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ABSTRACT 

The Mariana Trough, a young, actively spreading back-arc basin, 

is very similar tectonically to normal mid-ocean ridges. The major 

difference is proximity of the spreading center in the Mariana Trough 

to an active subduction zone. Basaltic glasses retrieved in dredge 

hauls and cored during Deep Sea Drilling Project Leg 60 in the Mariana 

Trough show consistent differences in major element composition 

(higher Al
2
o

3
, lower FeOt and Ti0

2 
at a given MgO) from mid-ocean 

ridge basalt (MORB). They are also enriched in incompatible elements 

(K, Rb, Sr, and Ba), the light rare earth elements, in Cr and Ni and 

in volatile content with respect to normal MORB. Basalts from most 

other active back-arc bas ins show the same characteristics. They 

appear to have sources different from either normal MORB or "plume" 

derived or "hot spot" MORB. Many of the peculiarities of basalts from 

these basins can be explained in terms of control of composition and 

order of crystals fractionating by the presence of volatiles. Most 

likely these volatiles are derived from the subducted oceanic litho

sphere • 
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I. INTRODUCTION 

A. Geological Background 

Active sea-floor spreading in small ocean basins behind island 

arcs has been the subject of much interest over the past decade. One 

of the earliest models for the initial rifting of island arcs and the 

formation of active back-arc basins was that proposed by Karig (1970, 

1971a, 1971b, 1972), based on his work on the Mariana and Tonga-Ker

madec island arc systems (Figure 1). He suggested that active island 

arcs rift along longitudinal zones of weakness. Subsequent extension 

along these zones leads to the formation of an active back-arc basin, 

bounded by an active island arc on one side and an inactive, remnant 

or "third" arc on the other. The crust of marginal basins thus formed 

should increase in age from the presently active spreading center to 

the margins of the basin, an age progression identical to that around 

mid-ocean ridges. Magnetic anomaly data gathered from some active 

back-arc basins indicate the ridge-transform type of extension typical 

for mid-ocean ridges (Malahoff, 1976, pers. comm.; Hussong and Fryer, 

1979; Langseth and Mrozowski, in press; Bibee et al., 1980). 

However, the magnetic anomaly patterns in other back-arc bas ins are 

more poorly defined. The Lau Basin, for example, has very irregular 

bathymetry and lacks the well correlated magnetic anomaly patterns 

typical of normal mid-ocean spreading centers (Hawkins, 1976a). The 

nature of the magnetic anomalies in such basins probably reflects the 

1 
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Figure 1. Marginal basins of the western Pacific, classified by • 
evolutionary stage (from Toksoz and Bird, 1977, p. 382). 
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complexity of spreading in newly opening ocean basins. It may in fact 

be possible to correlate the anomalies in these young basins if the 

line spacing is sufficiently close. Other characteristics of active 

back-arc basins are: 1) high heat flow (Karig, 1971; Sclater et al., 

1972; Anderson, 1975, 1978; Hawkins, 1977; Hussong and Uyeda, 1978), 

2) low level seismicity (Hawkins, 1977; Hussong and Sinton, 1979), 

and 3) the presence of fresh, tholeiitic basalt (Hart et al., 1972; 

Hawkins, 1976a 1976b; Hawkins and Batiza, 1976; Meijer, 1976; 

Tarney et al., 1977; Weaver et al., 1979; Saunders and Tarney, 1979; 

Mattey et al., in press; Fryer et al., in prep., see Appendix 

A). 

There are a number of reasons why the study of back-arc basins 

has generated so much interest. Obviously the formation of active 

back-arc basins is important for the analogy it provides to the 

generation of new oceanic lithosphere in very young ocean basins. 

opening at mid-ocean ridges. Although some back-arc basins appear to 

be spreading in a manner very similar to normal ocean bas ins, the 

tectonic mechanism of extension in back-arc basins is particularly 

intriguing. Undoubtedly active back-arc basins are tensional fea-

tures yet they occur very close to convergent plate boundaries. 

The models proposed to explain the mechanism of ext ens ion in 

back-arc bas ins call upon a number of different processes • 1) The 

development of thermal anomalies related to subduction could cause the 

formation of magmas (Oxburgh and Turcotte, 1971; Packham and Falvey, 

1971) or mobilized solids (Haseke et al., 1970; Karig, 1971b) in the 

mantle wedge overlying the slab, or in the slab itself. Injection of 
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these magmas or diapirs behind the arc could cause extension in the 

back-arc region. 2) Convection set up in the mantle above the subsid

ing plate could produce thinning of the lithosphere behind the arc and 

provide the tensional forces necessary to initiate back-arc extension 

(McKenzie, 1969; Sleep and Toksoz, 1971; Davies, 1977; Toksoz and 

Bird, 1977) • 3) Relative movement between the trench and back-arc 

regions could cause tens ion behind the arc. Either the subsiding 

plate moves oceanward (Moberly, 1972) or the landward plate retreats 

from a fixed trench (Chase, 1978; Uyeda and Kanamori, 1979). The 

existence of relative eastward flow of the as thenosphere (Nelson and 

Temple, 1972; Moore, 1973) or westward displacement of the litho

sphere (Bostrom, 1971; Moore, 1973) is a controversial hypothesis. 

However, Uyeda and Kanamori ( 1980) suggested that if asthenospheric 

"counter" flow does exist and the subsiding plate were fixed to the 

asthenosphere, it may explain why down-going plates on the western 

sides of large ocean basins (e.g. Mariana Trench, South Sandwich 

Trench) seem to dip more strongly than those on the eastern sides 

(e.g. Peru-Chile Trench). In addition, relative movement of the 

trench would be controlled by that flow (Uyeda and Kanamori, 1980). 

Thus, such flow could indirectly be responsible for producing a 

tensional regime behind these active arcs • 

Extension in back-arc basins must also be considered in terms of 

large scale plate mot ions. For instance, drastic changes in plate 

motion in the Pacific seem to coincide with cessation of spreading in 

some marginal basins and initiation of spreading in others (Jurdy, 

1979). Moreover, Jurdy (1979) suggests that the direction of motion 
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of major plates corresponds to spreading direction in active back-arc 

basins. In the case of spreading in the Mariana Trough, large scale 

plate motion may play an unusually important role. The Philippine Sea 

plate is being subducted along the Ryuku and Philippine trenches which 

form its western boundaries. Active spreading in the Mariana Trough 

may be occuring, at least in part, in response to tens ion resulting 

from relative westward motion of the Philippine Sea plate toward those 

subduction zones (Uyeda and Kanamori, 1980). It is obvious that the 

mechanism by which spreading occurs in a given marginal basin must be 

a complex response to the environment of that particular basin. 

The study of back-arc basins carries additional importance in 

providing a means to investigate some aspects of the interaction 

between oceanic and continental plates. For example, Hamilton (1975, 

1977) suggested that the orogenic belts of southeast Asia may repre

sent the collision of former island arc and back-arc basin systems 

with the Asian continent. If these orogenic belts do represent a 

series of former island arc and back-arc basin systems, then some of 

the obvious questions to be answered concerning their geologic history 

are: 1) How did the arc-basin systems form? 2) How were they emplac

ed? 3) What can we predict, in terms of geologic and economic impor

tance about possible arc-continent interaction from the study of these 

orogenic belts? Clearly, the greatest problem involved in answering 

these questions is in working out the original structures. In order 

to unravel the geologic history of these orogenic belts, a better 

understanding of active island arc and back-arc basin systems is 

essential • 
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Another means by which to study the generation of back-arc basin 

crust 1s through the study of certain ophiolite complexes. Ophiolite 

complexes are generally believed to represent a cross section through 

oceanic crust and upper mantle. Although many of these complexes are 

thought to have formed at mid-ocean ridges, the environment in which 

some of them originated falls under dispute. For example, tectonic 

structures of the Troodos complex, Cyprus, are those expected for a 

mid-ocean spreading center (Moores and Vine, 1971; Kidd and Cann, 

1974), but the composition of some of the rocks is enigmatic. They 

bear some of the compositional characteristics of calk-alkaline island 

arc lavas, high silica content compared with ocean tholeiite at a 

given FeOt/MgO ratio and a lack of iron enrichment with differentia

tion (Miyashiro, 1973). Some ophiolite sequences showing basalt with 

arc affinity have been suggested to have formed in marginal basins 

(Dewey, 1974, 1976; Saunders et al., 1979; Dalziel et al., 1974). 

• An excellent example of an ophiolite complex formed m a former 

• 

• 

• 

arc and back-arc basin system is the Sarimento complex of southern 

Chile described by Dalziel and co-workers (Dalziel et al., 1974; 

Saunders, et al., 1979). This arc-basin system provides an excellent 

setting for the study of ophiolite formed in a marginal basin, since 

it has experienced only limited deformation • 

Ideally, the solution to the problem of whether basalts from 

orogenic belts or ophiolite compexes were formed in an active back-arc 

environment, would be to determine whether the composition of active 

back-arc basin lavas has any uniquely distinguishing characteristics. 

Much of the development of compositional traits in marginal basin 
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basalts depends on the mode of origin of the basin and its spreading 

history. Lavas erupted in a back-arc basin, such as the Mariana 

Trough (Figure 1) or the Scotia Sea (Figure 2), that is spreading from 

a reasonably uncomplicated, mid-ocean ridge type of central rift would 

probably be the most appropriate for investigation of petrogenesis in 

back-arc basins. Perhaps, as such basins develop, the lavas generated 

in them undergo a gradual evolution. Such a possibility was suggested 

for the rocks of the Scotia Sea and nearby back-arc basins by Tarney 

and co-workers (1977). If Karig's (197la) model for basin formation 

is correct, then lavas erupted in the initial stages of extension in 

an island arc and adjacent back-arc basin are likely to derive from 

virtually the same mantle source region. As the bas in grows, the 

source region for lavas erupted at the spreading center should become 

spatially distinct from that for the arc lavas. Eventually, it should 

be possible to discern compositional differences between basalt types 

in each. If active volcanism in a mature back-arc basin is similar to 

that at mid-ocean ridges, then basalts erupted in them will probably 

resemble mid-ocean ridge basalts in composition. The intensive 

sampling of the Mariana Trough in conjunction with Leg 60 of the Deep 

Sea Drilling Program (DSDP) and related studies has provided a wealth 

of samples to use for work on this problem . 
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Figure 2. Major tectonic features of the Scotia Sea region, showing 

patterns and ages of magnetic lineations deduced by Barker and Grif

fiths (1972) (diagram from Tarney et al., 1977). 
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B. Tectonic Setting 

1. History of Plate Motion in the Western Pacific 

The ridges and troughs of the Philippine Sea (Figure 3) provide a 

striking example of sequential arc formation and basin extension. They 

decrease in age from west to east. Eocene sediments and basalt have 

been recovered from the West Philippine Sea at DSDP Site 290 (Ingle~ 

al., 1975). This basin, located west of the Palau-Kyushu Ridge, 

displays a series of magnetic anomalies symmetric about the northwest 

trending Philippine Ridge (Central Basin Fault) (Ben-Avraham et al., 

1972). Uyeda and Ben-Avraham 0972) suggest that active ext ens ion 

occured along the Philippine Ridge prior to about 40 m.y. ago (Figure 

3a, and 3b). Regular offsets in linear chains of Pacific ocean 

islands have been interpreted to indicate a readjustment in the 

direction of motion of the Pacific plate from a north-westerly to a 

more directly westward motion (Morgan, 1972; Clague and Jarrard, 

1973; Jackson and Shaw, 1975) at about 40 m.y. ago. Uyeda and 

Ben-Avraham ( 1972) suggested that when plate readjustment occured, 

subduction of the Pacific Plate began along a transform fault which 

had previously separated the Philippine Ridge from the Kula-Pacific 

Ridge (Figure 3c). Subsequent volcanism along the length of this new 

subduction zone formed an island arc, represented today in part by the 

Palau-Kyushu Ridge. The Parece Vela Basin, bounded on the west by the 

Palau-Kyushu Ridge and on the east by the West Mariana Ridge, is a 

back-arc basin formed by crustal extension from Oligocene to Miocene 
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Figure 3. Tectonic history of the Philippine Sea area (after Uyeda 

and Ben Avraham, 1972). Saw-toothed curves represent subduction 

zones; solid lines with arrows are active spreading centers; solid 

lines without arrows are formerly active spreading centers; dashed 

lines are formerly active subduction zones; dotted lines are cur-

rently and formerly active volcanic island arcs; large arrows in-

dicate direction of motion of major oceanic plates; "f z" indicates 

the position of a transform fault or fracture zone separationg two 

active ridge segments. 
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Kroenke and Scott, 1977). 

Calcareous rocks dredged from the West Mariana Ridge, a remnant arc, 

are Late Miocene to Early Pliocene in age (Karig and Glassley, 1970; 

Karig, 1975). In the Mariana Trough, l.ocated between the West Mariana 

Ridge and the presently active Mariana island arc (Figure 3d), crustal 

extension has been going on for about 6 my (Karig and Glassley,1970; 

Karig, 1971a, 1971b, 1975; Hussong and Uyeda et al., 1978; Fryer and 

Hussong, in prep., see Appendix A). 

2. Sea Floor Spreading 1n the Mariana Trough 

Considerable geological and geophysical data have been collected 

on research cruises in the Mariana Trough. The central portion 

(Figure 4), at about 18°N is by far the best surveyed area. Here 

geophysical data and samples of crustal material have been collected 

on three Scripps Institution of Oceanography (SIO) cruises (SCAN, 

Tasaday, and Indopac). The Lamont-Doherty Geological Observatory 

(L-DGO) has a number of ship tracks through this area as well. During 

1976 and 1977 reconnaissance and detailed site surveying for Leg 60 of 

the DSDP were conducted by Hawaii Institute of Geophysics (RIG) 

research teams. Data collected on the 1977 RIG survey were supplement

ed by multichannel seismic data collected by L-DGO in that year. A 

detailed description of the bathymetric, sedimentologic, magnetic, 

gravity, seismic refract ion and seismicity data, as well as a brief 

description of sediment cores and rock dredge results from the two RIG 

surveys are included in Appendix A • 
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Figure 4. Location of site surveys in the Marianan Trough (hatchured 

area). Inset shows the posiiton of the Mariana Trough with respect to 

the Philippine Sea area. 
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In general the data acquired on the two site surveys, on Leg 60, 

and in subsequent, related studies demonstrate the degree to which the 

tectonic history in the Mariana Trough compares with that at normal 

mid-ocean spreading centers. Bathymetry in the central portion of the 

basin shows very high relief and a roughly N-S trending series of 

irregular ridges and valleys (Figure 5). Depths near the axial valley 

range from extreems of 4800 m to less than 2800 m, although typical 

valley to ridge re lief is generally 600 m to 900 m. Despite the 

greater relief, the general character of the sea bottom 1s similar to 

that found on slowly spreading mid-ocean ridges, such as the mid-At-

lant ic Ridge. Within the survey area, the northern and southern 

segments of the axial valley are offset in a right-lateral sense by a 

diffuse and complex fracture zone. Its bathymetric expression 1s that 

of a depression, partly filled with sediments, running NE-SW between 

the two valley segments. The northern boundary of the zone is a scarp 

roughly 800 m high. It changes strike over distances of less than 

10 km from N-S to E-W and back, presenting a saw-tooth face. The 

apparent instability of this fracture zone is possibly a response to 

local irregularities 1n spreading direction. It is possible that these 

complex spreading geometries occur in the Mariana Trough because, in 

their initial opening stages, such small ocean basins lack a stable 

single pole of spreading (Fryer and Hussong, in prep., see Appendix 

A). 

In the western portion of the basin, sediment infilling of the 

valleys has reduced the relief somewhat. Broader ridges and valleys 

predominate and their strike orientation is less well defined than 
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Figure 5. Detailed bathymetry of the Mariana Trough compiled from HIG 

site survey data supplemented by data from SIO and L-DGO cruises. 
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near the axis of the basin. Hussong and Fryer (in prep.) suggest that 

the more irregular bathymetry of the western portion of the basin may 

indicate a difference in the style of spreading in the early stages of 

opening of the basin. Rather than spreading from a distinct axis, as 

it appears to be at present, the initial format ion of the bas in may 

have occured by diffuse spreading over a zone some tens of kilometers 

wide, 

A combination of low latitude, rough bathymetry, and small scale 

changes in spreading geometries makes correlation of anomalies between 

profiles very difficult in Mariana Trough magnetics data. However, a 

study of profiles from a variety of academic and military research 

cruises in the Mariana Trough has had some success in determining 

anomaly patterns (Hussong and Fryer, 1980). The anomaly patterns 

identified indicate spreading began approximately 6 m.y. ago and that 

the rate is unusually low, 1.65 cm/yr. The slow spreading rate is 

consistent with ages of basal sediments cored from DSDP Sites 453, 

454, and 456 (Hussong and Uyeda et al., 1981). In the northern half of 

the basin the style of spreading is typical of that for normal ridge

transform fault systems. However, south of 18°N the spreading appears 

to be more complex. 

Earthquake epicenter patterns determined using ocean bottom 

seismometers (OBS) in the survey area are consistent with the ridge

transform fault structure deduced from bathymetry and magnetics data 

(Hussong and Sinton, 1980) • 

Seismic refraction studies in the Mariana Trough were carried out 

using both sonobuoy (LaTraille and Hussong, 1980) and OBS (Ambos, 
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1980) data. Although interpretation of the data was hampered in part 

by structural complexity of the bas in crust, the velocity structure 

appears to be similar to that at slowly spreading mid-ocean ridges, 

such as the mid-Atlantic ridge (Fryer and Hussong, in prep., see 

Appendix A). Gravity data is also consistent with a structural 

interpretation indicating general similarity of the basin to a normal 

ocean ridge spreading system (Sager, 1980). However, Sager's (1980) 

interpretation requires that the crust and upper mantle densities in 

the Mariana Trough be lower than those observed in the lithosphere 

beneath oceanic basins. 

It is clear that despite its general similarity to a normal ocean 

spreading system, the Mariana Trough differs in a number of ways. The 

central graben is deeper (4800 m) than the rift graben of any mid-ocean 

ridge and the rate of spreading is lower (1.65 cm/yr) (Hussong and 

Fryer , 19 80) . Crust and mantle velocities (Ambos and Hussong, 1980) 

and densities (Sager, 1980) in the basin are lower than oceanic values 

for equivalent ages. The length of ridge segments is generally shorter, 

particularly in the survey area than that seen at normal mid-ocean 

spreading centers (Fryer and Hussong, 1n prep., see Appendix A). 

Although the number of seismic events recorded at the spreading center 

in the basin is great, the magnitude of the events is low (M < 3.5) 

(Hussong and Sinton, 1979). Fresh basalts retrieved in the dredging 

and drilling operations in the basin have many of the compositional 

characteristics of mid-ocean ridge basalts (Hart et al., 1972; Meijer, 

1974; Fryer, 1980; Fryer et al., in prep, see Appendix B; Wood et 

al., in prep.). However, they differ from MORB in concentrations of 
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certain major and trace elements (Fryer et al., in prep., see Appendix 

B; Wood et al., in prep.) as discussed in detail in a later section. 

C. Previous Studies of Igneous Rocks Collected in Back-arc Basins 

Concurrent with burgeoning interest in active back-arc basins of 

the Southwest Pacific, there are a number of published analyses of 

fresh basalt available from these areas. Hawkins (1976) has analysed 

40 rock samples collected in the Lau Basin for major and trace element 

compositions. Most of these are moderately to strongly altered, but 

the composition of the freshest Lau Basin basalt is very similar to 

mid-ocean ridge basalt (MORB). However, Gill (1976) and Ewart (1976) 

drew attention to the fact that some Lau Basin basalts are intermedi

ate between IAB and MORB in composition. Furthermore, Ewart (1976) 

concluded that there is a chemical gradation between marginal basin 

olivine tholeiite and island arc quartz normative tholeiites in the 

Lau Basin and Kermadec regions. Hawkins ( 1976, 1977) maintains, 

however, that "when essentially fresh, unfractionated marginal basin 

basalt samples are compared with equally unaltered mid-ocean ridge 

basalts, the similarity is quite apparent." 

