , suggesting a lengthy 
his tory of igneous emplacement. The measurements a t 
site 459 showed the igneous rocks to have extremely high 
magnelic intens ilies (cons istent with their high iron enri­
ch ment) with shallow inclinations of both normal a nd 
reversed polarity. 

Takigama and Ozima (in press) attempted to age-date 
igneous roc ks from sites 458 and 459 using the ,oA r_J9Ar 
method. A sample from s ite 459 yielded neÎther a plateau 
age nor an isochron because of alteration and air çontamina­
tion . A sample from the high-magnesian andesites near the 
top of the igneous section in hole 458 yielded an isoc hron 
age of 33.6 MY. and a sam pie from the basalts deeper in the 
hole yielded an age of ca. 20MY. AlmOSI certa inly the 
basait age, and probably bath the age dates at s ite 458, 
represe nt the time s ince secondary mineraliZlltion in these 
highly altered rocks, not the time of Iheir emplacement. 

Mariana Trough 

Early s tudies of the Mariana Trough suggesled that this 
bac karc bas in was ac ti vely spreading. on the basis of 
bathymetric trends and sediment distribution (Karig. 
1971), the presence of fre sh thoJeiit ic basalts (Hart et al .. 
1972). and heat fl ow trends (Anderson, 1975). There were , 
however, no shallow earlhquakes in the basin thal were 
large enough to be detected by the world-wide seismic 

209 

TECTONICS IN THE MARIANA ARC 

network, and attempls to correlate magnetic anomalies În 
the basin were unsuccessful . Thus. although it was agreed 
that the basin was opening, there was little evidence or 
agreement on the t ime or geometry of the spreading. 

The results of field work related tO IPOD drill site selection 
in 1976 and 1977 added considerably to unders tanding the 
tec tonics of the Mariana Trough. With more complete 
bathymetric data available , Fryer and Hussong (in press) 
suggested that the spreading was symmetric and, at 18<>N 
latitude , is centcred at an axial graben (Fig. 4 B) trending 
about 3301' that is s imilar to the graben at other s low 
centers of spreading (e.g., the Mid-Atlantic Ridge). Beyond. 
extensional backarc basin crust is broken by normal f,lults 
into approxima tel y north-south trendinS ridges that a re 
rOlated with their steep sides faciog the apparent spreading 
center (Fig. 4 B). An east-trending bathymetric deep that 
CUIS across the roughly north-Irending r idges in the trough 
had been noticed by Karis (1971) and Bibee et al. (1980), but 
could be more clearly defined by Fryer and Hussong (in 
press) as an irregolarly Irending fra cture zone thal separates 
two distinct spreadiog cenlers (Fig. 6). 

Bibee el ai. (1980) tentatively correlated five magnetÎC 
profiles within 150 km of the center of the trough and 
sugges ted that the seafloor was spreading at a half-rale of 
1.5 cmlyr. They were not able to correlate these same 
profiles al greater distances from the spreading axis. Hus­
song and Fryer (1980) , us ing a larger data set, correlated 
eas t-west profiles north of 17<>30' N latitude and suggesled 
(hat near 18<> N the basin was opening at a half-rate of 
1 ,65 cmlyr . 

A SEATAR-sponsored deployment of ocean bottom se is­
mometers around the 17<>30'N fracture zone reçorded nume­
rous small (magnitude less than 3,5) earthq uakes wit h an 
epÎCenter pattern (Hussong. Sinton , 1979) consistent wÎth 
Ihe ridge-transform spread ing geomelry shown in Figure 6. 

Crustal structure in the Mariana Trough has been measured 
by Bibee et al. (1980), La Trai lle and H ussong (1980) and 
Ambos (1980). Ali these studies, using different dala sets , 
suggesl that the backarc basin has a crus lal thicknes~ of 
about 5-6 km. an unusually thick layer 2 A. and upper 
mantle with li low (genera1Jy less than 8 km/sec.) upper 
mantle seismic velocity. The seismic velocity structure of 
the Mariana Trough crust ÎS, therefore. s imilar to that of the 
slow-spreading Mid-Atlantic Ridge. 

Sager (1980) interpreted a free-ai r gravît y profile across the 
lrough a nd , using the crustal struc ture model of LaTraille 
and Hussong (in press) determined that the density of the 
c rust and upper mantle in this backarc bas in had 10 be lower 
than Ihose observed În young lithosphere beneath deep 
ocean basins. 

