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We report the results of a geochemical and isotopic study of
mostly basaltic glasses recovered from 25 dredge stations along the
northernmost 500 km of the Mariana Trough extension axis. The
distribution of samples links regions of seafloor spreading to the
south with regions farther north where a progression of rifting
styles accompanies the earliest stages of back-arc basin extension.
Petrographic, chemical and isotopic compositions of igneous rocks
reflect the changing styles of extension, with typical back-arc basin
basalts in the south which become increasingly similar to arc lavas
lo the north. Felsic lavas also appear along the extensional axis in
the north. Glassy, sparsely phyric basalts characterize regions of
seafloor spreading. Felsic lavas and porphynitic basalts occur in the
northern, nfling portion. Geochemical and isotopic compositions
distinguish  between mature arc portions (Ce/Pb <10, Ba/La
>20; *°Pb/*"Pb >185, VSr/"Sr >0-7032, &y, < + 8) and
regions of back-arc spreading (Ce/Pb >10, Ba/La <20; *"°Pb/
Wipp <18-9, VS /"Sr <0-7032, eyy> + 7). Samples fiom
along the extensional axis of the northern Mariana Trough show
progressive changes in chemical and isolopic compositions, from
back-arc basin basalts that formed by seafloor spreading northward
through increasingly arc-like basalts, until lavas that are in-
distinguishable from arc lavas are encountered wn the northernmost
portion of the rifi. Batch-melting models indicale that northernmost
nifl lavas reflect hugher degrees of melting, with 13 + 5% melting
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where seafloor spreading occurs, doubling to 28 + 8% for the
northernmost part of the nift axis. The greater degree of melting in
the north reflects the greater amount of water added to the mantle
source, reflecting the arc-like nature of the source region and melt
generation style characteristic of the initial stages of back-arc basin
Jormation. Our data indicate that ¥ = 0-44W+ 0-07, where
¥ @5 the degree of mantle melting and W is the percent water in
the mantle. “True’ back-arc basin basalts are generated by adiabatic
decompression associated with mantle upwelling in mature ex-
tensional settings. Eruption of ‘true’ back-arc basin basalts ac-
companies  seafloor spreading, which begins when the basin is
100—150 km wide. The arc is disrupted during early rift formation,
because arc magmatism s captured by the extension axis, but the
generation of arc mells by hydrous melting of the mantle wedge
continues whether or not back-arc extension is occurring. Back-arc
basin seafloor spreading requires development of an upwelling mantle
flow regime, allowing melting by adiabatic decompression, similar
lo that responsible for mid-ocean ridge basalt (MORB). The arc
begins to re-form once extension progresses nearly to the point of
seafloor spreading.

KEY WORDS: arc magmas; back-arc basin basalt; isotope geochemistry;
Manriana Islands; trace elements
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INTRODUCTION

Back-arc basins (BAB) such as the Mariana Trough form
by rifting of active magmatic arcs (Karig, 1971). We define
mature BAB to be those where extension is principally
accomplished by seafloor spreading. Our understanding
of mature BAB has benefited because the model of
melting as a result of adiabatic upwelling developed for
mid-ocean ridges (e.g. Forsyth, 1992) is directly ap-
plicable. Among the differences between mid-ocean ridge
(MOR) and BAB spreading is that the latter may reflect
lower mantle temperatures, that asymmetric spreading
may be the norm, and that the mantle is hydrated
and metasomatized by a ‘subduction component’ that is
ultimately derived from the subducted lithosphere and
sediments.

Our understanding of the early stage in BAB opening—
defined as the interval between initial rifting and the
onset of seafloor spreading—is less advanced than our
understanding of the mechanical and chemical dynamics
of mature back-arc basins. This is largely because we do
not yet understand how the transition is accomplished
from arc magmagenetic and tectonic processes to those of
seafloor spreading as the extension continues. Continental
rifting leading to MOR seafloor spreading offers few
insights: continental rifting is often amagmatic whereas
arc rifting is characteristically preceded, accompanied,
and followed by vigorous volcanism. Large volumes of
mafic igneous rocks may be generated at the close of
continental rifting, just before development of seafloor
spreading (White & McKenzie, 1989); nothing like this
has been proposed for corresponding stages in the de-
velopment of back-arc basins.

We have two firm constraints regarding the changing
style of magmagenesis during early BAB opening: (1)
before opening begins, dominant magmagenetic pro-
cesses and sources are those causing the point-source
igneous style characteristic of arcs; and (2) after the early
stage of opening is over, seafloor spreading processes and
sources dominate. Farly BAB evolution occurs as the
transition from (1) to (2) is accomplished. This study uses
early BAB lavas to better understand this transition.