Major element analyses of 6 basalts from the Mariana Trough, 

collected on the SCAN expedition there, were published by Hart et al • 

(1972). The rocks range from olivine tholeiite (subalkaline) to 

olivine basalt transitional to alkalic basalt. Since these Mariana 

Trough samples are somewhat alkalic, they are 1 ikened by Hawkins to 

the more differentiated basalts from the Lau Basin and from mid-ocean 
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• ridges. Hart and co-workers (1972) have reported abundances for some 

rare-earth elements (REE) in three of the Mariana Trough basalts. 

Within the rather large analytical error, one sample appears to have 

• the relatively unfractionated chondrite-normalized pattern character-

ist ic of MORB; the other two samples, however, appear to show light 

rare-earth enrichment, which is characteristic of "plume" or "hot 

• spot" basalts, Hawaiian basalts, among others (e.g., Philpotts ~ 

al., 1969, 1971). All three Mariana Trough basalts appear to have 

small negative Eu anomalies (although the authors claim otherwise) and 

• this would tend to indicate low-pressure processing involving plagio-

87 86 . 
clase. They do have low Sr/ Sr ratios (Hart et al., 1972) and 

the high K/Ba characteristic of MORB (Philpotts et al., 1969). The 

• isotopic composition of lead for Mariana Trough basalts appears 

quite similar to that for Hawaiian basalts (Meijer, 1976). 

Meijer has studied samples dredged from 3 locations 1n the 

• Mariana Trough; the samples range from fresh to heavily altered 

basalts ( 1977, pers. comm.). Descriptions of major element composi-

tion of rocks from one of the dredge hauls have been published by 

• Me i j er ( 1 9 7 6 ) . They appear quite similar to MORB. He is continuing 

chemical analyses on these samples (pers. comm.), however the results 

of these analyses have not yet been reported in detail • 

• Considerable interest has been focused on the back-arc basins of 

the South Atlantic, as well as those of the south-western Pacific in 

recent years . Over 80 basalts from the Scotia Sea and Bransfield 

• Strait (Figure 2) have been analyzed by Tarney and co-workers (Saun-

ders et al., 1977; Tarney et al., 1977; Weaver et al., 1978; Saun-

• 
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ders and Tarney, 1979). Most of the rocks collected from the eastern 

Scotia Sea are very fresh .ranging from sub-alkaline olivine tholeiite 

to tholeiit ic basalt with minor normative olivine. One dredge haul 

retrieved quartz normative basalts and some andes it ic rocks. On the 

basis of major and most of their trace element data on the rocks, 

Saunders and Tarney (1979) conclude that geochemical criteria alone 

are inadequate to distinguish marginal basin basalt from MORB • 

However, chondrite normalized REE patterns for Scotia Sea basalts 

which they studied are "undepleted" by comparison with normal MORB (in 

light rare earth elements). The rocks show no Eu anomalies and 

variations in overall abundances of the REE can be explained in terms 

of the degree of melting and/or fractionation necessary to produce the 

samples . Saunders and Tarney (1979) suggested that the rocks they 

analysed could be produced by varying degrees of melting of a mantle 

peridotite source equivalent to Pyrolite III of Green and Ringwood 

(1967) with a REE abundance two times chondritic, and a flat chondrite-

normalized pattern. Thus, on the basis of their REE work on the 

samples, Saunders and Tarney (1979) suggested that the source regions 

of marginal basin basalts seem to be less "depleted" geochemically 

than that of normal MORB. 

The Bransfield Strait is a narrow basin separating the South 

Shetland Islands from the Antarctic Penninsula (Figure 6) and has 

been suggested to be a very young active back-arc basin (Weaver et 

al., 1979). Weaver et al. (1979) analyzed a number of basaltic rocks 

collected from islands near the center of the basin. They found that 

these basalts have some unusual geochemical features, some indicating 
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Figure 6. Location of the Bransfield Strait, a very young extensional 

basin (diagram from Tarney et al., 1977). 
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• island arc affinity, others MORB affinity They have REE patterns 

that are slightly to very light rare earth enriched (Ce/Yb = 1.8 to 

4.0) and the over-all abundances in rare earth elements range from 10 

• to 20 times chondritic. All of these basalts show small positive Eu 

anomalies. 

A large body of data on composition of back-arc basin lavas has 

• been published in conjunction with the recent DSDP studies of the 

marginal basins of the western Pacific. 

On DSDP Leg 54, one site was drilled in the Parece Vela Basin . 

• This recovered hydrothermally altered, high-alumina olivine tholeiite 

(Ridley et al., 1974). The rocks are comparable to the least alkaline 

of the rocks described by Hart et al. (1972) from the Mariana Trough 

• (Ridley et al., 1974). From major and trace element analyses of 2 of 

these rocks, Ridley et al. (1974) conclude that the high-alumina 

tholeiites from the Parece Vela Basin are petrochemical ly ind is tin-

• guishable from high-alumina MORB; and are also very similar to island 

arc tholeiite, as defined by Jakes and Gill (1972), except that they 

have high, MORB-like values of Ni. In this connect ion it is worth 

• noting that Ridley et al., ( 1974) have also obtained MORB Ba values 

and rare-earth patterns from the Parece Vela Basin samples. 

On Leg 59 of the DSDP 3 sites were drilled along a transect at 

• 0 about 18 N through the Parece Vela Basin and West Philippine Basin. 

Site 447 was located in the eastern port ion of the West Philippine 

Basin and Sites 449 and 450 were located on the west and east sides, 

• respectively, of the Parece Vela Basin. These holes recovered basalt-

ic lava flows and pillow fragments (see Kroenke and Scott et al., in 

• 
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press). Mattey et al. (in press) have reported the major and trace 

element composition in 4 whole rock, and 2 glass analyses of samples 

from the Parece Vela Basin sites. They have also reported the compo

sitions of both glass samples (major elements only) and whole rock 

samples from West Philippine Sea samples. They find that the overall 

geochemical characteristics of the Parece Vela Basin basalts are not 

very different from typical MORB. However, they note that Parece Vela 

Basin glasses are depleted in FeO, Sio
2

, and Cao and enriched in 

Al 2o3 when compared with the West Philippine Basin glasses . 

The Shikoku Basin, located north of the Parece Vela Basin is 

bounded on the east by the Izu-Bonin island arc and on the west by the 

Palau-Kyushu Ridge . It is essentially a continuation of the Parece 

Vela Basin, and like that basin it has ceased active extension. The 

dates for active spreading in the Shikoku Basin are disputed. Watts 

and Weissel (1975) and Kobayashi and Isezaki (1976) suggested that 

spreading took place between about 25 to 17 my ago, Tomada et al. 

(1975) suggest that it occured from 22 to 10 my ago, and Murachi et 

al. (1976) believe there were two separate spreading episodes from 24 

to 19 my ago and from 16 to 12 my ago. Samples collected there during 

DSDP Leg 58, at sites 442, 443, and 444 are subalkaline tholeiites 

with very high degrees of vesicularity (20 to 30%). Data on major and 

trace element compositions of over 120 samples from the bas in lead 

Marsh et al. (1980) to suggest that, apart from their high vesicular

ity, the samples "can not be distinguished from basalts being erupted 

along some sections of ocean ridges in the major ocean basins." Marsh 

et al. (1980) and Wood et al. (1980) find that the light REE and K, 
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Rb, Ba, and Nb are less depleted than those of normal MORB. They 

suggest that the Shikoku basin basalts may best be described as 

transitional between normal MORB and transitional MORB (as defined by 

Sun et al., 1979). Dick et al. (1980) show that some samples from the 

Shikoku Basin fall in the MORB range and some in the orogenic portions 

of the discriminant fields on Al
2
o

3
-Fe0t-Mg0 diagrams, indicating that 

they may be intermediate in character between island arc basalt and 

normal MORB. However, on the bas is of discriminants between the 

island arc tholeiite series and abyssal basalts, suggested by Taylor 

et al. (1969), Jakes and Gill (1970) and Sun (1979), and in comparison 

with the tholeiitic, high alumina, and alkalic suites of Kuno (1960, 

1968), Wood et al. (1980) deny that "tholeiitic lavas from the Shikoku 

Basin are in any way intermediate between N-type MORB and island arc 

magma series". 

In summary, whole rock analyses of lavas from these basins appear 

in many respects similar to those of normal MORB. Glass analyses of 

t Parece Vela Basin basalts, however show higher Al
2
o

3 
and lower FeO , 

Sio
2 

and CaO (Mattey et al., in press) than typical of MORB. Whether 

the back-arc basin basalts are intermediate between the island arc 

tholeiite series and normal MORB, particularly with regard to concen-

tration of incompatible elements (K, Rb, Sr, and Ba) is still debated • 

It is clear, however that the chondrite normalized patterns of rare 

earth abundances for back-arc basin basalts are different from those 

of MORB. They show neither the light rare earth depleted patterns of 

normal MORB nor the light rare earth enriched patterns of typical 

plume derived or hot spot MORB. In most of the samples studied Eu 
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anomalies are absent or very small. 

The lavas of the back-arc basins studied so far allow a number of 

tentative conclusions regarding the petrogenes is of basalt in this 

environment. 1) If systematic differences in major element composi-

t ions do exist between MORB and back-arc bas in basalts, they are 

subtle • 2) The question of whether back-arc basin lavas are inter-

mediate between IAT and MORB is too simplistic. It may be that a 

systematic variation across a basin, as was suggested by Gill (1976) 

and Ewart (1976) for the Lau Basin or by Tarney et al. (1977) for the 

Scotia Sea, is impossible to document because of complexities of 

format ion of the bas in. It is reasonable to assume that the source 

regions of the arc tholeiite series and the currently forming basin 

lavas are unlikely to be identical. However, very likely both show 

some influence from the complicated processes of plate convergence 

that are invariably associated with formation of the back-arc basins • 

3) evidence from rare earth analysis of the basin basalts indicate 

that the source material for these basalts differs from both MORB and 

IAT. The island arc series lavas generally show light rare earth 

depleted patterns similar to MORB (e.g. Saunders and Tarney, 1979), 

while the basin basalts show evidence for a less "depleted" source. 

4) The lack of Eu anomalies in some basin samples and the small 

pas it ive anomalies in others indicate that plagioclase fr act ionat ion 

may be inhibited to varying degrees in the back-arc basin basalts. 

Still, serious questions concerning the rocks, their petrogenesis 

and the implications of their compositions and fractionation history 

must be answered. The present study, considering the problem of 
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basalt genesis in the Mariana Trough, proposes to address the follow-

ing quest ions. 1) What is the composition of lavas recently erupted 

in the Mariana Trough? 2) What is the petrogenetic history of these 

lavas? 3) How do the lavas erupting in the Mariana Trough today 

compare with lavas erupted earlier in the history of the basin? 4) 

How do the compositions of the Mariana Trough basalts compare with 

those of basalts from other marginal basins? 5) How do they compare 

with those of basalts from other tectonic settings, such as island 

arcs, mid-ocean ridges, and ocean islands? 6) What constraints might 

the tectonic environment of the Mariana Trough and back-arc basins in 

general place on models of the petrogenesis of basalts from these 

basins? 
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II. FIELD WORK 

When the Deep Sea Drilling Project (DSDP) initiated efforts to 

examine a transect of the Mariana-Philippine Sea region, a series of 

preliminary studies were conducted for them by the Hawaii Institute of 

Geophysics (HIG), the Scripps Institute of Oceanography (SIO) and the 

Lamont-Dogherty Geological Observatory (L-DGO). The results of these 

studies and the subsequent DSDP drilling provide a large body of data 

with which to examine the processes by which the arcs and back-arc 

bas ins form . 

Most of the geophysical data and rock samples described in this 

study were collected during two cruises of the HIG research vessel R/V 

Kana Keoki in the springs of 1976 and 1977. Additional samples were 

collected during Leg 60 of the Deep Sea Drilling Project. The dredge 

locations in the basin which produced fresh basalt samples are concen

trated in the central portion (Figure 7). Dredge sites in the western 

part of the basin produced manganese nodules and pumice fragments (see 

Table 1 for dredge sununary). 

There were four sites cored in the Mariana Trough on DSDP Leg 60 

(Figure 7). Rocks from the western margin of the basin (Site 453) 

include a polymict breccia containing gabbros and basalt of island arc 

affinity (Hussong and Uyeda et al., 1978; Wood et al., in prep.). 

Three sites closer to the central portion of the basin were also 

drilled (Figure 7) and fresh basalt was recovered in two of these, 

Sites 454 and 456 . 
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Figure 7. Bathymetric map of the Mariana Trough showing positions of 

HIG dredge stations (open squares), SCAN dredge stations (open circles) 

Tasaday dredge stations (open triangles) and DSDP Leg 60 drill sites 

(closed circles). 
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III. SAMPLE DESCRIPTIONS 

Dredge haul positions and locations of DSDP sites from Leg 60 are 

shown on figure 7 . A detailed description of the results of the 

dredge hauls is given in table 1. Descriptions of the hole sununaries 

for the DSDP sites 454 and 456 may be found in the Initial Reports of 

the Deep Sea Drilling Project, Volume 60 (in prep.). In general, many 

of the samples collected in the dredging operations and in the subse

quent DSDP drilling are fragments of basaltic pillow lavas. They have 

glassy rims (O.l to 1.0 cm thick), spherulitic to variolitic margins 

(up to 4 .0 cm thick), and fine-grained hypocrystalline interiors. 

The rocks chosen for analysis from dredge hauls 13 and 14 are sparsely 

porphyritic, containing skeletal microphenocrysts of plagioclase and 

olivine, which generally occur in small crystal clots. Spinet inclu

sions occur in olivine and plagioclase phenocrysts in some of the 

dredge 13 and 14 samples. A large number of aphyric and porphyritic 

pillow fragments were selected from dredge haul 3. In addition to 

skeletal olivine and plagioclase I.n the dredge 3 pillow fragments, 

there are also some rounded and embayed plagioclase and pyroxene 

phenocrysts. No spinet inclusions were observed l.n any of these 

rocks. The groundmass of the rocks from all three dredge locations 

varies from hyaline to hypocrystalline. In most cases, microlitic to 

very small skeletal laths of plagioclase are the dominant groundmass 

phase. Many of the rocks contain microlites of pyroxene (?). Minute 

grains of olivine occur in the groundmass of some of the rocks 

from dredge 13. Most of the samples chosen for this study are unal-
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Table 1 

Results of Rock Dredges 

Dredge Lat. N Long. E Depth (m) Wt. (g) Lithology General Location 

MOl 17°53' 144 °42 I 3200 Altered basalt pillow Lower part of north 
fragments and manganese slope of seamount 
nodules near axis of 

spreading 

M02 Dredge empty 

M03 17°23 I 144 °43 I 3700- Fresh to altered basalt Western slope of 
4000 pillow fragments axial valley in 

talus pile at base 
of slope 

M04 Lost dredge 

MOS 17°23 I 144 °40' 3100 One manganese nodule Northern scarp of 
axial high 

M06 17°54' 144 °42 I 4300 altered basalt frag- Northern scarp of 
ments and some seamount near axis 
manganese nodules of spreading 

M07 17°41' 144 °43 I 3700 Basalt pillow fragments Southern slope of 
and massive basalt seamount near axis 
slightly to heavily of spreading 
altered, some indurated 
ash 

w 

°' 
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Table 1 (continued) 

Dredge Lat. N Long. E Depth (m) Wt. (g) Lithology General Location 

MOB 17°43' 144 °41' 3000 Manganese nodules and Upper part of south 
pumice fragments ern side of seamoun 

near axis of spread-
ing 

M09 17°50' 143°59' 4200 Manganese nodules and Northern boundary 
pumice fragments of large sediment 

pond in western 
part of bas in 

MIO 18°19' 144 °26 1 3600 Manganese nodules Base of fault block 
in western part of 
basin 

Mll 17°41' 143°56' 4200 Pumice and pumice Southern boundary 
with manganese of large sediment 
coating pond in western 

part of basin 

Ml2 Dredge empty 

Ml3 18°00 1 144°43' 3900 Fresh pillow basalt Mid-slope of west-
fragments ern scarp of axial 

valley 

Ml4 18°00 1 144 °55 1 4400 Fresh to slightly Base of eastern 
altered pillow basalt scarp of axial valley 
fragments, conglomerate, 

w indurated ash ....... 
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tered. Some of them contain smal 1 amounts of secondary clays as 

vesicle linings or veins. From inspect ion of hand specimens, the 

vesicularity of the rocks from the dredge hauls generally appears to 

be greater than 10% by volume. Thin section descriptions of the 

samples (Table 2) indicate that the vesicularity of the rocks is 

considerably lower. The explanation for this discrepancy is that the 

sect ions were cut from the outer glassy portions of the samples so 

that texture and crystallinity of the portion of the samples chosen 

for chemical analysis would be described. In most pillow basalts the 

chilled rim is the portion of the rock in which vesicle development 1s 

lowest. Further discussion of the phenocryst phases 1n the rocks is 

given in the next section. 

The DSDP samples chosen for analysis are aphyric to sparsely 

porphyritic with plagioclase and olivine phenocrysts. The glass 

samples taken from the cores were too small to permit sectioning, 

however, detailed descriptions of the lithologic units from which 

these samples were taken are included in the petrology sect ions of 

site chapters 454 and 456 of the Initial Reports Volume for Leg 60 

(Hussong and Uyeda et al., 1981) • 

Small chips from the glassy nms of 30 of the freshest pillow 

fragments retrieved 1n HIG dredge hauls 3, 13, and 14 were chosen 

for analysis. Only 7 pillow fragments containing fresh glassy 

basalt were retrieved from DSDP sites in the Mariana Trough. All 

of these were analysed • 

Also included 1n the discussion of composition of the Mariana 

Trough samples are whole rock analyses of some Leg 60 basalts describ-
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Table 2 

Petrologic Description ~f Basalt Samples 

• Dredged from the Mariana Trough* 

Phenocrysts Groundmass Ores Glass Alt Ves 
Sample Pl 01 Px Sp Pl 01 Px 

• M0302 2 10 10 Tr 47 30 1 
M0310 12 5 13 10 67 4 
M0338 8 1 Tr 15 18 Tr 54 3 
M0370 2 2 3 3 85 5 
M0373 7 1 15 18 45 4 10 
M0379 1 2 20 20 67 5 5 

• M0380 5 2 3 1 86 1 2 
M03100 8 6 3 2 Tr 77 3 
M03101 6 4 5 4 71 2 8 
M03102 1 97 2 

M1300 2 Tr 15 4 12 Tr 57 2 7 

• M1316 4 2 2 3 1 82 3 3 
Ml330 5 3 4 10 66 12 
M1349 4 3 3 5 Tr 76 Tr 8 
Ml355 2 2 15 5 10 61 2 3 
Ml371 3 2 7 5 68 15 
Ml372 3 1 Tr 3 2 5 84 Tr 1 

• Ml380 Tr Tr 10 3 10 65 3 8 
Ml381 1 Tr 8 Tr 10 72 1 7 
M1396 1 2 Tr 10 1 8 74 Tr 3 

M1417 20 6 64 10 
Ml419 1 1 5 3 Tr 82 7 

• Ml441 2 1 3 1 1 89 3 
M1463 10 6 Tr 79 3 1 
Ml4104 1 3 1 10 Tr 64 5 
M14106 Tr 3 1 5 5 80 10 

* volume % estimated from thin-section. 