IPOD drilling in the Mari.ma Trough was very successfur. 
Three s ites were chosen to test the rate and geomelry o f 
spreading in the basin : one hole (site 453) in the supposedl y 
oldest part of the trough on Ihe western side ; a hole 
(site 454) as close as possible (some sed iments are required 
for drilling) to the spreading center; and a hole (sile 456) 
through the Mariana volcanic arc sediment on the east s ide 
of Ihe Irough al an Întermediale diSl;lnçe from the spreading 
axis . If spreading in the Irough were symmetric, the 
basement al site 456 would be of inlermediale age çompared 
to the basement at the weste rn si tes. Site 455, was the 
original choice for an eastern tro ugh s ite. but was moved to 
a nearby smal1 bathymetric high (site 456) because coarse 
sandy turbidites at this s ile produced difficult drilling 
co ndit ions. 
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Figure 6 
Seo. fluor spreudinJ.: geometry in Ihe Muriano Tmu1[h (jrom Fr)'tr. Hu~'s/JIlg. in press). based Drl balhymelr)·. l'edimenl diSlribul;fUl. seismicil)' 
IlIId magnellc anmna/le.i. The axis of spreading Irends JJff'T ill Ihe northem pOri o/Ihl' slud)' url'a (lIId / ram a IIOrl" ·sol<ll, rifl S(lIllh of 17"J5 ·N. 
The fra clUre ZOlll' bel ll'un Ihl' spuadillK U RmelllS has an irregu!ar Irend Ihot appears 10 rl'prl'se/ll Ihl' "act o f a reptaled!)' re-{) rit nrlllg Irwul(}r", 
/fIIllI . The "ansfoml /au!1 is somelimn perpendicalar 10 Ihl' /l o rI hem sprl'udi"li 51'1(1111'111 . and Olha liml'l' is pl'f{Jl'lIdiculor 10 Ille soulherll 
spreatli"lf Sl'gnlt'lIl. 

Sites 453, 454, and 456 ail yielded IUrbidite sequences of 
volcaniclal\l ic sediments that contain considerable hemipe­
lagic lmd biogenie compone nls. At ail the s ites . a mid-Ple is­
tocene transition cons ists of s iliceous oozes overlying. with 
low CaCo} content indicaling deposit ion at a depth near the 
h:vel of carbonate compensat ion . 

The spreading history of the Mariana Trough that had been 
deduced during site surveys was also substantiated. Core 
from the westernmost hole (453) ha ve a decreas ing volcani­
c1astic component, reflecting the s ite's increasing distance 
from the volcanic arc as the trough opened. The increase in 
raIes of sedimentation and volcaniclastie components 
during the period from about 0.3-0.9 MY sugges ts and 
increase in volcanic aetivity during that period. The paleon­
tologie ages o f the basal sediments (over 4.7-5.0 MY at !> i!e 
453 , 0.9-1,6 MY III s ile 454. and 1 ,6·1 ,8 M Y al site 456) are 
also con!>istent with Ihe mode! of symmetric spreading al 11 
hll lf-raic of less than 2 cm/ yr. 

One inconsis tency Ihal a rose during the drilling. and that 
has not been resol ved , has bee n described by Bleil (in press) 
on Ihe basis of his measurement of paleomagnetic inclina­
lions in the sediments. He found that the deeper sediments 
al s ites 453 and 454 on the west side of the trough have low 
inc linlltÎons . suggestÎng s trong latitudinal motion to the 
north during the pas t 5 MY . Howeve r. site 456 and the arc 
s ites seem. by simi lar measurements . to have had little 
nort hw'lTd motion during the same lime. On this evidence, 
Bleil (in press) suggests that the Mariana Trough near t8"N 
has opened in a northwes t-southeast direct ion . Th is di rec­
tion of opening appears to be Înconsis tent wi th other dalll 
a nd inlerpretations, 

The igneous basement rocks at s ites 454 a nd 456 are 
vesicular . sparseJy phyric plagioclase and olivine­
plagioclase pillow basalts and fl ows. At site 454 the igneou s 
rocks are fresh and a re interbedded with sedime nt layers. 
Two distinct chemiçal types , o ne typical of depleted 
mid-ocean cidge or marginal basin tholeiites and one with 
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geochemical components similar 10 is land-arc basalts , were 
recovered a l si te 454 (Wood el al .• in press). This may impJy 
simultaneous suppl y of two fundamental magma types to 
this site in the center of the Mariana Trough. Heat flow a t 
sile 454 was measured at only 0,06 H FU (Uyeda. Horni, in 
press). This Jow value , in addition to other drilling eharacte· 
ristics. led Uyeda and Horai to conclude thal sea waler al 
s ite 454 was flowing down the hole and into the highly 
fraclUred . appare ntly highly permeable. basement rocks. 