There are two outstanding controversies which, if
resolved, would illuminate problems of early BAB de-
velopment. The first controversy concerns whether or
not arc volcanism ceases during BAB extension. Crawford
et al. (1981) argued that magmatic activity for arc-BAB
pairs, especially in the Western Pacific region, is asyn-
chronous, with little arc volcanism while the back-arc
basin is growing. If true, this requires strong coupling
between arc and BAB magmatic systems, with clear
mmplications for our understanding of convergent margin
magmatic systems. This model has been questioned, and
more recent interpretations call for synchronous BAB
and arc magmatism to reflect the first and second stages
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of melt depletion in a convecting mantle wedge (McCul-
loch & Gamble, 1991).

The second controversy concerns the nature of early
BAB magmas, with some scientists calling for a pro-
gressive evolution from arc-like to more mid-ocean ridge
basalt (MORB)-like basaltic compositions (e.g. Stern et
al., 1990), whereas others conclude that there are distinct
basalt compositions erupted in all stages of BAB de-
velopment. The latter group infers that early BAB lavas
have compositions distinct from arc tholeiites and in-
distinguishable from back-arc basin basalt (BABB) from
the time of rift initiation (e.g. Fryer e al., 1990). Under-
standing whether or not basalt compositions change
with rifting and, if so, how, is critical for understanding
convergent margin dynamics. For example, if BAB sca-
floor spreading reflects induced upwelling and de-
compression melting of the mantle (e.g. Gribble et al.,
1996), then analogy with continental rifting progressing
to seafloor spreading indicates that a large degree of
extension (B ~5; White & McKenzie, 1989) (where f
specifies the amount of extension in a rift, and equals
the width ratio of extended crust to that of the same
crustal tract prior to extension) is necessary before there
is sufficient mantle upwelling to generate BABB. If, on
the other hand, BABB erupt from the beginning stages
of extension, magmagenesis may not be a direct mani-
festation of mantle upwelling induced by extension. This
would tend to support active rift models calling for
injection of asthenospheric material to force BAB rifting
(e.g. Tatsumi et al., 1989).

A related issue concerns the increasingly common
recognition that felsic lavas erupt during early BAB
formation (Clift, 1995; Marsaglia, 1995). Together with
basalts, these form a bimodal suite that accompanies the
carly stages of BAB formation. Eruption of dacitic lavas
appears to be a feature that distinguishes early BAB
rifting from BAB spreading, but we do not yet understand
the genesis of BAB felsic magmas. Those concerned with
this problem are split between advocates of fractionation
of mafic magma and advocates for anatexis of am-
phibolite-facies mafic crust (Beard, 1995). Furthermore,
felsic bodies interpreted to have formed in ancient back-
arc basin settings host important ore deposits on land
(Kuroko-type massive sulphides). This provides an eco-
nomic rationale for studies of early BAB magmatic and
tectonic activity.

This paper presents new major, trace element, and
radiogenic isotope data for fresh lavas erupted along the
extension axis in the northern Mariana Trough back-arc
basin between 23°N and 18°45'N (Fig. 1c). Geophysical
studies indicate that rifting has propagated through this
region and that this section of the Mariana Trough
extension axis provides a complete evolutionary sequence
of back-arc basin development. In this paper we take
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Fig. 1. Location map of the northern Mariana Trough. (a) Location of the Mariana Arc system in the western Pacific. (b) Location of the study
area (dashed rectangle) within the Mariana Arc system. Different styles of extension are indicated, with seafloor spreading in the southern and
central portions and rifting in the northern portion of the Trough. It should also be noted that the surface projection of westernmost extent of
the Benioff-Wadati Zone is indicated (Projection of B-W Zone), after Eguchi (1984). (c) Details of the study area in the northern Mariana
Trough. Circled numbers locate successful dredges during TUNES Leg 7. The extension axis is shown by patterns that reflect regions with
different tectonic styles. A, active (or dormant) Mariana Arc volcanoes. Samples from region labeled MTB-22 were studied by Stern et al. (1990).
The capital letters A, B and C identify large seamounts along the extension axis in the northern Mariana Trough (Martinez et al., 1995).
Locations of samples studied by Jackson (1989) are shown with italicized capital letters D and £. Dredge locations KH84-1-23 and -24 (Shibata

& Segawa, 1985) are not shown but are near dredge 45.

advantage of this opportunity to understand the re-
lationship between BAB tectonic evolution and mag-
magenesis, from the time of rift initiation through
development of seafloor spreading.

GEOLOGIC SETTING AND PREVIOUS

WORK

The Mariana Arc system is the southern half of the
2500 km long intra-oceanic convergent margin extending
from Japan south to Guam (Fig. 1a). Within this system,

the Mariana Trough (MT) is an actively extending back-
arc basin behind (west of ) the Mariana Arc, with seafloor
spreading in the southern two-thirds and rifting in the
northern third (Figs 1b and 2). Though the MT floor at
18°N and to the south is, on average, >800 m deeper
than the global mean for oceanic crust of similar age
(Fig. 2; Park et al., 1990), it is underlain by normal oceanic
crust (Bibee et al., 1980). The range of spreading rates at
18°N (half-rates 15-22 mm/year: Bibee et al, 1980;
Hussong & Uyeda, 1981) classifies it as a slowly spreading
mid-ocean ridge (Malinverno, 1993). The extension axis
is everywhere displaced away from the center of the
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Fig. 2. Bathymetric and tectonic profiles along strike of the Mariana Trough. (a) Profile for the entire Trough, showing the changes in style of
extension along the extension axis, and the segments of the spreading ridge previously studied: SMT, southern Mariana Trough studied by
Gribble et al. (1996); MTB-18, ridge around 18°N studied by numerous investigators, including ALVIN diving and drilling during DSDP Leg