• Pl= plagioclase; 01= olivine; Px= pyroxene; Sp= spine!; Ores= 
opaque minerals; Alt= secondary minerals (mainly brown and green 
clays); Ves=vesicles • 

• 

• 
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ed in Wood et al. (in prep.) • 

In addition to the Mariana Trough samples, a number of basaltic 

glasses from several other marginal basins were also analysed; 1 from 

the Lau Bas in, 2 from the Parece Ve la Bas in, and 5 from the Scotia 

Sea. The Lau Basin, located between the Lau and Tonga-Kermadec Ridges 

(Figure 1), shows evidence of currently active extension. However, as 

mentioned above, it appears to have a complicated pattern of spreading 

(Hawkins, 1976). Both the Parece Vela Basin, west of the West Mariana 

Ridge (Figure 1), and the Scotia Sea, in the South Atlantic (Figure 

2), show normal mid-ocean ridge spreading patterns (Barker, 1970; 

Langseth and Mrozowski, 1981). The Scotia Sea is a currently active 

basin (Barker, 1970). The Parece Vela Basin was actively spreading 

from Oligocene to Miocene time (Kroenke and Scott, 1978; Scott et 

al. , in prep.) • 

Petrologic description of the lithologic units from which the 

Parece Vela Basin samples were taken may be found in Site Chapters for 

Sites 54 (DSDP Init. Repts., Vol. 6) and 149 (DSDP Init. Repts., Vol. 

59) of the DSDP. Description of the unit from which the Lau Basin 

sample was taken may be found in Site Chapter for Site 203 (DSDP Init . 

Repts., Vol.21) • 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

41 

IV. PETROGRAPHY 

Hand specimen and modal descriptions of the dredge samples chosen 

for analysis were given above (Sample Descriptions). A more detailed 

description of the phenocryst phases in the rocks is presented here. 

By comparison of morphologies and inspection of the physical inter

relationships between the phenocrysts in the pillow margins, it is 

possible to infer which minerals appeared first on the liquidus during 

crystallization. Table 3 presents a summary of the crystal morpholo

gies and the interrelationships between minerals observed in thin

section inspection of the outer margins of the samples. 

A collection of pillow lavas from the Galapagos Ridge is the only 

other suite of oceanic basalts on which both this sort of petrographic 

analysis and microprobe analysis of glass for major elements has been 

performed. When basalts from these localities are compared, it can be 

seen that plagioclase joins olivine on the liquidus when the MgO 

content drops below 7.8 wt.% (Sinton, pers comm.) for the Galapagos 

Ridge samples, but does not join olivine until wt.% MgO drops below 

6.2 for Mariana Trough basalts (Figure 8). In general, MgO decreases 

with differentiation in a rock sequence. Thus, the fact that plagio

clase joins olivine on the 1 iquidus at lower MgO content in Mariana 

Trough basalts than in Galapagos Ridge basalts, indicates that, for 

some reason, plagioclase crystallization is being inhibited in the 

former until a higher degree of differentiation is reached • 

Typically, MORB shows very low volatile content (Presnall et al., 

1979). The Galapagos Ridge samples also have low volatile contents 
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SAMPLE 
M0302 
M0310 

M0338 

M0370 

M0373 

M0380 

M03100 

M03101 

M03102 
M1300 

Ml316 
Ml330 
Ml349 
Ml355 
Ml371 

M1380 

Ml381 

Ml396 

Ml417 

Ml419 
Ml441 
Ml463 

Ml4104 

Ml4106 

* Note: 

TABLE 3 

~ 

\ \ 
4 I 

\ 
\ 

PETROGRAPHY OF DREDGE SAMPLES 

* SEQUENCE 
ol, pl 
ol, pl to 
ol & pl 
ol & pl 

ol & pl 

ol & pl 

ol & pl 

ol & pl 

ol & pl 

aphyric 
sp, ol 

ol & pl 
ol & pl 
ol & pl 
ol & pl 
ol, pl to 
ol & pl 
sp, ol 

sp, ol 

sp, ol 

pl, ol 

ol & pl 
ol & pl 
ol & pl 

ol, pl to 
ol & pl 
ol, pl 

sp = spinel, ol 

COMMENTS 
Skeletal ol, poorly formed skeletal pl. 
Some rounded pl, skeletal and euhedral 
ol, skeletal pl. 
Some rounded pl, crystal clumps of ol 
and pl intergrown, both skeletal, some 
solitary skeletal crystals of each. 
Small number of rounded pl, crystal 
clumps of skeletal ol and pl intergrown, 
some solitary skeletal ol. 
Some large rounded pl, crystal clumps 
of skeletal ol and pl intergrown. 
Crystal clumps of skeletal ol and pl 
intergrown. 
Crystal clumps of skeletal ol and pl, 
intergrown, some solitary skeletal 
ol and pl • 
Some rounded pl also rounded clumps 
of pl, crystal clumps of skeletal 
ol and pl. 

Euhedral solitary sp, inclusions of 
sp in ol, also intergrown with ol, 
skeletal ol 
Crystal clumps of skeletal ol and pl. 
Crystal clumps of skeletal ol and pl. 
Crystal clumps of skeletal ol and pl. 
Crystal clumps of skeletal ol and pl. 
Crystal clumps of skeletal ol and pl, 
solitary skeletal pl. 
Euhedral solitary sp and inclusions in 
skeletal ol. 
Euhedral solitary sp and inclusions 1n 
skeletal ol 
Euhedral solitary sp and inclusions in 
skeletal ol, one rounded pl. 
Skeletal and euhedral pl, some crystal 
clumps ol and pl, all ol is skeletal. 
Crystal clumps of skeletal ol and pl. 
Crystal clumps of skeletal ol and pl. 
Crystal clumps of skeletal ol and pl, 
solitary skeletal ol and pl. 
Euhedral and skeletal ol, some crystal 
clumps of skeletal ol and pl. 
Euhedral and skeletal ol, few crystal 
clumps of skeletal ol and pl • 

= olivine, pl = plagioclase. 

42 
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Figure 8. Comparison of crystallization sequences of phenocryst 

phases 1n glass samples from the Mariana Trough and the Galapagos 

Ridge plotted against MgO content of the glass. 
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(Sin ton, pers. comm.) Mariana Trough basalts, on the other hand, 

have been shown to contain high abundances of H
2
0, co2 , F, and Cl 

(Garcia et al., 1979). Experiments dealing with the behavior of 

crystalization of melts under hydrous versus anhydrous conditions show 

that the presence of volatiles in a melt, particularly water and 

carbon dioxide, do affect the normal crystallization sequences. For 

instance, the field of olivine crystallization is expanded under 

conditions of excess water (see Figure 9) at the expense of pyroxene 

and plagioclase (Yoder and Tilley, 1962; Hamilton, 1964; Nicholls and 

Ringwood, 1973; Yoder, 1976, Rock, 1978). This expansion of the field 

of olivine is caused in part by depolymerizat ion of the melt (Rock, 

1978). That is, the presence of excess volatiles favors the crystal

lization of nesosilicates (olivine) over that of the more highly 

polymerized inosilicates (pyroxene) and tectosilicates (feldspars). 

Thus it is possible that the presence of water in the source region 

for Mariana Trough basalts can explain the fact that crystallization 

of plagioclase appears to be inhibited • 
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Figure 9. The system Forsterite-diopside-quartz at 20 kbar under 

anhydrous conditions (dashed lines) and under excess H
2
o conditions 

(solid lines) (diagram from Yoder, 1976). 
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V. ANALYTICAL PROCEEDURES 

Numerous investigators have studied the composition of MORB 

(Engel and Engel, 1964; Miyashiro et al., 1970; Aumento, 1968; Kay 

et al., 1970; Byerly et al., 1975; Melson et al., 1976). However, 

the rocks which were studied vary widely in degree of crystallinity 

and in character and extent of alteration • Obviously the removal or 

addition of minerals through crystallization processes would alter the 

composition of a melt. Similarly, loss or addition of mobile elements 

during alteration would also change the original composition of a 

melt. Such processes occur in widely varying degrees in nature. As a 

consequence, the range of composition of a given rock type is likely 

to be much broader than that of the melts from which they formed 

unless these effects can be eliminated during analysis. Most commonly, 

the basalts collected in the ocean ridge provinces are fragments of 

pillow lava with quenched, glassy rims representing the liquid compo-

sit ion of the lavas at the time they were erupted. If only fresh 

portions of the glassy rims are chosen for analysis, the problems of 

compositional variations caused by crystal addition or subtraction and 

by alteration among samples can be avoided. Thousands of basaltic 

glasses from mid-ocean ridge provinces have been analysed for major 

element compositions by microprobe at the Smithsonian Ins ti tut ion 

(Melson et al., 1976). The technique used is described by Byerly et 

al., (1975). The back-arc basin glasses chosen for this study were 

analysed by microprobe (Table 4) at the Smithsonian Institution using 

the same technique as applied to the MORB analyses. Thus, the Smith-
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Table 4 

Results of Microprobe Analyses of Basaltic Glasses from the Mariana Trough, 
Lau Basin, Parece Vela Basin and the Scotia Sea 

Sample Si02 Al 2o3 
FeOt MgO Cao . Na

2
o ** K20 Ti02 P205 Total Ref. 

M0301 48.85 17.04 9.81 8 .10 10. 72 2.98 0.20 1.18 0.15 99.03 MT 
M0310 51. 79 15.95 8.99 6.35 10.60 3.25 0.33 1.53 0.18 98 .97 MT 
M0311 52.53 16.01 9.58 5.16 9.14 3.73 0.41 1.75 - 0.21 98.52 MT 
M0338 51.24 16 .10 8.94 6.16 10 .39 3.36 0.38 1.53 0.18 98.28 MT 
M0338* 51.59 15.98 9 .11 6.17 10.56 3.30 0.34 1.54 0 .16 98.75 MT 
M0360 51. 77 15.55 9.36 6.74 11.04 3.07 0.25 1.63 0.16 99.57 MT 
M0370 50.88 16.03 8.42 6.65 10.68 2.96 0.28 1.31 0 .16 97.37 MT 
M0373 51. 76 15.92 8.82 6.39 10.55 3.27 0.26 1.52 0 .16 98.65 MT 
M0379 49.44 17.12 9.79 7.49 11.01 2.84 0.25 1.15 - 0.12 99.21 MT 
M0380 51.47 15.23 9.61 6.40 10.56 3.27 0.26 1. 74 0 .17 98.71 MT 
M03100 50.63 15.31 9.81 6.25 10.52 3.35 0.31 1. 75 , 0. 20 98.13 MT 
M03101 51.90 15.55 9.31 6.79 11.32 3.01 0.24 1.56 0 .19 99 .87 MT 
M03102 50.44 15.56 9.30 6.57 10 .43 3.40 0.36 1.47 0 .17 97.70 MT 

Ml300 51.04 17.15 7.59 7.54 11.84 2.70 0.17 1.06 - 0.12 99.09 MT 
Ml316 51.50 16.22 8.51 6.67 11.25 2.86 0.20 1.35 0.16 98.56 MT 
Ml330 51. 27 15.96 8.43 6. 71 11.21 2.86 0.20 1.37 0.15 98 .16 MT 
Ml349 51.72 16.26 8.68 6.78 11. 21 3.00 0.18 1.37 0.15 99.35 MT 
Ml355 51.64 16.37 8.55 7 .42 11.30 3.09 0.12 1.30 0.13 99.92 MT 
Ml371 51.43 16.40 8.68 6.83 11. 21 3.13 0.20 1.37 - 0.13 99.38 MT 
Ml372 51.40 16 .19 8.56 7.00 11. 27 3.00 0.21 1.39 0.16 99.18 MT 
Ml380 50.54 17.13 7. 71 7.68 11. 73 3.00 0.19 1.13 0.14 99.25 MT 
Ml381 50.67 17 .08 7.66 7.93 11.84 2.93 0 .18 1.09 0.13 99.51 MT 
Ml396 51. 27 17.28 7.72 7.36 11.80 2.81 0.20 1.13- 0.13 99.70 MT .p. 

'° 
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Table 4 (Continued) 

Sample Sio
2 

Al 20
3 

FeOt MgO Cao Na2o K20 Ti0
2 P205 ** Total Ref. 

Ml410 50.51 17.59 8.01 7.01 11.65 2.67 0.26 1.15 0.13 98.98 MT 
Ml417 49.38 17.89 8.68 5. 77 12.06 3.61 0.23 1.46 0.17 99.25 MT 
Ml419 50.68 17.20 7.89 6.90 11.44 2.66 0.27 1.14 0.14 98.32 MT 
Ml441 51.22 16.32 9.17 6.94 11.20 3 .11 0.19 1.39 - 0.16 99.70 MT 
Ml463 50 .15 15.98 9.76 6.89 11.84 3.49 0.18 1.59 0.18 100 .06 MT 
Ml4104 50.83 17 .19 7.74 7,21 11.59 2.59 0.20 1.13 0.16 98.64 MT 
Ml4106 49.96 16.92 7.83 7.26 11.52 2.65 0.27 1.06 - 0.13 97.60 MT 

M454-4-CC 50.24 16.56 7.73 8.09 12.19 2.42 0.19 1.01 0.12 98.55 MT 
M454-8-l 50 .17 16.88 7.55 7.89 12.46 2.35 0.19 0.90 0 .14 98.53 MT 
M454-11-l 50.92 17.08 7.48 7.94 12.72 2.44 0.18 0.89 - 0.11 99.76 MT 
M454-14-l 52.69 17.01 7.86 6.88 11.10 2.67 0.26 2.29 - 0.12 99.78 MT 
M454-14-l 52.79 16.83 7.89 7.18 10 .99 2.67 0.24 1.15 0.13 99.87 MT 
M454-16-l 52 .34 16.78 7.92 6.89 11.06 2.54 0.26 1.17 0.15 99.11 MT 
M456-19-l 51.08 16.58 8.32 7.30 11.85 2.65 0.15 1.13 ~ 0.13 99.19 MT 

MORB-1 49.34 17.04 9.97 7.19 11. 72 2.73 0.16 1.49 0.16 99.80 A 
MORB-2 50.47 15 .31 10.42 7 .46 11.48 2.64 0.16 1.58 0.13 99.65 M 

L203-6-3 51.99 16.18 7.52 7.14 12.64 2.07 0.28 o. 70 0.16 99.68 LB 

P54-8-l 50.11 17.36 9.29 8.06 11.26 2.94 0.11 0.99 0.11 100.23 PVB 
Pl49-17-3 48.90 16 .58 9.36 7.59 11. 76 2.43 0.22 0.96 0.10 97.90 PVB 

V1 
0 
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Table 4 (Continued) 

Sample Sio2 Al 203 
FeOt MgO Cao Na2o K20 Ti02 

SS20.13 51. 70 16.23 8.14 6.99 11 14 3.11 0.25 1.37 
SS20.31 52.16 16.19 8 .12 7.04 11. 21 3.07 0.26 1.42 
SS20.35 51.69 16.36 7 .99 7.09 11.24 3.09 0.23 1.34 
SS20.43 51.58 16.39 8.22 7.08 11. 21 3 .10 0.25 1.37 
SS23.4 51.34 15.99 8.91 6.69 11.36 3.38 0.35 1.54 
Analyst: Timothy O'Hearn 

*duplicate analysis. 
**MT =Mariana Trough basaltic glass (data this study). 

LB= Lau Basin basaltic glass (data this study). 
PVB = Parece Vela BAsin basaltic glass (data this study). 
SS= Scotia Sea basaltic glass (data this study). 
A= average mid-ocean ridge basalt (Aumento, 1968). 

• • 

P205 Total Ref. 

0.20 99.13 SS 
0 .17 99 .64 SS 
0 .16 99.19 SS 
0 .18 99 .46 SS 
0.20 99.76 SS 

M = average of basaltic glass from normal sections of the East Pacific Rise 
and the mid-Atlantic Ridge: total of 64 samples (Melson et al., 1977). 

• 

** 
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sonian glass data provide an excellent body of data with which to 

compare the major element composition of the back-arc basin samples. 

Analyses of selected samples for certain rare earth element (Ce, 

Nd, Sm, Eu, Gd, Dy, Er, Yb, and Lu) and other trace element (Li, K, 

Rb, Sr, and Ba) compositions were performed by mass-specrtometry 

(Table 5), at the Hawaii Institute of Geophysics, using stable isotope 

dilution methods. This technique is described in Webster (1960) and 

Schnetzler et al., (1967) as modified by Schuhmann et al., (1980, see 

Appendix C). 

Whole rock analyses for major and trace element compositions of 

samples reported in Wood et al., (in press) were performed at the 

University of Birmingham by X-ray Flourescence (XRF) using the method 

of Tarney et al., 0978) with the exception of Tio2 , MgO, CaO and 

Na
2
o. Those elements were analyzed using a Rh tube (Marsh et al., 

1980). Selected trace elements were analyzed at the Labratoire Pierre 

Sue CNRS by instrumental neutron activation (INA) using the method of 

Chayla et al. (1973) . 
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• 
TABLE 5 

• Earth Element and Incompatible Element Abundances for Selected Rare 
Basaltic Glass Samples from the Mariana Trough 

M0379 M03102 Ml300 Ml316 Ml417 Ml419 

• Ce 11.2 16 .1 10.5 11.5 15.0 16.6 
Nd 8.36 12.3 8.64 10.3 10.9 9.52 
Sm 2.73 3.82 2.66 3.38 3.19 2.91 
Eu 1.08 1.38 1.03 1.25 1.25 1.08 
Gd 3.38 4.49 
Dy 4.72 5.60 4.24 5.22 4.63 4.64 

• Er 3.28 3 .48 2.51 3.27 2.90 2.94 
Yb 3.18 3.27 2.40 3.09 2.92 2.67 
Lu 0.4 0.5 0.35 0.45 0.42 0.40 

Li 5.16 7.01 5.20 6.05 5.95 5.89 
Sr 147. 182. 176. 161. 212. 166. 

• K 1729. 2328. 1758. 1993. 1778. 2350. 
Ba 38.4 75.2 31.0 35 .1 66.0 48.4 
Rb 2.34 3.93 2.48 3.00 1.37 3.52 

K/Ba 45 31 57 57 27 49 
Ce/Ba .29 .21 .34 .33 .23 .34 

• Sr/Ba 3.83 2.42 5.68 4.59 3.21 3.63 
K/Rb 739. 592. 709 • 664. 1297. 668. 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

54 

VI. CHEMICAL ANALYSES OF BASALTIC GLASSES FROM ACTIVE BACK-ARC BASINS 

Basalts from normal segments of mid-ocean ridges, that is those 

uninfluenced by the peculiar chemistry of melting anomalies (mantle 

plumes or hot spots or propagating rifts), have a distinctive set of 

major element compositional traits (see Table 4). These basalts have 

low values of K
2
o (0.1 to 0.5 weight%), Ti0

2 
(1.0 to 2.0 wt.%), 

total iron (6.5 to 12.9 wt.%), and P2o
5 

(.08 to .23 wt.%), but 

high values of CaO (10.5 to 12.5 wt.%) and Al
2
o

3 
(15.0 to 18.0 

wt.%) (Engel and Engel, 1964; Engel et al., 1965; Aumento, 1968; 

Miyashiro et al., 1970; Kay et al., 1970; Melson et al., 1976). 

Major element composition of the back-arc basin basalt (BAB) glasses 

selected for this study show these characteristics. However, the BAB 

glasses also have a distinctive set of compositional traits and 

certain differences from those of MORB glasses. A comparison of 

liquid trends on MgO variation diagrams (Figure 10) for MORB and BAB 

glasses show displacement of the trends for total iron (about 2.5 wt.% 

< MORB), Tio
2 

(about 0.5 wt.% < MORB), Al
2

o
3 

(about 2.0 wt.%> MORB) 

There is a very slight (about 0.1 wt.% > MORB) displacement of the 

trend of Na
2
o. There is some overlap of the fields of MORB and BAB, 

however the differences between basaltic glasses from these two 

tectonic environments seem great enough to constitute distinct compos

itional groups. Furthermore, the differences appear to be consistent 

among the marginal basin basalts analysed. 