T he basalts a t s ite 456 were hydrothermally altered to 
chlorite-cakite-quartz-pyrite assemblages. The basal sedi­
ments were also highly altered a nd conta ined waÎrakite thm 
Nat land and Hekin ian (in press) identi fi ed and used tO 
suggest that temperalUre of alleration could have been as 
high as 200"C . Two holes , only 200 m apart. were drilled al 
site 456 and yielded hem fJow val ues of 1.1 and 2.7 H FU 
(Uyeda , Horai, in press). T his variabilily of heat fl ow, 
verified by later surface heat flow measuremenls which 
yielded IOCll1 values ranging from 0 to 50 H FU (HobllTt et 
ai ., 1979), implies that the hydrothermal activity is s ti ll in 
progress. The ex te nt of hydrothermal alteration dimini~ hes 
quickly upward in the sediments and downward in the 
igneous rocks. 

Site 453 , which was planned 10 sam pie olcl Mariana Trough 
crus tal rocks , yielded quite unexpected results. A sequence 
was cored inciuding 86 m of a complex coarse 
gabblo/metabasal t pOlymicl brecc ia overlying 62 m of metil­
volcanic breccias , over another 18 m of gabbroic breccia 
çontaini ng a 1.5-m interval of sheared serpentinized noTitie 
gabbro. The basalts and mos t of the gabbros are metamor­
phosed to greenschis l facie s assemblages, and mueh of the 
sequence has also undergone hydrolhermal alteration. cau­
s ing retrograde metamorphism 10 a Jower greenchist fa c ies. 
An unspectacular downhole heat flow measurement of 
2,7 HFU was obtained by Uyeda and Horai (in press), but 
subsequent surface measurements reported by Hobart el al . 
(1979) were high and variable and may indicate thm hydro­
thermal circulation is still active in the area . 



The melabasalts and gabbros al sile 453 a re chemically 
s im ilar 10 those recovered from s ite 451, on the Wes l 
Mariana Ridge , and sites 460 and 461 , o n the inner (is land 
arc) wall of the Mariana Trench (Wood e l 0./ .. in press). 

The apparent high degree of melamorphism and the chemi­
ca l affinities of these rocks suggest that the igneous 
base ment at site 45 3 is composed of island arc rocks that 
were emplaced al their present localion during the early 
rift ing of the Mariana Trough. Seismic reflec tion profile s 
over site 453 show reflecto rs below those depths penelrated 
by the dri ll , so there is uncerta inty as to whethe r the 
arc-derived breccias a re represe nlati ve of a il the crus t 
beneath sile 453, o r whether backarc basin basalls lie a t 
greater dept hs . 

CONCL USIO NS 

T he results of Leg 60 drill ing and geophysicat s lUd ies 
provide considerable new teelonÎc information o n the 
Mariana Arc-Trench syslem . No evidence was fou nd 10 
support a model of fo rearc accretion by emplacement of 
ocea nic plaie and tre nch a",is sediments. No oçean basi n 
sediments or rocks were reçovered by drilling on the island 
arc side of the trench, a lthough Ihe deepe st pariS of the 
Irençh wall were not sampled . Igneous basement in the 
forearc is is la nd-arc re lated and probably extends beyond 
the trenc h s lope break to crop out on the trench wall. T he 
age of the basal sediments in the forea TC holes inc reases 
toward Ihe trench axis. as does the degree of frac turing of 
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these deep sediments. Vertiçal movement and tens iona l 
s tructures dominate the rorearc area , from the large-scale 
bloek fa uhing in seismic refleclion profiles. 10 Ihe small 
normal fault s in the core samples . The vertical movements 
secm to result in a net subs idence of the forea rc that 
increases toward the Irench, as impl icd from the presence of 
çalcareous sediment weil below carbonate çompensation 
depth, the distribution o f turbid ites and Ihe inc reasing 
intcnsity of tec toniç ddormalion toward the trench. 

Volcanic activity on the arc seems 10 have becn fairl y 
conlinuous, although periods of decreased (e.g .• Late Oligo­
cene) or increased (0.3-0.9 M Y) ac tivily are sugges ted by a 
chronology of vOlca nogenic components in the cores. 

The Mariana T rough at 18°N is spreading a t a ha lf-ra te of 
1.5-2.0 cm/yr f rom a d isconli nuous all iai grabe n, wilh a 
r idge-tra nsform çonriguration Ihal mimics mid-ocean sprea­
d ing cen lers. The west edgc of the Mariana Trough . 
al lhough bathymetricaJl y part of the backarç basin . may be 
floored by old isla nd-arc rocks thal subs ided during carly 
rifting. rnthe r than that by younger bac karc baSi n crusl. 
H ydrothermal acli vi ly is extensive in Ihe backarc basin . 
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