60. The typical depths of 3-5 km or deeper for the spreading ridge segment should be noted. The

?” in the extreme south indicates that the

manner in which extension is accomplished in this region is poorly understood. (b) Northern Mariana Trough, the topic of this study. Changes
in style of extension are indicated by province name (Central Graben, Volcano-Tectonic Zone) or by inferred process (pattern). Numbers in

rectangles refer to TUNES 7 dredge numbers for each province.

basin and toward the arc; between 18° and 19°N, the
spreading axis i3 ~100 km west of the active arc and
about ~150 km east of the remnant arc. This asymmetry
may cither be due to a ridge jump (Bibee et al., 1980),
or because mechanically extended lithosphere underlies
the western portion of the basin (Martinez et al., 1995;
Baker et al., 1996). The extension axis in the northern
Mariana Trough (NMT), progressively approaches the
arc and finally intersects it at Nikko seamount (Fig. 1c).
The Benioff-Wadati zone plunges vertically just west of
the arc at 18°N (Katsumata & Sykes, 1969), and the
spreading axis at this latitude is located 40-60 km west
of its westernmost surface projection (Fig. 1b).

Igneous activity in arcs and back-arc basins is similar
in some respects, although arc crustal growth is dom-
inated by thickening because of lava accumulation and
magmatic underplating and intrusion, whereas mature
back-arc basin crustal growth occurs by seafloor spreading
(Hawkins et al., 1984). Volcanoes of the Mariana Arc
show a range of sizes that reflect the evolution of the
Trough. At 18°N, where the Trough is widest and
seafloor spreading occurs, subaerial arc volcanoes that
rise as much as 1 km above sea-level are common
(Bloomer et al., 1989b). As the crescent-shaped Mariana

Trough narrows to the north and south, associated arc
volcanoes become smaller; thus the Central Island Prov-
ince of the Mariana Arc lies adjacent to the widest part
of the Mariana Trough, whereas the Southern Seamount
Province and Northern Seamount Province lie on the
flanks of narrower Mariana Trough segments. The strong
relationship between back-arc basin width and arc vol-
cano size is interpreted to reflect the time since back-arc
basin rifting began. Karig (1971) first suggested that back-
arc basin rifting terminated arc volcanism, and our
results agree with this interpretation, and show how this
disruption occurs. The simplest explanation for the back-
arc basin width—arc volcano size relationship is that
bigger volcanoes are built adjacent to the most anciently
rifted back-arc basin segments, and the smallest volcanoes
are built adjacent to the most recently rifted back-arc
basin segments. Another point that needs to be em-
phasized is that if back-arc basin is sufficiently mature
that seafloor spreading is occurring, then arc and back-
arc basin magmatism is compositionally and spatially
distinct. On the other hand, if the back-arc basin is still
rifting then it may be very difficult to resolve arc and
back-arc basin volcanism, either on a spatial or com-
positional basis.
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Recent geophysical surveys in the northern Mariana
Trough provide a tectonic framework for petrologic
studies. Martinez et al. (1995) divided the extension axis
into four sections (Figs 1 and 2): (1) 23-1-22-1°N—the
northern volcano-tectonic zone (NVT7Z), characterized
by asymmetric rifting accompanied by fissure eruption
along normal faults and point source volcanism; (2)
22-1-21°N—the southern VTZ (SVTZ), characterized
by localization of volcanic and tectonic activity and
southward-progressive separation of the extension axis
from the arc; (3) 21-19:7°N—the Central Graben, deeps
produced by mechanical extension that expose BAB
lower crust and upper mantle (Stern et al, 1996); (4)
south of 19-7°N at least as far south as 15°N extension
happens by slow seafloor spreading as previously docu-
mented for the Mariana Trough near 18°N. Rifting
occurs in sections 1, 2, and 3; we refer to lavas from
these segments as ‘Rift BABB’, although some of these
lavas are felsic. The gross bathymetric features that define
the zone of seafloor spreading converge near the northern
limit of spreading where the seafloor drops into a broad
depression leading to the Central Graben (Martinez et
al., 1995). This also corresponds to the northernmost
extent of gravimetric evidence for focused mantle upwel-
ling beneath the trough axis (Martinez et al., 1995).