In order to check these apparent differences statistically, 

regression lines and standard errors of coefficients were computed for 
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Figure 10. Variation diagrams showing MgO versus FeOt, Al203, Ti02 

and Na20 for basaltic glasses from active back-arc basins (Mariana 

Trough Parece Vela Basin, Lau Basin, Scotia Sea: vertical 1 ines), 

normal segments of the East Pacific Rise (dark stippling), and of the 

Mid-Atlantic Ridge (light stippling) • 
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the fields of the back-arc basin lavas (BAB) and for both the mid-

Atlantic Ridge (MAR) and East Pacific Rise (EPR) samples shown in the 

MgO variation diagrams in figure 10. In the case of FeOt 

for BAB, y = (12.0 + 1.5) - (0.50 + 0.21)x 

for MAR, y = (15.0 + 1.4) - (0.68 + 0.19)x 

for EPR, y = (18.7 + 0.6) - (1.14 + 0.09)x 

where y = 
t 

FeO , and x = MgO • 

The standard errors given define the 67% confidence interval 

about the regression lines, but we are only interested in possible 

overlap between the fields • That is, we are interested in a one-

tailed rather than a two-tailed test. Thus, inspecting only the 

possibility of overlap between fields increases the the confidence 

level to better than 85%. Among the BAB and MAR samples, while the 

slopes for FeOt are similar, the intercepts differ. Thus, we can 

claim that the BAB and MAR samples are from distictly different 

populations. This difference persists even when standard errors of 

the coefficients are computed at higher than 97.5% confidence levels. 

In the case of Tio
2 

: 

for BAB, Y = (3.8 + 0.33) - (0.36 + 0.047)x 

for MAR, y = (4.2 + 0.58) - (0.35 + 0.076)x 

for EPR, y = (4.5 + 0.23) - (0.38 + 0.03)x 

where y = Tio
2

, and x = MgO. 

There is an indication that BAB and EPR samples are from dif-

ferent populations (intercepts are different), but we can be no surer 

than 85% confidence that this difference is real • 
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In the case of Al
2
o

3 
: 

for BAB, y =(10.7 + 0.9) - (0.81 + 0.13)x 

for MAR, y =(12.5 + 1.4) - (0.40 + 0.18)x 

for EPR, y =(8.33 + 0.65) - (0.92 + 0.09)x 

where y = Al
2
o

3 
and x = MgO. 
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The difference in slope between the BAB and MAR lines show the 

samples are from different populations. This difference persists even 

when the errors are computed using the 97 .5% confidence level. The 

intercepts of the BAB and EPR lines show the samples to be from 

different populations, although not if we demand a confidence level 

higher than 90%. 

Regression lines were not computed for the Na
2
o fields since 

the tendency for higher values in the BAB samples is so slight • 

Some of the trace element abundances also help to distinguish 

between MORB and the BAB. For instance, basalt from normal mid-ocean 

ridge segments show light rare earth element depletion (Shilling, 

1975). REE patterns for the Mariana Trough glasses are essentially 

flat (Ce/Nd = 1.1 to 1.4) to slightly light rare earth enriched when 

compared with chondritic patterns (Figure 11). The overall REE 

abundances (Table 5) of the Mariana Trough basalts fall near the upper 

limit of the range of abundances from MORB. Plots of the REE patterns 

of samples from the Scotia Sea show similar patterns (Tarney et al., 

1977; Saunders et al., 1979). 

Incompatible element abundances are generally higher for Mariana 

Trough glasses than for MORB (see Figure 12) and ratios of K/Ba, 

Ce/Ba, Sr/Ba, and K/Rb are lower than for normal MORB (Table 5) • 
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Figure 11. Patterns of chondrite normalized abundances of rare earth 

elements of six Mariana Trough basaltic glasses compared with the 

field for normal MORB. 
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Figure 12. A comparison of chondrite normalized abundances of K, Rb, 

Sr, Ba, and Ce in basalts from three tectonic provinces, normal MORB 

(large filled circle), IAT (large filled triangle), and a number of 

back-arc bas ins: Mariana Trough (circled star), Parece Vela Basin 

(solid star), Shikoku Basin (open star), Lau Basin (open square), 

Scotia Sea (open circle). 
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Normal MORB has very low contents of volatiles. Most contain 

less than 0.1% water, about 0.1% co
2

, 0.02% F, and 0.006% Cl (Presnall 

et al., 1979: Garcia et al., 1979). By comparison the glasses 

from both the Mariana Trough and the Scotia Sea are enriched in water 

(about 1.0%), co
2 

(about 0.2%), F (about 0.3%), and Cl (about 0.3%) 

(Garcia et al., 1979; Muenow et al. (in press) (see Figure 13) . 
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Figure 13. Abundances (in wt.%) of volatile elements in normal MORB 

(filled circle), IAT (filled triangle), and in the back arc basins the 

Mariana Trough (circled star) and the Scotia Sea (open circle). 
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VII. DISCUSSION 

A. Major Element Composition of BAB Glasses 

Previous investigations of back-arc basin basalts (BAB) have led 

to the cone lus ion that, with regard to major element compositions, 

there is little difference between MORB and BAB (Hart et al., 1972; 

Hawkins, 1974, 1976a, 1976b, 1977; Ridley et al., 1974; Hawkins and 

Batiza, 1975; Gill, 1976; Tarney et al., 1977; Saunders et al. , 

1977; Mattey et al., in press; Wood et al., in prep.). However, 

most of these investigations have dealt exclusively with whole rock 

analyses. As a result of investigations to date, it is obvious that 

if differences in composition between BAB and MORB exist, they are too 

subtle to detect using whole rock analyses. The microprobe analyses, 

presented here, of basaltic glasses from back-arc basins clearly 

demonstrate that major element compositions of basaltic glasses from 

active back-arc basins are distinct from those of glasses from normal 

MORB. For BAB, total iron and Tio
2 

values are lower than those of 

N-MORB and Al
2

o
3 

values are higher than those of N-MORB for equi

valent MgO values (Figure 10). When the data presented here are com

pared with those from analyses of other basaltic glasses from the 

Mariana Trough (Meijer, pers. comm.) and of those from Sites 442, most 

of those from 443, and from the non-alkaline glasses of 444 in the 

Shikoku basin, it is obvious that basalt with these characteristics is 

the most common rock type in all of these active back-arc basins • 

The implications of the distinction between major element com-
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position of BAB and MORB glasses is discussed in some detail in 

Appendix B. It is likely that these characteristics reflect either 

mineralogy of the source material or the peculiarities of fractiona-

tion under hydrous conditions. In particular, a source material rich 

in plagioclase would explain the enrichment Ln Al
2
o

3 
in BAB lavas 

and the small positive Eu anomaly noted in some BAB (Ridley et al., 

1974; Weaver et al., 1979; Wood et al., 1980). A plagioclase rich 

source would also result in a relative depletion of mafic minerals and 

thus lower the Fe and Mg values of the lavas. The presence of plagio-

clase in the source material would require a low pressure origin of 

the magmas since the stability range of plagioclase peridotite is 

restricted to pressures less than 8 kb and temperatures less than 

0 1300 C (Yoder, 1976). 

The high water content of many BAB lavas may affect composition 

of the melts in a number of ways. In a hydrous environment, the dis-

sociation of water, which results in high oxygen pressure, has a con-

siderable effect on crystallization and differentiation of basaltic 

magmas. High oxygen pressure favors early precipitation of magnetite 

and ilmenite (Kennedy, 1955; Osborn, 1959, 1962). The depletion in 

FeOt and Ti0
2 

seen Ln BAB glasses may in part be the result of loss 

of these minerals through crystal fractionation • 

Studies of the crystallization of basalt under hydrous conditions 

also led to the discovery that an increase in water pressure inhibits 

the crystallization of plagioclase, relative to ferromagnesian miner-

als (Yoder and Tilley, 1962; Hamilton, 1964; Nicholls and Ringwood, 

1973). The relative enrichment of Al
2
o

3 
in BAB with respect to 
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MORB could be explained by suppression of plagioclase crystallization • 

Furthermore, Green and Ringwood ( 1968) have shown that high water 

pressure favors the crystallization of more calcic plagioclase. This 

factor may explain the very slight Na2o enrichment seen in some BAB 

glass analyses. Some of the Mariana Trough samples analysed in this 

study and previously (Hart et al., 1972) show slight negative Eu 

anomalies. This indicates that plagioclase fractionation did occur to 

some extent, despite hydrous conditions, in this back-arc basin. If 

the high water pressure in these magmas causes crystallization of more 

calcic plagioclase, there should be a relative enrichment of Na
2
o in 

the liquids. Microprobe analyses of plagioclase phenocrysts from 

Mariana Trough basalts give compositions from An
83 

to An
84 

(Meijer, 

per s . comm • ) • These compositions are slightly more calcic than 

plagiclase phenocryst values for normal MORB basalts (Bryan et al., 

1979) • 

B. Volatiles in BAB Basalts 

High water contents (about 1.0 %) have been reported from one of 

the samples dredged for this study and others from the Mariana Trough 

(Garcia et al., 1978). High water contents are also reported for 

Scotia Sea basalt (Muenow et al., in press) and are postulated for the 

highly vesicular Shikoku Basin lavas (Dick, 1980). Further studies of 

volatile content in glasses from other back arc basins (Lau Basin and 

Parece Vela Basin) are underway. Possible sources of water in these 

basal ts is discussed in Appendix B. Among them are: 1) sea water 
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incorporated in secondary minerals added during alteration of the 

rocks, 2) incorporation of sediment into the lavas, and 3) derivation 

from the subsiding oceanic lithosphere. The samples chosen for analysis 

were fresh glasses, thus it is unlikely that the water in the samples 

reflects alteration effects. Sediment incorporation also seems an 

unlikely source. Both volatile inclusions in the glasses and in 

phenocrysts contained in the glass were analysed by Garcia et al. 

(1979). While it may be argued that incorporation of sediments could 

affect composition of the melt (Wood et al., in prep.), represented by 

the glass, it is more difficult to explain high volatile content in 

inclusions in phenocrysts which may have formed prior to emplacement 

of the melt at shallow levels in the sediment column. Thus, it seems 

most likely that the volatiles are present in the source region of the 

melts. The ultimate source of the volatiles in unknown, but possibly 

they derive from the subsiding slab. Invoking this source is rather 

straightforward in the case of the Mariana Trough and Shikoku Basins. 

There the subduction zones are reasonably close to the spreading 

centers of the basin (Figure 1). However in the case of the Scotia 

Sea, as pointed out by Muenow et al. (in press), the spreading center 

is far removed from the subduction zone. In such cases, some means of 

transportation of the volatiles must be provided. There are a number 

of ways in which this might be done. It is possible that convection 

patterns set up in response to subsidence of the oceanic lithosphere 

might provide avenues along which volatile constituents, derived from 

dehydration of the down-going plate, might be introduced into the 

mantle wedge underlying the spreading centers in the basins. It has 
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been suggested that the boundary between the lithosphere and astheno

sphere is a zone of incipient melting (Anderson and Sammis, 1970). 

The presence of even very small degrees of melt would greatly facili-

tate the migration of volatiles. Since in most models for the struc

ture of active spreading centers, the lithosphere-asthenosphere 

boundary rises to the surface at the ridge crest, volatiles would have 

a preferred route toward the zone of magma production . If volatiles 

in the mantle exsist as phases adsorbed along grain boundaries, it is 

possible that the transport of volatiles may be linked to the struc

tural allignment of certain minerals in the mantle. Therefore, the 

exsistence of horizontal layers (cumulate zones for instance) of 

specific mineralogy in the mantle might facilitate the horizontal 

transport of volatiles in the mantle beneath active basins. Wood et 

al. (1980) favor infusion of metasomatic fluids into the mantle wedge 

overlying the slab by veining. This process was described by Hanson 

(1977) • Tarney ( 1979) and Wood et al. (in press) use it to explain 

many of the trace element and isotope variations among the different 

types of MORB (N, T, and E, as described by Sun et al., 1979). In 

particular, they stress that the composition of the fluids veining the 

mantle would control the incompatible element composition of the bulk 

material. Major element composition would of course be controlled by 

the parent rock. The facts that most E-type MORBs have a higher 

143Nd/ 144Nd ratio than bulk earth and a lower 87sr/ 86sr indicate 

that E-type MORBs have undergone a relatively recent enrichment event 

(Wood et al., 1980) • 
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C. Trace Element Composition of BAB Basalts 

1. Rare Earth Elements 

Abundances of REE for selected glasses from the Mariana Trough 

are given in Table 5 • All of these samples have REE concentrations 

near the upper limit of the field of MORB. They differ from normal 

MORB (as defined by Sun et al., 1979) in having light REE enriched or 

flat abundance patterns when compared with chondrites. The REE 

analyses by Hart et al. (1972) of Mariana Trough basalts show the same 

type of pattern. Values of REE from whole rock analyses of all basalts 

from the Scotia Sea (Tarney et al., 1977) are comparable with those 

from the Mariana Trough glasses. Although REE abundances were not 

determined on the Shikoku Basin basalts, Marsh et al. (1980) point out 

that the Ce/Y (which is approximately equivalent to Ce/Ho) ratios for 

samples from that basin are about 1. This indicates that chondritic 

REE patterns exist for these samples. The exception is the alkaline 

basalt from unit 1 of s·ite 444. Those rocks have Ce/Y ratios of about 

2, indicating light REE enrichment. It is important to note that 

Ridley et al. (1974) found slightly light REE depleted patterns for 2 

basalt samples from DSDP Site 54 in the Parece Vela Basin. If these 

are representative of the REE concentrations in Parece Vela Basin 

basalt, they do not conform to the patterns noted for other back-arc 

basin basalts • 

A discussion of the possible explanations for the chondritic 

patterns among these BAB samples is given in Appendix B. In summary, 
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There are a number of possible ways by which chondritic patterns in 

BAB basalts can be obtained from the same type of source material as 

that forming N-type MORB. However, these invoke unusually small 

degrees of partial melting or a non-mantle source (ie. basalt of the 

subsiding plate) material. It is more likely that the source material 

of BAB differs from that of N-type MORB. In order to determine 

whether the source of these lavas has gone through a previous deple-

tion or enrichment event it wil 1 be necessary to examine the Nd 

isotope composition of the rocks. Selected basaltic glasses from the 

Mariana Trough wil 1 be analysed for Nd isotopic abundances in 1981. 

2. Incompatible Elements 

Among basaltic glasses analyzed from the Mariana Trough, the 

incompatible elements K, Rb, Sr, Ba, and the light REE are enriched 

with respect to MORB (Figure 12 and Table 5). 

A number of whole rock analyses of N-type MORB, island arc basalts 

of the tholeiitic series (IAT) and basalts from active and formerly 

active back-arc basins are given in Appendix D. When these data are 

compared (Figure 12), it becomes apparent that, with the exception of 

the Lau Basin, the commonest rock type from active back-arc basins is 

basalt showing enrichment in these incompatible elements with respect 

to MORB. The broad range in values of K and Sr observed in data from 

the Lau Basin basalts, the Shikoku Basin basalts and the Mariana 

Trough whole rock data probably reflects the considerable extent of 

alteration of the samples (Hawkins 1974; Marsh et al., 1980; Wood et 
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al., in prep.). Furthermore, the BAB samples generally are depleted 

in incompatible elements with respect to IAT, except for Ce. The Ce 

enrichment in BAB basalts with respect to both MORB and IAT likely 

results from the BAB lavas having a source material less depleted in 

light rare earth elements than that of normal MORB .• 

It is clear that with respect to K, Rb, Sr, and Rb most BAB 

are transitional between IAT and MORB. It must be noted that the 

samples with MORB and those with IAT affinity do not necessarily 

occupy consistent geographical positions in back-arc basins. In fact, 

rocks of both types are found in the same DSDP holes Sites 443 (Wood 

et al., 1980) and 454 and 456 (Wood et al., in press) • 

3. Transition Elements 

The abundance of the trans it ion elements Ti, Zr, Cr, and Ni in 

BAB lavas is also intermediate between that in N-MORB and IAT. The Ti 

content of BAB has been discussed above. Zr generally only enters 

zircon in late stage differentiates (e.g. Mason, 1966). Furthermore, 

it is resistant to the effects of low temperature alteration (e.g. 

Tarney et al., 1977). These factors result in a steady increase in Zr 

abundance in a given rock suite, with fractional crystallization. 

When abundances of Ni and Cr are plotted against Zr, the intermediate 

character of BAB lavas between N-type MORB and IAT is apparent (Figure 

14). These compositions can be explained in terms of the effects of 

water on crystallization of olivine and pyroxene. Ni follows olivine 

and Cr follows pyroxene during crystallization (e.g. Mason, 1966). As 
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Figure 14. Plots of abundances of Ni and Cr versus Zr for basalts 

from three tectonic provinces, normal MORB (stippled), IAT (broken 

dashes) and back-arc basins (vertical lines). 
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mentioned earlier, the field of olivine crystallization is greatly 

expanded by the presence of water in the source environment (Nicholls 

and Ringwood, 1973). It is this factor which probably explains the 

depletion of Ni in IAT relative to MORB. In the hydrous source region 

of island arc magmas, olivine crystallization occurs over much broader 

P-T conditions than it does in the essentially anhydrous mid-ocean 

ridge environment •• Therefore,it is likely that a greater amount of 

Ni 1s removed through olivine fractionation in island arc regimes than 

at mid-ocean ridges . Since water contents 1n the Mariana Trough 

samples are intermediate between those in IAT and MORB (Garcia et al., 

1979), it follows that the effects of water on crystallization of 

olivine in this back-arc basin would be intermediate between those in 

an arc and a mid-ocean ridge environment. Since the expansion of the 

field of olivine crystallization under hydrous conditions takes place 

at the expense of clinopyroxene as well as plagioclase (Nicholls and 

Ringwood, 1973), the crystallization of pyroxene would be influenced 

by the same conditions as affect olivine crystallization. If the 

PH 0 in the back-arc basin 1s intermediate between that in island 
2 

arc and mid-ocean ridges, it follows that both Ni and Cr content of 

the BAB basalts should be intermediate between basalts from those 

environments • 
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VIII. CONCLUSIONS 

A number of questions concerning the character and genetic sig

nificance of BAB were raised in the introduction to this paper (p.15) • 

1) What is the composition of lavas recently erupted in the Mariana 

Trough? The most common rock type is a basalt showing lower total 

iron and Tio
2

, and higher Al
2
o

3 
abundances than normal MORB. The 

basalts have high H
2
0, co

2
, F and Cl, and low S contents when compared 

with MORB. Furthermore, they are intermediate between IAT and MORB in 

composition of these volatiles. The Mariana Trough basalts also have 

abundances of K, Rb, Sr, Ba, Cr, and Ni that are intermediate between 

those of N-MORB and IAT. REE abundance patterns for Mariana Trough 

lavas are flat relative to chondritic, indicating a source material 

relatively enriched in light rare earth elements as compared with the 

source for N-type MORB. 2) What is the petrogenetic history of these 

lavas? The history of the source material of Mariana Trough basalts 

is not known at present. It is apparent that it lacks the depletion 

in light REE typical of normal MORB. Whether this implies enrichment 

of the source in some relatively recent event, remains to be determin

ed. The main controlling factor over the composition of basalt 

erupted in the Mariana Trough is probably the effect of high volatile 

content in the source region. High water pressure, expanding the 

field of olivine crystallization at the expense of plagioclase and 

pyroxene, and controlling the order of crystallization and composition 

of mineral phases, can be called to account, in a qualitative way, for 

the major and transition element compositions seen in the Mariana 
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Trough basalts . The possible presence of incompatible elements in 

these fluids may be the source of the high abundances of these ele

ments in the Mariana Trough basalts. 3) How do the lavas erupting in 

the Mariana Trough today compare with lavas erupted earlier in the 

history of the basin? Since rocks bearing affinity to both MORB and 

IAT were found in sites 454 and 456 it is clear that the evolutionary 

scheme suggested by Tarney et al. (1977) for BAB does not apply in the 

strict sense. That is, a smooth variation from basalt showing IAT 

affinity, erupted in the early spreading stages of the bas in, to 

basalt showing MORB characteristics, erupted in the late stages of 

spreading, does not seem to be the case for the Mariana Trough. 

However the majority of the Mariana Trough samples studied for this 

report do show an intermediate character between IAT and MORB. It may 

be that the amount of volatiles available in the source region of the 

basins is variable. In that case, infusion of the source with vola-

tiles to a greater or lesser degree could produce basalts similar to 

IAT or MORB respectively. 4) How do the compositions of the Mariana 

Trough basalts compare with those of basalts from other back-arc 

basins? The degree of similarity among BAB basalts is striking. The 

majority of the samples examined to date show a consistent pattern of 

the compositional traits outlined above and, when fresh glass is 

available, they provide an excellent set of criteria to distinguish 

BAB basalts from basalts formed in other tectonic environments. 

5) How do the compositions of Mariana Trough basalts compare with 

those of basalts from other environments? The composiitonal charac

teristics of Mariana Trough basalts outlined above indicate certain 
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differences from basalts from other environments. Although it is 

clear that Mariana Trough basalts have lower FeOt and Tio
2 

and 

higher Al
2
o

3 
than either normal or plume derived MORB, they cannot 

be compared with island arc series lavas until data on fresh glass 

compositions from the arc rocks are avaiable. Since the Mariana Trough 

basalts have chondritic REE patterns, their source material is probab

ly less depleted than the source material for either the mid-ocean 

ridge or island arc basalts. However, neither the Mariana Trough 

basalts nor the basalts from other back-arc basins show the kind of 

enrichment in light rare earth elements that is typical of plume 

derived basalts. Values of K, Rb, Sr, Ba, Cr, and Ni for Mariana 

Trough basalts are intermediate between those of fresh basalt from 

mid-ocean ridges and island arcs. In the cases of Sr and Ba, typical 

values for plume derived MORB (as defined by Sun et al., 1980) fall 

within the range of values for back-arc basin basalts. However, K and 

Rb values for plume derived MORB are much higher than those of back

bas in basalts. 6) What kinds of constraints might the tectonic envi

ronment of the Mariana Trough and back-arc basins in general place on 

models of the petrogenesis of BAB basalts? Of course, the most 

important single factor governing the tectonic environment of back-arc 

basins is the subduction of oceanic lithosphere at the nearby plate 

margin. The obvious effects of subduction are introduction of crustal 

material into the mantle, the alteration of thermal regimes in both 

the lithosphere and the surrounding mantle, the formation of arc 

magmas, and of secondary convection cells in the mantle wedge overly-

1ng the subsiding plate. We do not yet understand the spreading 
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mechanisms of back-arc basins, or how they might relate to subduction 

processes. But, as we have seen, the tectonic history of the Mariana 

Trough may have been two-fold. The bathymetric character of the basin 

suggests that it may have experienced initial spreading by diffuse 

volcanism over a broad zone of crustal extension. At present the 

style of spreading is similar to that at typical mid-ocean ridges. 

The former type of spreading is similar to that suggested for the Lau 

Basin by Hawkins (1976), and the latter is similar to that demonstrat

ed for most other back-arc basins. Despite the suggested differences 

in tectonic history, the composition of most basalts from all of these 

basins are quite consistent, as are their differences from basalts of 

other environments. Yet, it must be noted that Wood et al. (in press) 

found rocks showing similarity to both MORB and IAT in a single DSDP 

drill hole in the Mariana Trough (454A). In order to account for this 

it may be necessary to envision a model for the generation of back-arc 

basin basalts in which normal mid-ocean ridge processes can occur 

perhaps after spreading in the basin has stabilized. Prior to the 

stabilization of the spreading processes in the basin it is likely 

that the effects of formation of arc magmas combined to present the 

greatest influence on the generation of the basin lavas. It has been 

suggested that many of the compositional peculiarities of the back-arc 

basin basalts can be explained in terms of the effects of volatiles on 

crystallization of the melts formed in this environment. The most 

likely source of these volatiles seems to be the nearby subsiding 

oceanic plate • 
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ABSTRACT 

A detailed geophysical and geological survey of the Mariana Trough, an 

actively extensional back-arc basin, was conducted in 1976 and 1977 to provide 

data for selection of drill sites for DSDP Leg 60. These surveys revealed 

bathymetric trends, sediment distribution, crustal seismic velocity structure, 

and earthquake activity that suggest the basin is opening around an axial 

spreading center 'that is similar to the slowly spreading Mid-Atlantic Ridge. 

Significantly different characteristics of the Trough, such as the poorly 

defined magnetic anomalies, irregular bathymetry, and the high level of low 

magnitude seismicity, may be characteristic of the initial opening stages of 

an oceanic rift system (whether or not it is a back-arc setting) • 
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INTRODUCTION 

Based on bathymetric trends and sediment distribution, Karig (1971) 

suggested that the Mariana Trough (Figure 1) is an actively opening back-arc 

basin. The variable, and often quite high, heat flow subsequently observed 

(Anderson, 1975); in the basin supported this interpretation. Thus, when the 

International Phase of Ocean Drilling (IPOD) planned an east-west transect of 

the Philippine plate at approximately ISON latitude, the Mariana Trough was 

identified as an obvious target for the study of crustal genesis and the 

nature of spreading in a back-arc basin (see Mariana Trough--Background and 

Objectives, Uyeda and Hussong, this volume): The selection of drill sites in 

the Mariana Trough was based largely on data collected during reconnaissance 

and detailed geophysical surveys and geological sampling conducted for !POD by 

the Hawaii Institute of Geophysics (RIG) in 1976 and 1977. This paper 

summarizes the results of those surveys. 

Prior to the RIG surveys, marine geological and geophysical data were 

sparce in the Mariana Trough, near the proposed 18°N transect, was the most 

intensely studied region. Here, geophysical data and samples of seaf loor 

sediment and crustal material had been collected on three Scripps Institution 

of Oceanography (SIO) cruises (SCAN, TASADAY and INDOPAC). The Lamont-Doherty 

Geological Observatory (L-DGO) also had several existing ship tracks with 

geophysical profiles through this area. For the IPOD drillsite selection, HIG 

surveyed the entire width of the basin near 18°N in 1976 (Figure 2), and 

followed this effort with more detailed surveying in those localities 

considered most appropriate to meeting the IPOD drilling objectives in 1977 

(Figure 3). That same year the HIG data were supplemented by multi-channel 
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seismic reflection data collected by Lamont-Doherty Geological Observatory 

using the R/V CONRAD (described by Mrozowski and others, this volume) • 
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All ship's navigation for these surveys is satellite-controlled. On the 

R/V KANA KEOKI, the HIG vessel used to collect the bulk of the profiling data, 

the position between satellite fixes is interpolated and adjusted using 

continuously recorded ship's heading and speed-through-water (obtained from an 

electro-magneti'c sword). 

DATA ACQUIRED DURING HIG SITE SURVEYS 

Bathymetry 

A bathymetric map of the Mariana Trough, based primarily on 3.5 kHz 

reflection data from the RIG, SIO, and L-DGO cruises is shown in Figure 4 and 

Plate 1 (in pocket in back of this volume). The bathymetry is corrected by 

sound velocity in water using standard Matthew's Tables. 

The seafloor in the Mariana Trough is characterized by very high relief 

and a roughly north-south trending system of irregular ridges and valleys. In 

the area surveyed near 18°N, depths range from extremes of over 4800 meters 

to les·s than 2800 meters, al though typical valley-to-ridge relief i11 more like 

600-900 meters. The character of the sea bottom is similar to that found on 

slow spreading mid-ocean ridges, such as the Mid-Atlantic Ridge • 

A deep (4600 m) graben runs generally north-south, approximately equal 

distance from the center of the active Mariana volcanic arc on the east and 

the remnant arc (West Mariana Ridge) on the west. The graben crosses 18°N 

at 144°48'E. It is flanked by a series of narrow block-faulted ridges and 

tr~o·ghs oriented parallel to the graben. The character of the graben and of 
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the flanking ridges can be seen on east-west reflection seismic profiles in 

Figure 5a and 5b, and Plate 2 (back pocket). The basement topography is 

roughly immersed on the two sides of the apparent graben at the axis of 

back-arc spreading. Also, on both sides of the basin the individual ridges 

are generally asymmetric with the steeper flanks on the side nearest the axis 

of spreading, suggesting they are formed by block faulting with rotation away 

from the axial graben (Figure 6a), North-south reflection profiles (Figure 

6b) show a series of much broader rises and deeps with considerably more 

gentle slopes, illustrating the persistent north-south fabric of the back-arc 

basin bathymetry. In fact, the ridges strike about 330°, so that the steep 

sides (facing the spreading center) of the ridges are on the east-west profile 

(Figure 6a), and are on the north faces in the north-south profile (Figure 

6b) • 

The well-defined axial graben is not, however, an ubiquitous feature. 

Inspection of reflection profiles to the north and to the south of the survey 

area shows that although the bathymetric fabric retains its 330° strike, the 

central graben at other . latitudes is less pronounced and is sometimes replaced 

by a bathymetric high. 

South of 1735'N in our surveyed area (Figure 4) a major east-west 

trending bathymetric feature coincides with a right lateral offset in the 

central graben. The most striking aspect of this east-west feature is a 

sediment-filled deep with water depths greater that 4000 meters. It is 

bounded on the north by an approximately 800 meter scarp. This scarp has a 

large-scale strike of approximately 255°, but on a scale of the order of 10 

kms, it changes strike direction over short intervals from nearly 180° to 
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2700. The feature is probably an unstable transform fault that repeatedly 

changes its trend in response to small-plate irregularities in spreading 

direction. These are characteristics of the Mariana Trough, perhaps because 

in the initial opening stages, small basins probably lack a stable single pole 

of rotation. Based on the bathymetry and sediment trends, we suggest that a 

generalized ridge-transform-ridge structure occurs in the Mariana Trough as 

sketched in Figure 7 • 

A recent deployment of ocean bottom seismometers in this part of the 

Mariana Trough (Hussong and Sinton, 1979) recorded a large number of low 

energy (magnitude less than 3.5) earthquakes with a epicenter pattern 

consistent with the spreading ridge-transform fault structure deduced from the 

bathymetry • 

Sediment Distribution 

Sediments in the Mariana Trough are sparse in the center and become 

progressively thicker toward the margins. A large wedge of pyroclastic debris 

extends westward from the Mariana volcanic islands and covers the eastern side 

of the Mariana Trough nearly to the axial region (Figure Sb). Toward the 

western side of the back-arc basin the sediment cover shows a general 

thickening and there is an increase in size and frequency of sediment ponds • 

Most of these ponds show evidence of tectonic displacement (for example, see 

Figure Sa). In some ponds, faulting has destroyed the continuity of the 

stratigraphy; in many there are angular unconformities at depth. The sediment 

pond graben observed in the profile in Figure Sa (labeled "A"), for instans:e, 

is in an enclosed basin that is unlikely to be disturbed by bottom currents. 

Since the sediments in these ponds are predominantly turbidites, the abrupt 
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nature of the graben suggests that it was formed very recently and at a 

position over 75 km from the spreading axis • 

The cause of some of the strong sub-bottom reflectors in the Mariana 

Trough sediment ponds is unknown. During our dredging in the area (see 

section on Rock Dredging, below), however, widespread pumice was recovered, 

encouraging us to speculate that the deep reflectors may be buried layers of 

pumice. 

Magnetics 

The residual total magnetic intensity field, corrected for IGRF using the 

1965 parameters, is included in the charts presented in Plate l in the back 

pocket of this volume. As noted by Karig (1971), it is very difficult to 

correlate magnetic anomalies betwen profiles in the Mariana Trough. This 

problem is likely caused by a combination of the low latitude, rough 

bathymetry, and small-scale change in the geometry of crustal spreading. 

Considerable smoothing of cross-line errors was required to produce the 

magnetic contour map pr.esented on Plate 1, and concurrent attempts at 

correlating anomalies between profiles to identify a spreading-induced 

magnetic anomaly stripe were not conclusive. It seems that the small scale 

spreading irregularities, as illustrated by the erratic strikes of the scarps 

on the 17°35'N fracture zone, are so great that no identifiable magnetic 

anomaly trends are observed, even with the dense line spacing obtained during 

the survey • 

98 



• 

• 

• 

• 

• 

• 

• 

• 

• 

99 

Fortunately, other attemps to correlate magnetic anomalies have had some 

success. Hussong and Fryer (1980) ~tudied profiles from a variety of other 

academic and military research cruises in the Mariana Trough just north of 

18°N latitude, and calculated a spreading rate of approximately 1.65 cm/yr 

(3.30 cm/yr total basin extension). Bibee and others (1980) were also able to 

correlate several profiles near 18°N and calculated a spreading rate of 

approximately 1.5 cm/yr (3 cm/yr total extension) within 50 kru (therefore 3 

m.y.) of the spreading axis. These slow spreading rate~ are consistent with 

the ages of basal sediments subsequently cored at Sites 453, 454, and 456 (see 

appropriate Site Chapters, this volume). 

Gravity 

Gravity data were collected using a La Coste and Romberg S-33 gravimeter • 

In general the FAA field (included on Plate 1, back pocket of this volume) 

follows bathymetric trends in the survey area. Interpretation of these data 

by Sager (1980) is consistent with a crustal thickness of S km across the 

Trough with some thinning near the axis of spreading. In general, Sager's 

interpretation requires that the back-arc crust and upper mantle densities are 

lower that those observed in the lithosphere beneath oceanic basins. · 

Seismic Refraction Studies 

Locations of sonobuoy and ocean bottom seismometer (OBS) deployments, and 

the shot lines along which refraction data were collected, are shown in Figure 

8. Velocity determinations made by LaTraille and Hussong (1980) using the 

1976 sonobuoy data, based solely on east-west shot lines, are presented in 

Table 1. Since this orientation is perpendicular to the dominant bathymetric 
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grain, velocity determinations and interpretations were hampered by complexity 

of the crustal structure. In addition, the quality of arrivals from these 

data was poor, making development of structural models even more difficult. 

Moho velocities were detected only in the western part of the Trough (stations 

2, 3, 4, and 5). The average crustal thickness beneath these stations is 5 

km, with some apparent thinning toward the axial region. The velocity and 

thickness determinations of layer 2A are siMilar to those at the Mid-Atlantic 

Ridge (Houtz and Ewing, 1976), but are low by comparison with those at the 

East Pacific Rise. The velocity determinations of layers 2B and 3 are also 

similar to those of the Mid-Atlantic Ridge. 

Structure models based on the 1977 OBS data were obtained using the 

heterogeneous ray tracing method (Ambos, 1980) allowing for lateral 

inhomogeneity in the velocities of the crustal layers. These interpretations 

are summarized in Table 2. Some of the problems encountered during 

interpretation of the sonobuoy data were alleviated in the OBS interpretation 

by running two shot lines north-south, parallel to the dominant strike of the 

bathymetric grain, as well as a line east-west across strike (Figure 8). The 

easternmost of the two north-south lines is located close to the axial graben, 

on very recently generated crust. The other is some 80 km to the west, on 5-6 

m.y. old crust. Since the direction of spreading is east-west, these two shot 

lines were located close to isochrons. Mantle arrivals were not observed, 

although the 7.7 km/sec velocity could be classified as low velocity mantle. 

Ambos (1980) further compared her Mariana Trough velocity structure 
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to that reported on other mid-ocean spreading centers, and concludes that the 

back-arc basin crustal velocity structure is quite similar to that observed on 

slow-spreading mid-ocean ridges. 

Seismicity 

During the four days the OBS units were deployed in 1977, a number of low 

magnitude seismic events were recorded. Although exact locations cannot be 

determined, the frequency of these events was greatest (approximately 35 per 

day) at the units along the eastern end of the line. Recent . seismic studies 

in the south-eastern part of the survey area (Hussong and Sinton, 1979) show 

patterns of earthquake epicenters that are consistent with a ridge-transform 

fault type of extension. 

Sediment Cores 

Two free fall cores and two piston cores were collected from the survey 

area. The locations of the cores are shown in Figure 8. The easternmost of 

the cores recovered volcanic ash and brown clay with Quaternary foraminifera 

throughout. A piston core taken in the suspected back-arc spreading axis 

yielded clay and ash with macro-manganese nodules. The remaining two cores 

were . taken from large sediment ponds in the western part of the Trough. Both 

yielded primarily vitric ash. The more western of the two cores also contains 

layers of pumice and silty vitric clay. The ages of these three cores are 

also Quaternary • 
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Rock Dredges 

The locations of dredge stations are also shown in Figure 8. A summary 

of the dredge results is listed in Table 3. Most of the stations were 

concentrated in the center of the Trough, near the suggested spreading axis. 

A large amount of very fresh pillow basalt and some coarser grained maf ic 

material was collected there. Some of the rocks were highly altered by 

hydrothermal effects. The two sites dredged from the scarps surrounding the 

large western pond yielded manganese nodules and pumice. The pumice is light 

gray and contains abundant hornblende phenocrysts. Some of the pieces of 

pumice have a thick manganese encrustation. The same sort of pumice, and some 

slabs of manganese, were recovered from the southern boundary of the large 

seamount near the axial region of the Trough. 

The pillow basalts collected near t~e axial region bear many 

characteristics of mid-ocean ridge basalt (MORB), but there are significant 

differences in certain major and trace element compositions (Fryer and others, 

this volume; Garcia and others, 1979). Concentrations of Al2o3 and 

volatiles are higher and total iron and Ti02 are lower than those of MORB at 

a given MgO concentration, Rare earth abundances cluster near the upper limit 

for MORB and the patterns are essentially flat compared with chondritic 

abundances (Ce/Sm= 0.8 - 1.1). Certain incompatible elements (Li, K, Rb, Sr, 

Ba) are more abundant in some of the Mariana Trough basalts than in MORB. The 

differences in composition between the basin lavas and ridge basalts indicates 

a difference in source material, Part of the reason for these differences 

might be the peculiar enviroI1111ent of the active back-arc basin, in particular 

it location above the subducted oceanic lithospheric plate • 
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SUMMARY 

Results of the drill site selection surveys made a considerable 

contribution to the understanding of the style of spreading in the Mariana 

Trough. Spreading seems to be approximately symmetrical from a central rift 

that bears morphologic similarity to other slowly spreading ridges. 

Refraction data indicate a velocity structure similar to the slow-spreading 

Mid-Atlantic Ridge. Seismic activity detected in the spreading region also 

implies normal mid-ocean ridge tectonics. Finally, the overall petrologic and 

compositional characteristics of the lavas dredged from the spreading center 

are similar to MORB. 

While the Mariana Trough bears much in common with normal slow-spreading 

mid-ocean ridges, there are also striking differences. Poorly defined 

magnetic lineation patterns are very difficult to correlate, but where 

identifiable they are consistent with symmetric ridge/transform fault 

extension. However, the spreading rate (approximately 1.65 cm/yr) is 

unusually low. In some places the axial rift graben of the Mariana Trough 

looks similar to that of the mid-Atlantic ridge, but it is deeper (4600 m) 

than the graben of a normal mid-ocean ridge. The degree and complexity of 

faulting in the survey area are also greater than in most ridge provinces. 

Based on seismic and gravity data, upper mantle velocities and densities are 

low beneath the Mariana Trough. Although the earthquake epicenter patterns in 

the Trough are similar to those of normal ridge/transform fault systems, the 

magnitude of these events is unusually low (<3). Finally, although the 

composition of the basalts dredged in the Trough have an overall similarity to 

MORB, consistent differences in volatile content and trace element 
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composition, as well as subtle differences in major element composition, 

occur. 