The spreading ridge that we sampled in this study
(19-7-18-8°N) is similar in axial depth and morphology
to the trough axis farther south. Basalts from 19-7° to
18:8°N are referred to as “Spreading Ridge’ and are
compositionally indistinguishable from samples recovered
from other places in the Mariana Trough where seafloor
spreading occurs; this includes basalts from the spreading
axis near 18°N (MTB-18) and basalts from the spreading
axis between 15° and 17°N (SMT) studied by Gribble
et al. (1996). To emphasize the integrity of samples from
the spreading ridge segment studied here with basalts
from along the axis of seafloor spreading farther south,
samples from all three segments—Spreading Ridge,
MTB-18, and SMT—are grouped as Spread BABB.
Mariana Trough Spread BABB differ only in detail,
whereas we will show that Spread BABB and Rift BABB
are strikingly different. We emphasize that compositional
and 1sotopic differences between Spread BABB and Rift
BABB reflect fundamental differences in the style of
extension and the proximity of the extension axis to the
locus of arc volcanism. Furthermore, because both rifting
and spreading axes propagate northwards, these four
sections (plus precursor shoshonitic volcanism north of
Nikko) approximate the tectonic and petrologic evolution
expected for the general evolution of the Mariana
Trough. That is, processes now occurring at different
places along the extension axis reveal the sequence of
events leading to the formation of a back-arc basin.

We have a good understanding of Mariana Trough
Spread BABB. Trace element and Sr isotopic data for
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Spread BABB are similar to MORB (Hart et al., 1972).
Pb isotopic studies also indicate a mantle source distinct
from the source supplying Mariana Arc lavas (Meijer,
1976). Mariana Trough basalts nevertheless can generally
be distinguished from true MORB by higher AlLO;/
MgO, lower FeO*/MgO (Sinton & Fryer, 1987) and
high H,0O (Garcia et al., 1979; Stolper & Newman, 1994).
In addition, when normalized to high field strength
element (HFSE) abundances, the large ion lithophile
element (LILE) and light rare earth element (LREE)
abundances of relatively primitive Mariana Trough
tholeiites are more than twice those of N-MORB (Fryer
et al., 1981; Wood et al., 1981; Hawkins & Melchior,
1985). Based on the observation of similar basalts in
other back-arc basins, Fryer ¢t al. (1981) recognized back-
arc basin basalts (BABB) as a rock type distinct from
MORB.

More recent studies extend the range of compositions
sampled in the Mariana Trough. Glasses very similar to
arc tholeiites with respect to trace element and isotopic
compositions are known from the M'TB-18 suite (Hawkins
et al., 1990; Volpe et al., 1990). The MORB source at
18°N is isotopically like Indian Ocean mantle (Volpe e
al., 1990; Hickey-Vargas, 1991). Gribble et al. (1996)
identified two segments of spreading BAB in the SMT,
with contrasting mean axial depths and basalt com-
positions. The northern segment 1s shallower than the
southern segment and includes basalts with >2 wt %
water and LILE/REE and isotopic ratios approaching
Mariana Arc values. Basalts recovered from the south-
ernmost SMT are indistinguishable from N-MORB, and
basalts from the southern segment are characterized by
low water and LILE concentrations and an isotopic
signature very similar to that of Indian Ocean MORB.

The NMT was previously sampled within the SVTZ
near 22°N (MTB-22 in Fig. 1c¢; Stern e al., 1990), in the
NVTZ at 22°39'N (volcanic cone, ‘D’ in Fig. lc) and
22°48'N (fissure eruption, ‘E’ in Fig. lc; KKOl and
KKO02, respectively, Jackson, 1989) and in the Central
Graben [as summarized by Stern et al. (1996)]. These
samples are predominantly tholeiitic and include high-
MgO basalts (KKO01, Jackson, 1989; KH84-1-24, Shibata
& Segawa, 1985) and basalts with major element com-
positions similar to those from 18°N. Basalts collected
near 22°N (MTB-22, Fig. 1¢) in the southern VIZ have
chemical and isotopic affinities with arc basalts (Stern e
al., 1990).

SAMPLE LOCATIONS AND
PETROGRAPHY

Sampling was carried out in December 1991 aboard the
R.V. Thomas Washington during Leg 7 of the TUNES
expedition. This paper is based on samples recovered
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Table 1: TUNES 7 dredge locations (arranged from north to south)

Dredge no. Latitude Longitude Depth range Description of site; haul (in kg)
(°N) (°E) (m)