It may be that beyond its similarities to a feature like the present 

Mid-Atlantic Ridge, the Mariana Trough back-arc basin should be considered for 

its geological and geophysical similarities to what a typical slow-spreading 

mid-oce an ridge was like during the initial stages of its rifting. The 

composition of the back-arc basin basalts may also bear some influence from 

the nearly subducted oceanic lithospheric plate • 
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Table 1: Results of 1976 Seismic Refraction Studies (sonobuoy data), from LaTraille and Hussong (1980) 

Water Datum 
Station Position Depth at Water 

Receiver Velocitx {lan/secl Depth. Thickness {lan2 
(km) l 2 3 4 5 6 7 (lan)C l 2 3 4 

17°48.8'N 4.50 2.44 3.28 3.78 7. 77 4.65 0.85 0 . 90 4.20 
143°26.4'£ 

2 17°48.6' 4.62 2.008 2.8b 4. 70 6.50 8.06 4.50 0.20 0.54 l.17 3.95 
143°3 7 .4. 

3 17°48 .5' 4.60 .. 3.2b 4.30 6.49 8.08 4.53 0.25 0.52 1.57 l.9S 
143°45.3' 

4 17°48.6' 4.53 .. 4.85 5.82 7.49 4.53 0.30 2.29 2.26 
143°55.0' 

5 17°51.5' 4.06 - 3.44 5.64 8.18 4.20 - 1.64 2.38 
144°13.2' 

6 17°51.6' 4.23 - 3.6ob 5.12 6.85 3. 75 - 2.14 0.45 
144°23.l' 

8 17°51.2 1 3.05 - 4.51 6. 95 3.30 - 3.85 
144°38.4' 

9 17°51.0' 3.50 - 3.07 4.35 5.73 4.23 - 1.62 0.19 
144°43 .6' 

10 17°51.2' 3.42 2.00• 3.38 5.55 6.91 3.55 0.46 1.05 2.11 
145°03.8' 

11 17°50.8' 3.63 .. 2.85 3.69 4.38 3.25 0.53 1.34 1.85 
145°16.9' 

12 17°50.2' 3.30 " 2.96 4. 75 6.53 3.10 l.12 1.75 1.50 
145025.6'' 

• 

Total. Depth 
To Mantle 

(km) 
5 6 

10.60 

10.36 

8.82 

9.38 

8.23 

• 

...... 
0 
-...J 

• 
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Table l: (continued) 

Station Position 

13 17°49.0' 
145°41.0' 

14 17°49.3' 
145°54.2' 

15 17°49.9' 
146°03.3' 

16 17°50.3' 
146°12 . 8' 

17 17°50.4' 
146°26.7' 

18 17°50.6' 
146°44.6' 

19 17°50. 8' 
146°55.6' 

20 17°51.4' 
147°10.7' 

23 17°53.2' 
148°16.1 1 . 

24 17°52.9' 
148°31. 7' 

• • • • • • 

Results of 1976 Seismic Refraction Studies (sonobuoy da~a), from LaTraille and Hussong (1980) 

Water Datum 
Depth at Water 
Receiver VelocitI {km/sec} Depth Thickness {km} 

(Ian) l 2 3 4 5 6 7 (km) c l 2 3 4 5 6 

2.97 2.56b 3.13 4.61 6 . 54 2.60 1.36 0.96 1.15 

2. 72 2.ooa 3.31 4.61 5.94 2.68 1.03 1.37 1.48 

2.69 " 3.63 4. 73 6.32 7.22 2.85 0.80 1.58 1.15 1.77 

2.78 " 3. 83 4.61 6.55 3.07 0.49 1.35 2.04 

3.32 " 3.94 5.80 6.39 3.37 1.00 2.22 1.13 

3.43 " 4 . 29 6.15 3.52 0 . 40 2.93 

3.45 " 4.00 4.68 6.10 3.71 0.29 1.44 1.99 

3.88 " 4.14 5.32 6.50 4.00 0.60 1.53 1.79 

6.49 " 4.11 . 5.39 6.92 8.20 6.25 0.25 1.65 1.53 1.28 

6.01 " 3. 508 5.39 6.60 7.91 5.89 0.30 1.09 0.90 2.04 

Total Depth 
To Mantle 

(km) 

10.96 

10.22 

• 

..... 
0 
00 
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Table 1: (continued) Results of 1976 Seismic Refraction Studies (sonobuoy data), from LaTraille and Hussong (1980) 

Water 
Station Position Depth at 

Receiver Velocit~ {Ian/sec) 
(\an) 1 2 3 4 

25 17°52.4' 5. 77 .. 3.06b 4 .11 5.89 
148048.0' 

26 17°52.5' 5.56 " 4.ooa 5.88 6.85 
149°04. 9' 

27 17°52.7' 5.22 3.12b 4.25 5 . 40 6.53 
149°24.l' 

28 17°52. . 7' 4.85 - 3.26 5.30 7.18 
149°37.3' 

29 17°53.9 1 4.98 2.008 4.29 5.86 7.86 
149°53.2. 

8 Assumed velocity 

bAverage velocity - a gradient, not a discrete layer 

cAveraged along the datum for each station 

5 

6.54 

8.03 

DatUlll 
Water 
Depth Thickness· {km) 

6 7 (Ian) c l 2 3 4 5 6 

7. 38 8.20 5.61 0.15 0.49 l.13 0.92 1.20 2.90 

5.40 0.19 2.17 0.91 l.83 

5.00 0.78 0.55 1.63 

4.58 - 2.31 1.97 

5.08 0.15 2.40 2:20 

• 

Total Depth 
To Mantle 

(km) 

12.40 

10.50 

• 

....... 
0 
\0 
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OBS Instrument 
Position 

Jan Mayen 17°46.5'N 
144°02.0'E 

Gifu 17°49.S'N 
144°39.0'E 

Jan Mayen 17°46.5'N 
144°02.0'E 

Gifu 17°49.S'N 

TABLE 2 

Results of 1977 Seismic Refraction Data, from Ambos (1980) 

(OBS Data) 

Water Line Velocity km/sec thickness 
Depth 

km 2 3 4 5 2 3 

4.5 c 3.5 5.3 6.7 7.7 1.8 1.5 

2.8 B 3.5 6.4 ± 0.34 7.7 1.6 

4.5 Al 3.5 5.3 6.7 7.7 1.4 1.3 

2.8 A2 3.3 6.4 ± 0.34 7.7 1.9 

km 

4 

1.8 

2.3 

1.4 

3.0 

,..... 
,..... 
0 
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TABLE 3 

RESULTS OF ROCK DREDGES 

Dredge Latitude N Longitude E Water Depth No. Bage No. Loose 
No. II Boulders 

M 01 17°53' 144°41.7' 3200 2 

M 02 

M 03 17"23.J' 144°42 . 9' 3200- 17 4 
4000 

M 04 

M 05 17°52.8' 144°40 . l' 3100 1 

M 06 17°53.7' 144°41. 7' 3400 1 

M 07 17°41.0' 144°43. l' 3700 5 4 

K 08 17°42.6' 144°41.4' 3000 1 

M 09 17°49.6' 143°59.0' 4200 5 

Lithology 

Altered basalt pillow 
fragments and manganese 
nodules 

Dredge empty 

Fresh to altered basalt 
pillow fragments 

Lost dredge 

One manganese nodule 

Altered basalt fragmetata 
and so•e manga;,ese nodules 

Basalt pillow fragments 
slightly. to heavily 
altered 

Manganese nodules and 
pumice fragments 

Manganese nodules and 
puaice fragments 

General Location 

North slope of axial high 
aeamount, lower part of 
slope 

Western elope of axial 
valley in talue pile at 
base of slope 

Northern scarp of axial 
high seawount 

Northern scarp of axial 
high aeamount 

Southern slope of axial 
high seamount 

Upper part of southern 
boundary of axial high 
aeamount 

Northern boundary of 
oedi•ent pond SP4c 

...... ...... 
...... 



• • 

Dredge Latitude N Longitude E Water Depth 
No . m 

H 10 ls•19.2• 144. 26. 2' 3600 

H 11 17"41.0' 143.56 . 0' 4200 

H 12 

H 13 is•oo.3' 144°43.4' 3900 

H 14 18°00.4' 144°53.3' 4400 

TABLE 3 (continued) 

RES UL TS OF ROCK DREDGES 

No. Bags No. Loose 
Boulders 

2 

5 

6 5 

8 7 

• 

Lithology 

Manganese nodules 

Pumice and pumice vith 
manganese annor 

Dredge empty 

Fresh pillov basalt 
fragments 

Fresh to $light al~ered 
pillow fragments, conglo• 
era.te and some sediment 
partly lithified 

General Location 

North of survey area 
on steep slope of 
bult block 

Southern boundary of 
sediment pond SP4c 

Western scarp boundary 
axial valley northern 
part of survey area 

Base of eastern scarp 
bounding axial •alley 
in talus 

...... 

...... 
N 
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FIGURE CAPTIONS 

Location of the Mariana Trough, an extensional back-arc basin associated 

with the Mariana Island Arc zone of lithospheric plate convergence. The 

shaded box encloses the area surveyed and described in this paper. Map 

modified from Karig (1971) and Ambos (1980) • 

Tracks of the 1976 Hawaii Institute of Geophysics drill site selection 

. survey, R/V KANA KEOKI cruise KK-76-01-03, Leg 2. 

Tracks of the 1977 Hawaii Institute of Geophysics drill site selection 

survey, R/V KANA KEOKI cruise KK-77-03-17, Legs 3 and 4 • 

F4: Bathymetry of the Mariana Trough. Data sources are the HIG cruises, 

FSa: 

as well as all available data from the Scripps Institution of 

Oceanography, the Deep Sea Drilling Project, and the Lamont-Doherty 

Geological Observatory. Contours in meters corrected for velocity of 

sound in water using Matthew's Tables. 

Single-channel receiver, airgun source, reflection seismic profile 

across the western half of the Mariana Trough at 17°SO'N latitude • 

The ship's course was 270°T. Data filtered 20-80 Hz. 

FSb: Eastern continuation of reflection seismic profile in Figure Sa. The 

Mariana Trough basement is covered on this side by a wedge of thick 

volcanoclastic sediments coming from the presently active Mariana 

volcanic arc • 
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F6a: Single channel receiver, airgun source, reflection seismic profile in 

the western side of the Mariana Trough. Data filtered 40-250 Hz. This 

profile, made on a course of 9QOT, illustrates the apparent rotation 

F6b: 

F7: 

F8: 

of the block-faulted ridges away fro~ the axis of spreading, so that the 

steeper scarps on the ridges always face east. 

A north-south line obtained with the same seismic profiling set-up as 

used for Figure 6a. The longer wave-length of the bathymetric relief 

and the increased side echoes are a result of the orientation of this 

profile more closely to the strike of the back-arc basin ridges 

(3300T). 

Tectonic interpretation of Mariana Trough bathymetric and geophysical 

trends. Spreading occurs from a discontinuous axial graben striking 

approximately 330°T in the upper part of the study area, and from a 

north-south rift south of 17°3S'N. The intervening fracture zone 

is bounded on the north by scarps which strike in directions which are 

sometimes orthogonal to the northern spreading center and at other 

times are orthogonal to the more southerly spreading center. The 

entire shaded area represents the deep, sediment-£ il led, seismically 

active area that is the irregular trace of this apparent constantly 

re-orienting transform fault. 

Location map of sonobuoy stations (crosses), ocean bottom seismometer 

stations (triangles), explosion shot lines, dredge hauls (stars), 

positions where fresh basalt was recovered (encircled stars), and 

piston core (solid circle) in the survey area • 
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ABSTRACT 

The tectonic character of oceanic crustal generation in the Mariana 

Trough, an active, extentional, back-arc basin, is similar in many ways to 

that in normal mid-ocean ridges. Thus, it might be expected that the basalts 

erupted in the basin would be like normal mid-ocean ridge basalt. However, 

basaltic glasses from each environment show consistent differences. Mariana 

Trough glasses have lower total iron and Ti02 and higher Al 2o
3 

for a given MgO 

concentration. The rare earth patterns for Mariana Trough glasses are 

essentially flat and relative to chondrite. Incompatible element abundances 

are higher for the Trough than for ridge basalts. The volatile content of 

Trough basalts is very high (approximately 1% H2o) • 

These compositional characteristics are also found for basalts from other 

active marginal basins, and suggest that the sources of these lavas differ 

from those of normal mid-ocean ridge basalts. Part of the reason for these 

differences might be the peculiar tectonic environment of active back-arc 

basins, in particular their location above the subducted oceanic lithospheric 

plate • 
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INTRODUCTION 

Geologic Setting 

The Mariana Trough (Figure 1) is a young extensional basin situated 

between the volcanically active Mariana Island arc and the West Mariana Ridge, 

a remanent arc. Spreading began there approximately 6 m.y.B.P. (Fryer and 

Hussong, this volume). Patterns of magnetic anomalies throughout the basin 

(Hussong and Fryer, 1980), seismicity in the central portion (Hussong and 

Sinton, 1979), the morphology of the spreading center (Uyeda and Hussong, 

1978), and the increase in seismic velocities with age of crustal layers 

(Ambos and Hussong, 1979) are similar to features of slowly spreading segments 

of normal mid-ocean ridges. However, there are a number of ways in which the 

Mariana Trough differs tectonically from normal mid-ocean ridges. 1l't is 

situated very close to a convergent plate boundary and the changes of 

spreading direction within the basin noted by Hussong and Fryer (1980) are 

probably related to the convergence. At 18°N the spreading rate is much 

slower (1.65 cm/yr, according to Hussong and Fryer [1980]) and the central 

graben is deeper (4600 m, Fryer and Hussong [this volume]) than encountered at 

other spreading ridges. Seismic refraction studies show that crust and mantle 

velocities are lower and the crust is thinner than at mid-ocean ridges (Ambos 

and Hussong, 1979). Gravity models suggest a mass deficiency at depth, 

indicating mantle densities that are lower than normal (Sager, 1979). The 

degree of fracturing of the crust, at least at this latitude, is suspected to 

be greater than is usually encountered at mid-ocean ridges (Ambos, 1980; Fryer 

and Hussong, this volume). The fractured nature of the crust may account for 

the low magnitudes (M<3; Hussong and Sinton, 1979) and the high degree of 
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hydrothermal activity in the region (see Site Report Chapters for Sites 453 

and 456 and Uyeda and Horai, this volume) • 

These similarities and differences of mid-ocean ridge and Mariana Trough 

tectonics raise some basic questions concerning magma genesis in the back-arc 

basin. How do Mariana Trough basalts (MTB), and other marginal basin basalts 

(MBB), compare with mid-ocean ridge basalt (MORB)? How is magma composition 

related to the tectonic setting of the Mariana Trough? Have these 

relationships changed with time? 

Sampling 

Prior to 1977, samples were dredged from the central portion of the 

Trough (Figure 2) on two cruises by the Scripps Institution of Oceanography 

(SIO). The compositions of some of these samples are reported in Hart et al • 

(1972) and Meijer (1974). In preparation for Leg 60 of the Deep Sea Drilling 

Project (DSDP), detailed surveys of the prospective sites were carried out by 

the Hawaii Institute of Geophysics (HIG) during 1976 and 1977. Dredging was 

done in the vicinity of each proposed drill site, but only those stations from 

the central portion of the basin yielded fresh basalts. · During Leg 60, four 

locations were drilled in the Trough (Figure 2). Of these, only two sites 

(454 and 456) penetrated igneous rocks of the marginal basin crust • 

Many of the samples collected in the dredging operations and in 

subsequent DSDP drilling are fragments of basaltic pillow lavas. They have 

glassy rims (0.1 - 1 cm thick), spherulitic to variolitic margins (up to 4 cm 

thick), and fine-grained hypo-crystalline interiors. The rocks from dredge 

hauls 13 and 14 are sparsely porphyritic, containing skeletal microphenocrysts 

of plagioclase and olivine, which generally occur in small crystal clumps • 
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Spinel inclusions occur in olivine and plagioclase phenocrysts in some of the 

dredge 13 and 14 samples. A large number of aphyric and porphyritic pillow 

fragments were retrieved in dredge haul 3. In addition to skeletal olivine 

and plagioclase in the dredge 3 pillow fragments, there are also some rounded 

and embayed plagioclase and pyroxene phenocrysts. No spinel was observed in 

any of these rocks. The groundmass of the rocks from all three dredge 

locations varies from hyaline to hypocrystalline. In most, microlitic to very 

small skeletal laths of plagioclase are the dominant groundmass phase. Many 

of the rocks contain globulites and margarites of pyroxene (?). Minute grains 

of olivine occur in the groundmass of some of the rocks from dredge 13. Most 

of the rocks chosen for this study are very fresh. Some of them contain a 

small amount of secondary clays occurring as vesicle linings or vein. fillings • 

The vesicularity of these rocks is generally greater than 10% by volume. The 

thin sections described in Table 1 were cut from the outer glassy portions of 

the samples where vesicle development is lowest • 

The DSDP samples are aphyric to sparsely porphyritic with plagioclase and 

olivine phenocrysts. The glass samples taken from the cores were too small to 

permit thin sectioning, however, descriptions of the lithologic units from 

which these samples were taken are included in the petrology sections of site 

chapters 454 and 456. 

Small chips from the glassy rims of thirty of the freshest pillow 

fragments retrieved in HIG dredge hauls 3, 7, 13, 14 were chosen for analysis • 

Only seven pillow fragments containing fresh glassy basalt were retrieved from 

DSDP sites in the Mariana Trough. All of these were analyzed. In addition to 

these, a number of samples of basaltic glass from several other marginal 
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basins were analyzed; one from the Lau Basin, two from the Parece Yela Basin, 

and five from the Scotia Sea. The Lau Basin, located between the Lau and 

Tonga Kermadec Ridges, shows evidence of currently active extension, but 

appears to have a complicated pattern of spreading (Hawkins, 1976a). Both the 

Parece Yela Basin and the Scotia Sea show· normal mid-ocean ridge spreading 

patterns (Langseth and Mrozowski, 1981; Barker, 1970). The Parece Vela Basin, 

bounded on the west by the Palau-Kyushu Ridge and on the east by the West 

Mariana Ridge was actively spreading from Oligocene to Miocene time (Scott et 

al., 1980). The Scotia Sea is a currently active marginal basin similar in 

many respects to the Mariana Trough (Barker, 1970; Saunders et al., 1977). 

Comparison of Mariana Trough basalts with basalts from these other marginal 

basins allows us to examine the consistency of compositions among ma;ginal 

basin lavas. 

ANALYTICAL PROCEDURES 

Numerous investigators have studied the composition of MORB (Engel and 

Engel, 1964; Miyashiro et al., 1970; Byerly et al., 1975; Melson et al., 

1976). However, the rocks which were studied vary widely in degree of 

crystallinity and in character and extent of alteration. Furthermore, the 

techniques used to analyze these rocks differ considerably. Most commonly the 

basalts collected in the ocean ridge provinces are fragments of pillow lava 

with quenched, glassy rims representing the liquid composition of the lavas at 

the time they were erupted. If only fresh portions of the glassy rims are 

chosen for analysis, the problems of variation in degree of crystallinity and 
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alteration among samples can be avoided. Thousands of basaltic glasses from 

mid-ocean ridge provinces have been analyzed for major element composition by 

microprobe at the Smithsonian Institution (Melson et al., 1976). The 

technique used is described in Byerly et al. (1975). The back-arc basin 

glasses chosen for this study were analyzed by microprobe (Table 2) at the 

Smithsonian using the same technique as applied to the MORB analyses. Thus, 

the Smithsonian glass file provides a large body of data with which to compare 

the major element composition of our Mariana Trough samples. 