57 2316 142-30 1565-1630 Horst N of Nikko (mag. hi); 200

58 2315 14212 1430-1580 Volc. cone W of Nikko; 15

56 23-00 142.17 1720-2630 Volc. cone WSW of Nikko; 100

55 22.87 142.32 3125-3205 Small ridge S of Nikko; 25

54 22.79 142.42 3430-3460 Ridge on NW flank of Smt. A; 30

53 2269 142-45 1515-1790 Summit of Smt. A; 100

52 22.50 142.51 2090-2415 Parasitic cone on Smt. B; 75

51 22.49 142.67 1530-1640 Slope of basin SE of Smt. B; 100

50 22.38 142.79 2425-2760 SE side of Smt. C; 175

49 22.35 142.91 2240-3035 NE side of basin SE of Smt. C; 400

66 2212 143.04 3105-3705 NE end SVTZ (N of MTB-22); 200

68 2135 143-28 3800-3900 SE end SVTZ (S of MTB-22); 500

48 21.31 143-36 2860-2900 10 km ESE of Dredge 68; 1000

47 20.97 143.44 3680-5100 N-most deep in Central Graben; 400

46 20-82 143.55 3700-3700 Central Graben; 200

71 20-31 143.93 4300-4430 Central Graben; 200

45 20-04 144.07 4800-5175 S-most deep in Central Graben; 300

72 19-83 144.3 4450-4380 Cone in basin at N end of SR; 100

73 19.73 144.4 3600-4035 High on E side of SR; 1000

74 19-67 144.39 3630-3690 Axial high in SR rift; 50

76 19.45 144.54 3365-4480 Scarp on E side of SR; 20;

75 19-44 144.48 4380-4450 Axial ridge in SR rift axis; 2

79 19-19 144.61 3520-3900 ?SR axis; 35

80 1912 144.67 4040-4050 Small volcano in SR; 15

82 18.75 144.66 4300-4340 Ridge offset volcano; 400

SR, spreading ridge.

from 25 of these dredge lowerings. Twenty dredges
recovered glass that we were able to separate and analyze,
and four additional dredges included fresh samples that
were analyzed as whole-rock powders. Dredge locations
are listed in Table 1 and shown in Fig. 1. Petrographic
features of the analyzed samples are presented in Table 2.
Dredge collections were classified onboard according to
petrographic features visible in hand specimen or under
the binocular microscope—typically the type and amount
of phenocrysts. Glass recovery in northern VI'Z dredges
was rare compared with the southern V1'Z and further
south. Vesicles and phenocrysts together commonly make
up more than a third of the volume of VIZ samples.
Vesicles and phenocrysts are present in subequal amounts
and typically make up less than a third of the volume of
lavas sampled south of the VI'Z. Phenocryst assemblages
are commonly ol + plag + cpx. Clinopyroxene is com-
mon as a phenocryst in VI'Z lavas, in contrast to its
scarcity in samples recovered from the Central Graben

south to the spreading BAB at 18°N and virtual absence
south of 18°N. In the NMT, spinel is most common in
VTZ lavas, where it forms large euhedra in olivine and,
less commonly, in plagioclase.

SAMPLE PREPARATION AND
ANALYSIS

Eighty glasses were analyzed by electron microprobe
(EMP) at the Smithsonian Institute. EMP analytical pro-
cedures have been described by Melson et al. (1976). The
complete data set i1s available from T. O’Hearn by
e-mail <MNHMS002@SIVM.SLEDU> or on disk as
an ASCII file or in Microsoft Excel format. Major element
analyses of the samples selected for isotope and trace
element analysis at UT Dallas are given in Table 3. Two
glass samples (D66:3-4 and D58:1-2) were analyzed by
EMP at UT Dallas (Jongman Lee, analyst). Eleven
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Table 2: Petrographic descriptions of analyzed samples (arranged from north to south)

Sample % Vesicles % OL % PL % CPX Other

57:1-4 12 25 2 WR

57z 0 0 0 Glass chip

58:1-3 35 20 5 30 Interstitial glass

56:2-5 45 20-25 5-10 tr CPX + OL glom; WR
55:1-1 5 5 tr PL + CPX microphenos
54:1-1 40 3 4 1 skeletal OL

53:1-1 10 <1 24 1 WR

52:1-1 5-10 0 3-4 0 1-2% hornblende
51:1-1 40 3 10 tr

50:1-5 <5 0 3 0 WR

49:1-1 12 0 25 1 WR

66:3-4 10 2 17 1

68:1-2 20 2 6 2

48:1-2,3 25 4 1 3 Spinel inclusions in OL
48:3-1 30 8 1 6 Spinel inclusions in OL
47:1-5 20 6 0 0 Spinel inclusions in OL
46:1-6 10 1 0 Spinel inclusions in OL
46:1-8 <2 5 tr 0 Spinel inclusions in OL
71:1-14 15 5 8 2

45-5-2 tr tr tr 0 WR

72:2 4 0 0

73:1-1 2 0 0

73:2-1 2 0 0

74:1-1 <2 9 2 0 Spinel in PL & OL
76:1-1 tr tr 0 0

75:1-2 tr 2 0 0 skeletal OL

79:1-1 5-10 <1 1-2 0

80:1-3 <2 1-2 2-3 0 Spinel euhedra

82:1-1 5-10 3-4 1 0 Spinel euhedra

OL, olivine phenocrysts; PL, plagioclase phenocrysts; CPX, clinopyroxene phenocrysts; WR, analyzed as whole-rock powder,
all others analyses performed on glass separates; glom, glomerocryst.

whole-rock powders selected from nine dredges were
analyzed by X-ray fluorescence (XRF) at the University
of Oklahoma (M. G. Abdelsalam, analyst). mg-number
is calculated as 100(Mg/Mg + Fe’"), with Fe’*/Fe’*
calculated by the algorithm of Kress & Carmichael (1988).

For a subset of 13 samples, H,O and CO, were
determined at Cal Tech by Fourier transform IR spec-
troscopic analysis of glass, following the general methods
of Dixon et al. (1991) and modified by the use of a
NicPlan microscope. Each sample was analyzed four
times, using 1024-4096 scans and the redundant ap-
erturing system set to 115 mm x 115 mm. Sample
thicknesses ranged from 40 to 218 pm.

From the 25 successful dredges along the extension
axis, 24 glasses and six whole-rock powders were selected

for trace element and isotopic analyses. Glasses were
processed first by picking + 20 mesh chips with minimal
surface alteration. The chips were then crushed and
cleaned ultrasonically in ethanol and examined under a
microscope. Chips with weathered surfaces, de-
vitrification spots, or phenocrysts were removed. Crush-
ing, cleaning, and picking was continued at + 40, + 60,
+ 100, and + 120 mesh until the chips were sufficiently
transparent to confirm that they were free of phenocrysts
and devitrification spots. Before dissolution, chips were
washed for 2 min in 2-5N HCIL. Whole-rock powders
were processed by sawing slabs from the interiors of fresh
samples, polishing off saw marks, and ultrasonicating
several times in deionized water. Special care was taken
during petrographic examination to ensure that samples
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79:1-1 80:1-3 82:1-1 SMT MORB ARC
Si0, 50-46 49.56 51.40 51.0 50-45 50.52
Tio, 1.05 0-84 1.27 1.27 1.62 1.04
Al,O, 17-10 17.93 16-60 165 15.26 1694
FeO* 7-84 861 7-94 8.4 10-43 11.02
MgO 7-58 8.60 6-43 6-8 7.58 5.37
CaO 11-48 1155 11.22 11-3 11-30 10-75
Na,O 3.13 2.40 3.07 3.0 2.68 2.68
K,0 017 0-35 0-24 029 0-10 0.76
P,Os 0-13 0-14 017 015 — 0-18
Sum 98.94 99.98 98.34 98.71 99.42 99.26
mg-no. 67 67 63 63
Q/OL oL7-8 0oL9-8 Q0-5
K 1530 3200 2230 2340 884 5370
Rb 263 123 4.26 3.7 1.26 7-42
Sr 224 188 214 201 113 329
Ba 30-9 28.3 40-6 44.6 13.9 141
Pb 0-61 0-49 078 0-70 0-49 4.05
La 4.32 3.49 5.30 4.54 3.90 6-41
Ce 119 8.62 147 12:0 12.0 13.90
Nd 9.55 7.03 1.7 105 11-2 9.80
Sm 3.00 2.38 3.61 3.0 3.75 2.69
Eu 1-20 0-994 1-36 1.6 1.34 093
Gd 3.93 3.33 4.60 4.0 5.08 3.14
Dy 4.47 4.28 5.22 4.5 6-30 3.29
Er 2.80 2.85 3.23 28 4.14 2.03
Yb 2.69 2.83 3.06 2.7 3.90 1.95
K/Rb 582 260 523 630 702 724
Sr/Nd 23.5 26.7 183 19 101 336
Ba/La 7-2 81 7-7 9.8 36 22.0
Pb/Ce 0-051 0-057 0-053 0-058 0-041 0-29
Ba/Pb 51 58 52 64 28 —
(La/Yb)y 1.07 0-82 1.73 1.1 0-67 22
¥7Sr/*Sr 0-70279 0-70314 0-70281 0.70285 0-70286 0.70337
3Nd/"“Nd 0-51311 0-51299 0-51308 0-51310 051313 0-51297
Eng +8-9 +7-0 +88 +9-3 +9:5 +65
206p /24Pl 18-221 18446 18-254 18213 18.575 18-686
Sl Ve ) 15.456 15.539 15.487 15479 15.486 15.556
8PPl 37.832 38207 37.945 37.896 37.968 18:310

*Whole-rock powder. All other analyses use glass separates.

tNormative % quartz (Q) or olivine (OL).