Analysis of selected samples for certain rare earth (Ce, Nd, Sm, Eu, Gd, 

Dy, Er, Yb, Lu) and other minor and trace element (Li, K, Rb, Sr, Ba) 

compositions (Table 3) were performed by mass-spectrometry, at the Hawaii 

Institute of Geophysics, using stable isotope dilution methods. This 

technique is described in Webster (1960) and Schnetzler et al. (1967) as 

modified by Schuhmann et al. (1980) • 

CHEMICAL ANALYSES 

Basalts from normal mid-ocean ridge segments, that is those uninfluenced 

by the peculiar chemistry of melting anomalies (''mantle plumes" or "hotspots") 

or propagating rifts, have a distinctive set of major element compositional 

traits (see Table 2). These basalts have low values of K2o (0.1 to 0.5 weight 

%), Ti02 (1.0 to 2.0 wt.%), total iron (6.5 to 12.0 wt.%) and P2o
5 

(.08 to 

.23 wt.%), but high values of Cao (10.5 to 12.5 wt.%) and Al 2o3 (15.0 to 

18.0) (Engel and Engel, 1964; Engel et al., 1965.; Aumento, 1968; Miyashiro et 

al., 1970; Kay et al., 1970; Melson et al., 1976). Major element composition 
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basins were analyzed; one from the Lau Basin, two from the Parece Vela Basin, 

and five from the Scotia Sea. The Lau Basin, located between the Lau and 

Tonga Kermadec Ridges, shows evidence of currently active extension, but 

appears to have a complicated pattern of spreading (Hawkins, 1976a). Both the 

Parece Vela Basin and the Scotia Sea show normal mid- ocean ridge spreading 

patterns (Langseth and Mrozowski, 1981; Barker, 1970). The Parece Vela Basin, 

bounded on the west by the Palau-Kyushu Ridge and on the east by the West 

Mariana Ridge was actively spreading from Oligocene to Miocene time (Scott et 

al., 1980). The Scotia Sea is a currently active marginal basin similar in 

many respects to the Mariana Trough (Barker, 1970; Saunders et al., 1977). 

Comparison of Mariana Trough basalts with basalts from these other marginal 

basins allows us to examine the consistency of compositions among ~rginal 

basin lavas. 

ANALYTICAL PROCEDURES 

Numerous investigators have studied the composition of MORB (Engel and 

Engel, 1964; Miyashiro et al., 1970; Byerly et al., 1975; Melson et al., 

1976). However, the rocks which were studied vary widely in degree of 

crystallinity and in character and extent of alteration. Furthermore, the 

techniques used to analyze these rocks differ considerably. Most commonly the 

basalts collected in the ocean ridge provinces are fragments of pillow lava 

with quenched, glassy rims representing the liquid composition of the lavas at 

the time they were erupted. If only fresh portions of the glassy rims are 

chosen for analysis, the problems of variation in degree of crystallinity and 
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of the MBB glasses selected for this study also show these characteristics. 

However, the MBB glasses also have a distinctive set of compositional traits 

and show certain differences from those of MORB glasses. A comparison of 

liquid trends on MgO variation diagrams (Figurei":)for MORB vs. MBB glasses 

show displacement of the trends for total iron (2.5 wt.% <MORB), Ti02 (0.5 

wt.% <MORB), Al2o3 (2.0 wt.% >MORB). There is a very slight (approximately 

0.1 wt. % >MORB) displacement of the trend of Na2o. Some overlap occurs 

between the fields of MORB and MBB; however, we believe the differences 

between basaltic glasses from these two tectonic environments are great enough 

to constitute distinct compositional groups. Furthermore, we believe the 

differences are consistent among the back-arc basin glasses analyzed. 

Some trace element abundances also help to distinguish MORB and the 
• 

marginal basin glasses. Basalts from normal ocean ridge segments show light 

rare earth element (REE) depletion (Schilling, 1975b). Rare earth patterns 

for the MT glasses are almost flat (Ce/Nd = 1.1-1.4; Ce/Yb = 0.8-1.2) and fall 

near the upper limit for MORB (Figure 5). Plots of REE for samples from the 

Scotia Sea show similar patterns (Tarney et al., 1977). 

Incompatible element abundances are generally higher for MT than for MORB 

glasses and ratios of K/Ba, Ce/Ba, Sr/Ba and K/Rb are lower than normal MORB 

(Table 3). 

Normal MORB is very low in volatile content. Most contain less than 0.1% 

water (Presnall et al., 1979). By comparison, the glasses from both the 

Mariana Trough and the Scotia Sea are enriched in water (~pproximately 1.0%) 

and in co2 (approximately 0.2%) (Garcia et al., .1979) • 
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DISCUSSION 

This paper is intended to present the results of initial investigations 

of the basaltic glasses gathered in site surveys and during Leg 60 drilling in 

the Mariana Trough. Detailed interpretation of these data will be presented 

elsewhere. At this stage of our investigations it is important to note the 

major and distinctive characteristics of the Mariana Trough glass 

compositions, and to consider whether these compositions imply tectonic 

control of magma genesis in the active marginal basin environment • 

Previous investigations of marginal basin basalts (MBB) have led to the 

conclusion that, with regard to major element compositon, there is little 

difference between MORB and MBB (Hart et al., 1972; Hawkins, 1974, 1976a, 

1976b, 1977; Hawkins and Batiza, 1975; Gill, 1976; Tarney et al., }977; 

Saunders et al., 1977; Mattey et al., 1980). However, trace element analysis 

shows that in many cases the MBB lavas are intermediate between MORB and 

basalt of the island arc tholeiitic series (IAT) (Gill, 1976; Saunders et al., 

1977; Tarney et al., 1977; Fryer, 1980; Wood et al., this volume). Most of 

these investigations have dealt exclusively with whole rock analyses. The 

data presented here demonstrates that major element compositions of marginal 

basin basaltic glasses are distinctive. The trends for MBB and MORB glasses 
~ 

in MgO variation diagrams (Figure fi') depict control by mineral fractionation, 

primarily olivine, for the lavas erupted in these environments. The fact that 

the displaced trends for total iron, Tio2 , Al2o
3

, among MBB are essentially 

parallel to the MORB trends implies that the source material for these lavas 

differs. Had they been derived from the same source material one would expect 

their trends to converge at the high magnesium end of the diagrams. The 
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observed depletion in iron and Ti0 2 and enrichment in Al
2
o

3 
is probably 

related to the mineralogy of the source, possibly a high pressure, phase which 

is low in Tio2 , could produce the major element abundances observed. On the 

other hand, melting of a plagioclase periodotite at low pressure could also 

produce enrichment in Al 2o
3 

and Na
2
o
3 

and consequent relative depletion in 

iron and Ti02 • Trace element analysis of the glasses is continuing and we 

hope will enable us to infer the mineralogy of the source in greater detail. 

Trace element data collected so far suggest a number of possible 

constraints on the nature and previous melting history of marginal basin 

lavas. The MT glasses do not show the light REE depletion characteristic of 

normal MORB (Figure 5). Patterns of REE for Mariana Trough glass and Scotia 

Sea whole rock analyses are essentially flat relative to chondrite, and lie 

near the upper limit of the field of MORB at 15 to 20 times chondritic 

abundances. 

If the sources of the lavas erupted in these back-arc basins bad not been 

subject to previous episodes of melting they should have retained a primordial 

"chondritic" pattern of REE abundances. Basaltic liquids derived at high 

degrees of melting of such a cbondritic source would be undepleted in light 

REE (Philpotts et al., 1972; Schilling, 1975b; Yoder, 1976). Relative 

enrichment in light rare-earths is characteristic of "plume" magmas 

(Schilling, 1973a, 1973b, 1975a) with an undepleted source region, different 

from and presumably deeper than the source region for normal MORB. The 

Philippine Sea plate is composed of normal MORB, depleted in light REE (Mattey 

et al., 1980; Scott et al., 1980). Thus, the mantle source of those lavas bas 

bad at least one previous episode of melting. In order to produce magmas with 
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• 
chondritic REE patterns in a marginal basin formed adjacent to the Philippine 

• Sea, tapping a previously undepleted source, possibly material from deeper in 

the mantle might be required. 

Chondritic REE patterns can also occur in lavas produced from a very 

small degree of partial melting of a source that has experienced a previous 

• episode of melting. The light REE are more strongly partitioned into a liquid 

in equilibrium with the comm.on rock forming minerals (except for plagioclase) 

than are the heavy REE (Schnetzler and Philpotts, 1970). The concentration of 

• a given REE in a liquid may be calculated according to the relationship 

presented by Schilling (1975b, Appendix I): 

• r(1- Jr,• K]E,) + ;r.• KJX; 
J • I J • I 

where 

i • rare earth element 

• j • phase 

c .. 
L 

concentration of rare earth element in liquid 

c "' concentration of rare earth element in parent material p 

y • weight fraction of liquid (degree of melting) 

• K • partition coefficient between residual phase and liquid 

E "' eutectic proportion in weight percent of phase j 

x • fraction of residual phase remaining in equilibrium 

• with liquid in weight percent 

From this relationship it can be seen that a very small amount of liquid in 

equilibrium with a light REE depleted source could segregrate to produce a 

• 
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magma with a chondritic pattern. However, even slightly greater amounts of 

melting would alter the REE signature considerably. It is unlikely that the 

marginal basin basalts studied represent such very small degrees of partial 

melting since overall abundances of REE fall within the field of MORB and 

generation of MORB requires approximately 20-30% partial melting Schilling, 

1975b). Moreover, the fact that the REE patterns for all samples analyzed 

from both basins are chondritic favors the hypothesis that sources for these 

MBB are constant and chondritic. 
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The patterns of REE abundances in rocks are influenced by the mineralogy 

of the source as well as by its melting history. The partition coefficients 

(CS/CL) of heavy REE in pyroxene and garnet are greater than those in the 

light REE, olivine shows little difference; and plagioclase is the only common 

rock forming mineral in which CS/CL is greater for the light REE than for the 

heavy REE (Schnetzler and Philpotts, 1970). If plagioclase were an important 

component in the source of MBB, there should be a noticeable positive Eu 

anomaly . in MBB lavas, since Eu is strongly partitioned into plagioclase. No 

such anomaly is present in our data. 

Another indication of the character of the source derives from the 

incompatible element ratios of the Mariana Trough glasses (Table 3). These 

indicate that the source for MBB is indeed different from that of MORB. Ba 

concentration in the MBB samples is higher than that of MORB and ratios of 

K/Ba, Ce/Ba, Sr/Ba and K/Rb are lower than for normal MORB. Rb is depleted 

with respect to Sr in MBB lavas indicating that the source for MBB may have 

experienced loss of melt in some previous event • . 
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It is obvious that interpretation of the present data is inconclusive 

regarding history of the source material for MBB magmas. One method which has 

proven useful for determining previous melting history of mantle source 

regions is Nd isotope studies (De Paolo and Wasserburg, 1976; O'Nions et al., 

1979). We have selected samples representative of the range of rare earth 

values among the Mariana Trough glasses for Nd isotope analysis. These 

analyses will be completed shortly. 

Glass samples from the Mariana Trough and Scotia Sea have high volatile 

contents (Garcia et al., 1979) We are currently analyzing glass samples from 

the Parece Vela and Lau basins for volatile content. If high volatile content 

of MBB lavas is a consistent trait, the presence of _volatiles may be explained 

in a number of ways: (1) Alteration of submarine lavas, particularly in 

regions with high hydrothermal activity would increase the volatile content of 

the lavas. However, the glass samples chosen for analysis in this study were 

fresh. (2) Logging data (density) from DSDP site 454 in the Mariana Trough 

indicate that some flows may be interbedded with sediment layers (see Site 

Report Chapter for Site 454, this volume). It has been suggested that the 

environment at this site would be suitable for sediment assimilation into the 

lavas erupted there (Wood et al., this volume). It is possible that the high 

water content of the glasses could result from assimilation of sediment into 

the lavas. It seems unlikely, however, that the high water content also noted 

in inclusions in plagioclase phenocrysts (xenocrysts?) (Garcia et al., 1979) 

in the same samples could have derived from sediment incorporation into the 

erupting melt. (3) It seems more probable that .the high volatile content of 

the MBB lavas is related to the tectonic environment in which they formed • 
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Each of the active back-arc basins, from which we have analyzed or are 

• analyzing glass samples for volatile content, is associated with a convergent 

plate boundary. Presumably, active spreading in the Parece Yela Basin was 

associated with subduction of Pacific oceanic lithosphere, east of the West 

Mariana Ridge, before the opening of the .Mariana Trough (Scott et al., 1981) • 

• Volatile constituents of the subsiding oceanic plate are likely to permeate 

the overlying mantle to some extent. In the case of the Mariana Trough depth 

to the top of the Benioff zone is roughly 200 km beneath the spreading center. 

• Thus volatiles in the basaltic glasses from that basin may more readily be 

assumed to originate in the subducted slab. In other back-arc basins, such as 

the Scotia Sea, the Benioff zone is much further removed from the spreading 

center (see, for example, Barker, 1970). It is possible that convection , 

• patterns set up in the mantle above the subsiding plate (see Andrews and 

Sleep, 1973; Toksoz and Bird, 1976) could account for the lateral transport of 

volatiles necessary to enrich the regions below the spreading centers of such 

• basins • 

CONCLUSIONS 

• The data presented here, although preliminary, do permit a number of 

conclusions concerning the composition and generation of basalts in active 

back-arc basins: (1) The compositions of fresh, basaltic glasses from active 

• back-arc basins are similar to one another for all the basins 

studied. (2) The compositions of these glasses are distinct from those of 

normal MORB. The basin glasses have lower total iron and Tio
2 

and higher 

• 
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concentrations for a given MgO concentration. They also have higher 

incompatible element abundances and lower incompatible element ratios than 

normal MORB. (3) It is likely that the sources for basalts from active 

back-arc basins and normal ridge segments differ. (4) Dehydration of the 

subducted slab may be responsible for the abundant volatile content of magmas 

generated in the back-arc basins. 
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• Table 1 -

Petrologic Description of Basalt Samples 
Dredged from the Mariana Trough* 

• 
Phenocrysts Groundmass Ores Glass Alt Ves 

Sample Pl 01 Px Sp Pl 01 Px 

M0302 2 10 10 Tr 47 30 1 • M0310 12 5 13 10 67 4 
M0338 8 1 Tr 15 18 Tr 54 3 
M0370 2 2 3 3 85 5 
M0373 7 1 15 18 45 4 10 
M0379 1 2 20 20 67 5 5 

• M0380 5 2 3 1 86 1 2 
M03100 8 6 3 2 Tr 77 3 
M03101 6 4 5 4 71 2 8 
M03102 1 97 2 

Ml300 2 Tr 15 4 12 Tr 57 • 2 7 

8 Ml316 4 2 2 3 1 82 3 3 
Ml330 5 3 4 10 66 12 
Ml349 4 3 3 5 Tr 76 Tr 8 
Ml355 2 2 15 5 10 61 2 3 
Ml371 3 2 7 5 68 15 
Ml372 3 1 Tr 3 2 5 84 Tr 1 

• Ml380 Tr Tr 10 3 10 65 3 8 
Ml381 1 Tr 8 Tr 10 72 1 7 
Ml396 1 2 Tr 10 1 8 74 Tr 3 

Ml417 20 6 64 10 
Ml419 1 1 5 3 Tr 82 7 

• Ml441 2 1 3 1 1 89 3 
Ml463 10 6 Tr 79 3 1 
Ml4104 1 3 1 10 Tr 64 5 
Ml4106 Tr 3 1 5 5 80 10 

• * volume % estimated from thin-section. 

Pl= plagioclase; 01= olivine; Px= pyroxene; Sp= spinel; Ores= 
opaque minerals; Alt= secondary minerals (mainly brown and green 
clays); Ves=vesicles . 

• 

• 
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Table 2 

Results of Microprobe Analyses of Basaltic Glasses from the Mariana Trough, 
Lau Basin, Parece Vela Basin and the Scotia Sea 

t ** 
Sample Sio

2 
Al 2o3 

FeO MgO Cao Na
2

o K
2

0 Tio2 P205 Total Ref. 

M0301 48.85 17.04 9.81 8 .10 10.72 2.98 0.20 1.18 0.15 99.03 MT 

M0310 51.79 15.95 8.99 6.35 10.60 3.25 0.33 1.53 0.18 . 98 .97 MT 
M0311 52.53 16.01 9.58 5.16 9.14 3.73 0.41 1. 75 0.21 98.52 MT 
M0338 51.24 16.10 8.94 6.16 10.39 3.36 0.38 1.53 0.18 98.28 MT 
M0338* 51.59 15.98 9 .11 6.17 10.56 3.30 0.34 1.54 0.16 98.75 MT 
M0360 51. 77 15.55 9.36 6.74 11.04 3.07 0.25 1.63 0.16 99.57 MT 

M0370 50.88 16.03 8.42 6.65 10.68 2.96 0.28 1.31 . 0.16 97.37 MT 
M0373 51.76 15.92 8.82 6.39 10.55 3.27 0.26 1.52 0 .16 98.65 MT 

M0379 49.44 17.12 9.79 7.49 11.01 2.84 0.25 1.15 0. 12 99.21 MT 
M0380 51.47 15.23 9.61 6.40 10.56 3.27 0.26 1. 74 0.17 98.71 MT 
M03100 50.63 15.31 9.81 6.25 10.52 3.35 0.31 1. 75 0.20 98.13 MT 

M03101 51.90 15.55 9.31 6.79 11.32 3.01 0.24 1.56 0.19 99.87 MT 

M03102 50.44 15.56 9.30 6.57 10.43 3 .. 40 0.36 1.47 0.17 97.70 MT 

Ml300 51.04 17.15 7.59 7.54 11.84 2.70 0 .17 1.06 0.12 99.09 MT 
Ml316 51.50 16 .22 8.51 6.67 11.25 2.86 0.20 1.35 0.16 98.56 MT 

Ml330 51. 27 15.96 8.43 6.71 11.21 2.86 0.20 1.37 0.15 98.16 MT 

Ml349 51. 72 16.26 8.68 6.78 11. 21 3.00 0. 18 1.37 0.15 99.35 MT 

Ml355 51.64 16.37 8.55 7.42 11. 30'" 3 .09 0 .12 1.30 0.13 99.92 MT 
Ml371 51.43 16.40 8.68 6.83 11.21 3.13 0.20 1.37 0.13 99.38 MT 
Ml372 51.40 16.19 8.56 7.00 11.27 3.00 0.21 1.39 0.16 99.18 MT 
Ml380 50.54 17.13 7.71 7.68 11. 73 3.00 0.19 1.13 0.14 99.25 MT 
Ml381 50.67 17.08 7.66 7.93 11.84 2.93 0.18 1.09 0.13 99.51 MT I-' 

~ 

Ml396 51.27 . 17.28 7.72 7.36 11.80 2.81 0.20 1.13 0.13 99.70 MT \JI 
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Table 2 (Continued) 

Sio
2 

FeOt ** Sample Al
2
o

3 
MgO Cao . Na

2
o K20 Ti0

2 P205 Total Ref. 

Ml410 50.51 17.59 8.01 7.01 11.65 2.67 0.26 1.15 0 .13 98.98 f1 Ml417 49.38 17.89 8.68 5. 77 12.06 3.61 0.23 1.46 0.17 99.25 MT 
Ml419 50.68 17. 20 7.89 6 .90 11.44 2.66 0. 27 1.14 0.14 98.32 MT 

Ml441 51.22 16.32 9.17 6.94 11.20 3.11 0.19 1.39 0 .16 99. 70 MT 

Ml463 50.15 15.98 9.76 6.89 11.84 3.49 0.18 1.59 0 .18 100.06 MT 
Ml4104 50.83 17.19 7.74 7,21 11.59 2.59 0.20 1.13 0 .16 98.64 MT 

Ml4106 49.96 16 .92 7.83 7.26 11.52 2.65 0. 27 1.06 0 .13 97.60 MT 
':D : 1 n .o I £5,Ll 1 '-9 . (2_'7 I ( f 9 I 2 .Cf c,<?, r ' " "~ I c -{ o, ) -, ?y~ ,"1 ' ') 

M454-4-CC 50.24 16.56 7.73 8.09 12.19 2 .42 0.19 1.01 0 .12 98.55 MT 
M454-8-1 50 .17 16.88 7.55 7.89 12.46 2 .. 35 0 .19 0.90 0.14 98.53 MT 
M4 54-11-1 50. 92 17.08 7.48 7.94 12. 72 2.44 0.18 0.89 0.11 99.76 MT 
M454-14-1 52.69 17.01 7.86 6.88 11.10 2.67 0.26 2.29 0 .12 99. 7 8 MT 
M454-14-1 52.79 16.83 7.89 7.18 10.99 2.67 0.24 1.15 0 .13 99.87 MT 
M454-16-1 52.34 16.78 7 .92 6.89 11.06 2.54 0.26 1.17 0.15 99.11 MT 
M456-19-1 51.08 16.58 8.32 7.30 11 .85 2.65 0. 15 1.13 0.13 99.19 MT 

MORB-1 49.34 17.04 9.97 7 .19 11. 72 2.73 0 .16 1.49 0.16 99.80 A 
MORB-2 50.47 15. 31 10 .42 7.46 11.48 2.64 0 .16 1.58 0 .13 99.65 M 

L203-6-3 51.99 16.18 7.52 7.14 12 .64 .. 2.07 0.28 o. 70 0.16 99.68 LB 

.. 
P54-8-l 50.11 17.36 9.29 8.06 11.26 2.94 0 .11 0.99 0 .11 100. 23 PVB I-' 

Pl49-17-3 48.90 16.58 9.36 7.59 11. 76 2.43 0.22 0.96 0 .10 97 .90 PVB +:'-

"' 
l-f1,"' ~--. I 0 •"r ./ 1 t;;iS ~ / 0 ., / / 

cl, ~)t.J 1. s I ;. 1 f, 0 / ( V '-> ( '.f 'j c, ~ 
qc, v(fl'-> 
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Table 2 (Continued) 

Sample Sio
2 

Al 203 
Feat MgO Cao . Na20 K

2
0 Ti0

2 

SS20 .13 51.70 16.23 8 .14 6.99 11 14 3.11 0.25 1.37 
SS20.31 52.16 16.19 8 .12 7.04 11 .21 3.07 0.26 1.42 
SS20.35 51.69 16.36 7. 99 7.09 11. 24 3.09 0.23 1. 34 
SS20.43 51.58 16.39 8. 22 7.08 11. 21 3.10 0.25 1. 37 
SS23.4 51.34 15.99 8.91 6.69 11 .36 3.38 0.35 1.54 
Analyst: Timothy O'Hearn 

~ " 
~ 

I I.' ( , 
" <.;~ I kf 

G I,,· ' ' ' ( ' 

*duplicate analysis. 
**MT= Mariana Trough basaltic glass (data this study). 