SMT, average of 22 BABB from the southern Mariana Trough (Gribble et al., 1996). MORB, average of 26 fresh MORB glasses
(Hofmann, 1988); isotopic compositions are averaged Indian, Pacific, and Atlantic MORB data from Zindler et al. (1982).
ARC, typical Mariana Arc basalt (AG4); data from Schmidt (1957) and White & Patchett (1984); Pb data represent average
Agrigan data from Woodhead & Fraser (1985). Pb content inferred from Pb/Ce for Kasuga 1 (Stern et al., 1993).

were selected with no visible signs of alteration; this Approximately 70-100 mg of glass or powder was
was monitored by analyzing ¥Sr/®*Sr before and after dissolved and analyzed for Nd and Sr isotopic com-
leaching whole-rock powders in 6N HCL positions and LILE and REE concentrations. Standard
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isotope dilution and cation exchange techniques were
used to separate LILE (K, Rb, Sr, and Ba) and REE
(La, Ce, Nd, Sm, Eu, Gd, Dy, Er, and Yb). A procedure
modified after Richard et al. (1976) was used to further
isolate Ba, La, and Ce for isotope dilution analysis and
separate Nd from Sm for isotope composition runs. Pb
analyses required 15-30 mg of sample for isotope dilution
and sufficient sample (70-270 mg) for a 90-100 ng
processing load for isotope composition runs. The Pb
separation procedure has been reported by Manton
(1988), with an initial anion column separation. Total
processing blanks were: Pb, <140 pg; Nd, < 700 pg; Sr,
< 2 ng. Sr and Nd isotopic compositions were determined
with a Finnigan MAT 261 multi-collector TIMS in
dynamic mode. Sr isotopic compositions were frac-
tionation-corrected to *Sr/®Sr = 0-1194 and adjusted
relative to E&A SrCO;¥Sr/%Sr = 0-70800. Nd isotopic
compositions were fractionation-corrected to '*Nd/
"Nd = 0-7219 and &y, was calculated using the &yq
values of Pier e al. (1989) for BCR-1 and UCSD stand-
ards. The Pb fractionation correction was 0-15%/a.m.u.
Standard averages and reproducibility of standards (+2
SD) over the period of data collection were as follows:
E&A SrCO; YSr/*Sr = 0:708018(0-000049), UCSD
"WNd/"Nd = 0-511848(0-000029), BCR-1 '*Nd/
"MNd = 0-512647 and NBS 981 after fractionation
correction: *Ph/*'Ph = 16-948(0-020), *’Pb/*'Pb =
15-502(0-025), and **Pb/*"Ph = 36-755(0-083).

RESULTS

Northern Mariana Trough glasses and whole-rock ana-
lyses (Table 3) display a northward shift to a wider range
and higher average silica content (Fig. 3). South of the
VTZ, lavas are predominantly low-K basalt or, less
commonly, basaltic andesite—except for the D73 suite,
which straddles the low-K-medium-K boundary. The
southern VTI'Z suite [including data for M'TB-22 reported
by Stern et al. (1990)] is partitioned into low- and medium-
K basalt but includes low-K basaltic andesite. The north-
ern V'TZ suite 1s distinct in K;O-S10, space and includes
medium-K dacite and rhyolite.

Plots of moderately incompatible elements Na,O and
TiO, vs MgO show that NMT glasses range in com-
position between Spread BABB and Mariana Arc lavas
(Fig. 4). The field defined by Spreading Ridge samples
completely overlaps the SM'T and MTB-18 field, showing
that the composition of Mariana Trough Spread BABB
is petrologically coherent. Central Graben samples are
indistinguishable from Spread BABB, and are included
with these for the purposes of defining the field ‘Central
Graben & Spreading Ridge’. The SVTZ glasses form an
extension of the Mariana Arc glass tephra trend (Lee e
al., 1995) but fall in the field of Spread BABB. In contrast,
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NVTZ lavas are indistinguishable from Mariana Arc
lavas.

Lavas with mg-number >65 were recast into mineral
compositions on the basis of molar oxygen proportions
(Tormey et al., 1987) and plotted in phase diagrams on
projections from plagioclase and olivine. Spreading Ridge
and Central Graben lavas form a relatively tight group
enclosed by the SMT and MTB-18 field in both pro-
jections; MTB-22 samples plot in a similar field. Other
SVTZ samples display a much larger range in normative
mineralogy. Individual suites are parallel (from olivine)
or nearly parallel (from plagioclase) to the 1 atm cotectic.
Most dredge suites have a narrow range in mg-number
so that it is unlikely that these suites are related by crystal
fractionation of a common parent. Kinzler & Grove
(1992) developed a petrogenetic grid for accumulated
melt fractions in a polybaric melt regime. NMT suites
align parallel to the variable melt percent, constant
pressure vector, and for samples with calculated F (degree
of mantle melting) show the proper relative order in
percent melt. This indicates that these trends reflect
variable degrees of melting at a common temperature—
pressure interval along a lherzolite assemblage + melt
cotectic. Lavas become increasingly oversaturated in silica
northward along the extension axis. Quartz-normative
compositions predominate in the NVTZ, SVTZ, and
Central Graben, whereas olivine-normative compositions
dominate the Spreading Ridge suite.