LB= Lau Basin basaltic glass (data this study). 
PVB = Parece Vela BAsin basaltic glass (data this study). 
SS = Scotia Sea basaltic glass ' (data this study). 
A= average mid-ocean ridge basalt (Aumento, 1968). 

• • 

P205 Total Ref. 

'-.., 

0.20 99.13 SS 
0.17 99.64 SS 
0 .16 99.19 SS 
0.18 99.46 SS 
0.20 99.76 SS 

0 I 9-' crq. L\1 .! 

M = average of basaltic glass from normal sections of the East Pacific Rise 
and the mid-Atlantic Ridge: total of 64 samples (Melson et al., 1977). 

~ 

• 

** 

\ 

~ 
~ 
-...J 

• 
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• 
TABLE 3 

• Rare Earth Element and Incompatible Element Abundances for Selected 
Basaltic Glass Samples from the Mariana Trough 

M0379 M03102 Ml300 Ml316 Ml417 Ml419 

Ce 11.2 16.1 10.5 11 .5 15.0 16.6 • Nd 8.36 12.3 8.64 10 .3 10.9 9.52 
Sm 2.73 3.82 2.66 3.38 3.19 2.91 
Eu 1.08 1.38 1.03 1. 25 1. 25 1.08 
Gd 3.38 4.49 
Dy 4.72 5.60 4.24 5.22 4.63 4.64 

• Er 3.28 3 .48 2.51 3.27 2.90 2.94 
Yb 3.18 3.27 2.40 3.09 2.92 2.67 
Lu 0.4 0.5 0.35 0.45 0.42 0.40 

Li 5.16 7.01 5.20 6.05 5.95 5.89 
Sr 147. 182. 176. 161. 212. 166. , 

• K 1729. 2328. 17 58. 1993. 1778. 2350. 
Ba 38.4 75.2 31.0 35 .1 66.0 48.4 
Rb 2.34 3.93 2.48 3.00 1.37 3.52 

K/Ba 45 31 57 57 27 49 
Ce/Ba .29 .21 .34 .33 .23 .34 

• Sr/Ba 3.83 2.42 5.68 4.59 3.21 3.63 
K/Rb 739. 592 . 709. 664. 1297. 668. 

• 

• 

• 

• 
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• 
FIGURE CAPTIONS 

• Figure 1. Location map of the Western Pacific. 

Figure 2. Bathymetry contour map of the central portion of the Mariana 

• Trough at 
0 . 

18 N with HIG dredge locations (squares), SCAN 

dredge locations (open circles) Tasaday dredge locations 

(triangles) and DSDP sites 453. 454, 455 and 456 (solid circles) 

indicated • 

• 
Figure 3. Variation diagrams for MgO content of basaltic glasses from 

normal mid-ocean ridge segments (Pacific: dashed area 

• Atlantic: dotted area) from the FAMOUS area (dashed add dotted 

area), and active marginal basins (solid lined area) 

vs. major element content • 

• Figure 4. Cbondrite· normalized abundances of rare earth elements for six 

basaltic glasses from the Mariana Trough (circles) compared with 

MORB (squares) • 

• 

• 

• 

• 
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APPENDIX C 

Suppression of Monoxide Interference in Surf ace Ionization 

Mass-spectrometry of Rare Earth Elements 
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Suppression of Monoxide Interference in Surface Ionization Mass Spectrometry of 
Rare-Earth Elements 

Shuford Schuhmann,• John A. Phllpotls, and Palrlcla Fryer 

Hawaii Institute of Geophysics, University of Hawaii, Honolulu, Hawaii 96822 

A long-recognized problem in the determination of rare
earth elements by surface ionization mass spectrometry is 
interference by monoxides of lighter rare earths with the ions 
of heavier elements. Masuda (I) cautioned against errors due 
to monoxide ions in the d etermination of Gd, Dy, Yb, and Lu 
abundances by isotope dilution. Similarly Hooker, O'Nions, 
and Pankhurst (2) reported Bao+ interference with Eu+ and 
Sm•, NdO+ in te rference with Dy+ and Er+, and GdO+ with 
Yb•. Nakamura et al. (3) suspected Bao• interference on 
154Sm•. They reduced monoxide production of Nd and Sm 
in favor of the elemental spectra by drying the solutions on 
the sample filaments in an H2 atmosphere. Studier, Sloth, 
and Moore ( 4) produced oxide-free, elemental uranium spectra 
from single filament ion sources by deposition of carbon from 
a benzene atmosphere before, after, or during deposition of 
the sample. We have fought the problem unsuccessfully for 
more than a decade. 

Table I lists isotopes used in our isotope-dilution rare-earth 
analy3es (6) which are isobaric with potentially interfering 
mrnoxide ions, the natural compositions of which are also 
shown. In the actual analysis, of course, the monoxides will 
not have natural compositions because of the addition of a 
"spike" enriched in particular isotopes. The prime enrich· 
ments for our "spike" are indicat..d in the table by underlining. 
Our prime Sm "spike" isotope is 149 which i;ives a monoxide 
interfering with 165Ho+, which we do not determine. A few 
other points concerning the table are worth noting. Only those 
isotopes mca,ured in our isotope-dilution determinations are 
included. Thus minor isotopes such as med, "'Gd, 106o y, 
158Dy, 160Dy, etc. arc not listed. Similarly, only those oxides 
that we have encountered, rather than all possible oxides, are 
included. Those most notably absent are Euo• and Bao • (we 
do occasionnlly observe BaCl+ and Ba~'') and hence Table 
I excludes isotopes ligh te r than 152Sm. Hare-earth oxide in· 
t erference is also possible, of course, beyond Lu . 

Monoxide interfe rence affects isotope dilution results in 
three ways. Uncompensated interference on a non-"spike" 
mass ion current will yield analytical results higher than the 
actual abundances, possibly even negative apparent "spike" 
to normal ratios. Fur example, inspection of the table shows 
that uncompensated CeO+, Pro+, NdO+, or Smo• will dis
proportionate one or more of lhe masses 156, 157, 158, and 
160 relative to 155 used in our Cd determinations. Similarly 
NdO+ will disproportionate the Dy• spectrum with almost no 
effect on the "spiKe"-cnriched mass 163Dy; Er' is simila rly 
affected by both NdO+ and Smo•. Such interference is 
readily recogniiable, in general, by discrepant results from 
the several isotopes of an element. A more insidious type of 
interference occurs in the case of Lao• on Gd+, for example, 
because here only "spike" ""'Gd+ is app reciably affected so 
that the Gd values computed from masses 156, 157, 158, and 
160 may all be in reasonable agreement and yet, lUlfortunutely, 
all in error. Interference on a "spike"·enriched mass .,;11 result 
in lower than actual abundance estimates, possibly even 
negative amounts. Thirdly, data may be degraded by mon
oxide impingement on a correction mass. Thus we measure 
mass 161 to remove elemental Dy ions from the Gd+ spectrum 
at 160, 158, and 156, but if, in fact, the 161 is NdO+, the 
correction would obviously be invalid. Finally it should be 
noted that if the oxide spectra themselves are used in isotope 
dilution analyses, the problem then becomes the opposite one 

of removing interference by ions of the elements. 
The source of the oxygen to form the monoxides is obscure. 

We dry our samples onto rhenium filaments a5 chlorides. H20 
vapor can be eliminated as a suspect because its concentration 
in the source region is rendered negligible by means of a liquid 
nitrogen cooled cold -fin ger. C02 is our prime suspect at the 
moment. C02 has a vapor pressure of about 2.7 x lo-• Torr 
@ 77.4 K (7) . A C02 atmosphere might be maintained by the 
source cold -finger and/or by the liquid nitrogen cooled trap 
to the Hg diffusion pump. Possibly reduction of the C02 by 
lanthanide chloride might yield COCl2, which would be re
moved quantitatively by the cold trap, or CO which would 
be removed as soon ns formed by the Hg diffusion pump. 

We have developed a technique that produces monoxide
frec spectra of the rare-earth elements by controlled in-leakage 
of propane or H2 to the source chamber for a steady-state ion 
gauge pressure of about 10-• Torr during analysis. No pre· 
cautions are taken against oxide formation during drying of 
the sample solutions onto the source filaments. We use a 
standard triple rhenium filament source. 

EXPERIMENTAL 
Apparatus. The instruments we modified for the purpose are 

Shields-NBS with 6-in. and 12-in. analyzers. The 1/ 4-in. copper 
tube between the source chamber and "source toggle .. valve waa 
teed into twice, successively, anrl two additional toggle valves were 
added for on-off control of(!) reducing gas or (2) oxidant gas. 
To the stem packing side of each of the ad ded toggle valves are 
connected respective small metering valves. Beyond each of the 
independent metering vnlves are, respectively, a propane (LPG) 
pressure regul ator and tank and an 0 2 pressu re regulator on an 
0 2 cylinder. (An 0 2 inlet wl\S provided to facilitate analyzing GdO+ 
and othe r oxides in the Masuda mode, if desired.) 

Procedure. With a normal operating vacuum in the mass 
spectrometer and filaments al temperatures to ionize the desired 
element(s), the spectra of the elements are scanned quickly and 
inspected for abnormal appearing proportions of the ion currents 
not principal ly enriched in the spike for the element or inspected 
for the oxide of the spike of a lighter clement suspected of causing 
interference. While an ion current suspected of subjection to 
monoxide interference is being moni tored, propane flow through 
the source region is started and adjusted to stc.1dy-st.ate pressures 
of the order of 10 ~4 Torr. When the monoxide ion currents are 
suppressed and the elemental •pcctra have stopped rnpid growth, 
the mass range of the element is repeated ly scanned and the 
isotope rutios are measured in the usual manner. 

RESULTS AND DISCUSSION 
Typical Rock Sample. Table II shows analytical results 

for a Maria na Trough basalt (#1316) . The results presented 
fo r Gd and Dy analyses illustrate the overwhelming inter
ference under normal vacuum of lighter monoxides on these 
two elements. With the reducing effect of propane, however, 
the oxide interferences are eliminated and there is internal 
concordance for all the elements from one analytical isotope 
ratio to another, across the table. 

Synthetic "S11ike Blank'', To further test the potential 
for monoxide interferences and their reduction, a " known" 
mixture of isotopically enriched ("spike") rare earths was 
analy1.ed by the mass spectrometer. (For completeness in the 
lighter rare-earth series, a nonenriched "'Pr, with potential 
for monoxide interference with 157Cd, was included.) This 
sample is called a blank because p resumably the ·•spike" 
isotope of each element is diluted by zero amount of the 



• 

• 

• 

• 

• 

• 

• 

ANALYTICAL CHEMISTRY, VOL. 52, NO. 1, JANUARY 1980 • 215 

Table I. Rare Earth Isotopes Used and Natural Compo<itions of l'otcntially Interfering Monoxides• 

LaO' Ceo· PrO' N<lO' SmO' C<lO' TbO' DyO' 

Sm• 152 0.19 
154 0.09 0.25 

Cd' 155 99.67 
156 0 .04 88 .l7 
157 0.20 0.03 99.76 
158 11.23 0 .04 27.1 
160 - 0.02 23 .7 3.1 

Dy' 161 8 .3 0 .00 
162 17 .3 0.01 
163 0 .02 15.1 
164 5 .7 11.3 

Er• 166 5.6 7.4 
167 0.00 0 .03 
168 0.01 26.6 0.20 

Yb' 171 0 .01 14.8 
172 0 .05 20.6 0.06 
173 15.7 
174 l4 .7 0 .10 

Lu' 175 0 .41 99.76 
176 21.7 0.04 :l.33 

•The natu ral abundance data are taken from the Chart of the Nuclidcs (5 ). The isotopic composition of oxygen i1 
incorporated . The data are rounded to the second decimal place where applicable . 

Table II. Selected Element Abundances in ppm by 
Weight for Mariana Trough Basalt (M1316) 

element Analytical isotope ratios" 

Nd l.'.!lli 45 146/145 
propane: 10.3l (7) 10.34 (!l) 

'0.076 10 .097 
Sm 147/14~ 152/149 154/149 
propane: 3.42 (7) 3.34 (7) 3.40 (!l) 

10.03 3 ! 0.016 ± 0.028 
Cd .!.E..ffi.2.§. li11.155 .!.E.1211.!i!! _li>0/155 
normal : 104 1'15 -3\JO 6 .7 (6) 

1 48 ±18 ±l42 t 0.67 
propane: 4.5 2 (5) 4.49 (5) 4.48 (5) 4.48 (5) 

±0.024 ±O.U3d ±0.035 ± 0.037 
Dy lfil.ll 63 162/163 164/163 
normal : - 6 3.4 (5) l!!O 17.5 ( 4) 

±0 .66 '27 ± 0.51 
propa ne: 5.2 (4) 5.2 (4) 5 .2 (4) 

±0.20 ± 0.1\1 10.13 
Er 166/167 l§ti/167 
propane : 3.28 ( 10) 3.26(10) 

±0.0058 ! 0.014 
Yb 171/173 172/173 174/173 
propane : 3.10 (7) 3.03 (8) 3.09 ( 11) 

±0.016 ±0.013 '0.012 
0 Numbers of analyses are given in parentheses and the 

errors are standard deviations for the internal precision. 

element of natural isotopic composition. Table III shows the 
mass spectrometric determinations of the blank. The 
"normal" vacuum runs for Gd ond Dy illuslrnle similar pos
itive interferences from Ceo• and Pro• os ohsorved in the 
Mariana Trough ba,alt duta of Table II, and described in the 
introduction. The high value for Sm (normul) by the 154/ 149 
ratio is thought to represent ""'Lao+ interference. Similarly, 
referring to Table I, the unrealistic negative Gd value by 
158/ 155 would appear to be principally from " 2Ceo• (in an 
actual sample, possibly also from natural 142Nd0+). Similarly, 
the high values for Dy (normal) appear to be caused principally 
by NdO•; and for Yb (normal) by GdO+. 

Significantly, the values obtained with "propane" influx are 
near zero and internally concordant from isotope ratio to 
isotope ratio across the tahle. Some of the small discrepancies 
between the check values may result from small errors in the 
assumed isotopic composition of the enriched spike. Except 
for Yb, which we re-determined, the spike abundances were 

Table III. Synthetic Spike Blank in Microira1na 

element 
analytical isotope ratios 

Sm 1521149 154LJ49 
normal: 0.000 (7) 0.015 (7) 

10.0000 '0.0002 
propane: 0.000 (5) 0 .000 (5) 

'0.0000 ±0.0000 
Gd 156/155 157/155 158/155 160/155 
normal: 0 .151 (4) - 1.211 ( 4) -2.572 ( 4) 0 .070 (4) 

± 0.0011 ±0.0068 ±0.0309 t0.0123 
propane: 0.000(5) 0 .006 (5) 0.001 (5) 0.001 (5) 

±0.0002 10.0021 i0.0006 • 0,0002 
Dy 161 / 163 1_62/163 164/163 
normal : 1.392 (!l) 0.3 67 (8) 0.015 (l:S) 

t 0.0036 t0.005 ± 0.0003 
propane: 0.002 (7) -0.001 (7) 0.000 (7) 

10.0004 • 0.0004 10.0005 
Yb 171/173 1721173 171/173 
normal: 0.142 ( 4) 0.005(4) 0.000 (4) 

± 0.006 10.0000 ± 0.0000 
propane: 0.000 (8) 0.000 (8) 0 .000 (8) 

± 0.0001 ! 0.0001 t 0.0001 

provided by the supplier, Oak Ridge National Laboratory. 
In most cases, the "propane" spectra were measured before 

t.he "normal". Strong. stable elemental spectra were produced 
easily. The " normal" data were obtained after the propane 
was turned off and the oxides reappeared spontaneously, in 
vacuo. 

Unexpectedly, admission of propane not only eliminates 
monoxide interference, but also increases production of the 
desired elemental ions, sometimes by a factor of a hundred. 
Above a certain pressure, signu l strength is relatively insen
sitive to large (2X) changes in pressure; stable, easily-measured 
spectra are obtainable. Monoxide spectra are not permanently 
eliminated by propane flow. These may reappear soon after 
the flow is s topped. 

LITERATURE CITED 
(1) A Masuda, G&ochem. J., 2, 111 (1969). 
(2) P. J . Hooker, A. K. O"Nlons, and R. J. Pankhurst, <:Mm. Geol., 18, 189 

11ns). 
(3) N. Nakamura , M. Tatsumoto, P. 0 . Nunes, 0. M. Unruh, A. P. Schwab, 

and T. R. Wildemann, Proc. Lunar Sci. Cont., 7th, 2, 2309 (19761. 
(~) M. H. Sludief, E. N. Sloth, and L. P. Moore, J. Phys. Chem., 88, 133 

(1962). 
(5) F. W. Walker, G. J . Ki"ouac. and F. M. RO<Xl<o, "Chart ol lho Nucldes", 

12th ed., G.E. Co .• Schenectady, N.Y. 123~5. Aprl 1977 . 

156 



1. 
I 

I 

• 

218 

(6) C. C. Schnelder. H. H. Thomas, and J. A. Philpotts. Anal . ChtJm .. 39, 
iaaa (1967). 

(7) A. E. Honig and H. 0. Hook, RCA Rov .. 21 (3), 363 (1960). 

RECEIVED for review, August 9, 1979. Accepted October 15, 

157 

1979. This research was performed on equipment on loan from 
NASA/Goddard Space Flight Center under agreement No. 
GSFC 77-5(E). The support of research grants NSG 9071 from 
NASA and EAR 79·06950 from the National Science Foun
dation is gratefully acknowledged. 