Trace element abundances vary systematically along
the extension axis, with patterns of normalized trace
elements becoming flatter and smoother moving from
the NVTZ (Fig. 5a) through the SVTZ (Fig. 5b) and
Central Graben (Fig. 5¢) to the Spreading Ridge (Fig. 5d).
This systematic behavior reflects two effects, both of
which become increasingly important towards the north:
(1) increased fractionation of fluid mobile elements (LILE,
Sr, Pb) relative to REE; (2) fractionation of LREE relative
to HREE. The first effect indicates that a fluid-mobile
‘subduction component’ becomes more important to the
north, and we will show later that the second effect
indicates that the degree of melting increases in the same
direction. Mariana Trough Spread BABB show variable
enrichment in a subduction component which 1s revealed
both isotopically and in terms of trace element abund-
ances, as is shown in Fig. 5d by noticeable spikes in Pb
and Sr and an overall enrichment in K, Rb, and Ba.
There is no obvious difference in trace element abund-
ances between Spreading Ridge and SMT samples, al-
though Spreading Ridge samples do not include the very
MORB-like basalts recovered from near 15°N (Gribble
et al., 1996).

HREE abundances are higher in the Central Graben
and Spreading Ridge lavas than in VTZ basalts, whereas
LREE concentrations increase irregularly to the north
(Fig. 6). Lax/Yby ratios in the Spreading Ridge basalts

136



GRIBBLE et al.

2.0 P S T T S PR TS |

LAVAS FROM NORTHERN MARIANA TROUGH

PR ol U S W I ST TN VR TR N ST U S

V4
- Basaltic
Andesite

1 MTB-18
4 'Arc-like' basalt

KZO wt%

Andesite

Dacite & i

Rhyolite I
RAMA 24D
(@)

e ¢

oW * I

¢ Northern VTZ

¢ Southern VTZ
O Central Graben |
o Spreading Ridge |

60

LA B R B E B RN S B NN B S B SN MO B B

Si0, wt%

Fig. 3. K,O vs SiO, diagram for samples from the northern Mariana Trough analyzed for this study. Dredge glasses are predominantly basaltic,
except for N-VTZ samples, which extend to medium-K rhyolite. The samples from Nikko (where the back-arc extension axis intersects the arc)
are plagioclase-bearing whole rocks (Bloomer ¢t al., 19894) and are labeled ‘N’. The MTB-18 ‘Arc-like” basalt field is from ALVIN dive A1846
(Hawkins et al., 1990). Also shown are fields defined by samples from previous studies in the NMT, including dredges KK1 and KK2 from the
Northern VIZ during a cruise by the Kana Keok: in 1984 ( Jackson, 1989) and MTB-22 basalts from the Southern VIZ (Stern et al., 1990).
RAMA 24D corresponds to the composition of felsic lavas studied by Lonsdale & Hawkins (1985) from the off-axis ‘mounds’ hydrothermal field
at 18°N. All samples are renormalized to 100% anhydrous. The silica and K,O boundaries are from LeMaitre (1989).

range from slightly less to slightly greater than one.
Basalts from the Central Graben have patterns that are
subparallel to but lower than Spreading Ridge lavas.
Among the Central Graben basalts, D71:1-14 is an-
omalous in having an REE pattern that is similar to
southern VTZ samples. Most SVTZ basalts [MTB-22
data of Stern et al. (1990) and D68 and D48] are LREE
enriched (Lay/Yby =1:4-4-5). The D48 suite has the
lowest HREE abundances (Yb = 6 x to 9 x chondrite)
reported for Mariana Trough lavas and, excluding
evolved NVTZ samples, the highest LREE abundances.
The D48 suite has the highest Lay/Yby (3:6-4-5) for
any Mariana Trough sample. NVTZ lavas have REE
abundances that span the range reported for the rest of
the Mariana Trough but can be subdivided into two
groups. Basalts from the southern part of the NVTZ
have flat REE patterns (Lay/Yby =1-16-1-3), whereas
those from the northern NVTZ are enriched in the
LREE (Lay/Yby = 2:8-3). NVTZ basaltic andesites are
from the northern part of the NVITZ and are similar to

the basalts from this region in their LREE enrichment
(Lax/Yby = 2:3-3-6).

The similarity between Rift BABB and arc lavas can
also be seen in plots of incompatible element ratios that
distinguish between Spread BABB and Mariana Arc
lavas (Fig. 7). Ratios of incompatible elements such as
Ce to Pb, K to Rb, La to Yb, and Ba to La should not
change significantly as a result of moderate degrees of
low-pressure fractionation, and can be expected to reflect
the ratios developed when melt generation occurred.
Lavas from intra-oceanic arcs are characterized by high
Ba/La and low Ce/Pb coupled with low (La/Yb)y and
moderate K/Rb. Mariana Arc lavas show a strong inverse
correlation between Ba/La and (La/Yb)y, interpreted by
Lin et al. (1989) to indicate mixing. Mariana Arc lavas
are further characterized by moderate K/Rb (300-600)
and low Ce/Pb (<10). In contrast, Mariana Trough
Spread BABB have low Ba/La (<20), low (La/Yb)y (<2),
moderate to high K/Rb (up to >1200), and high Ce/
Pb (>10). The fields defined by Mariana Trough Spread
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Fig. 4. Plot of the moderately incompatible elements Na,O and TiO, vs MgO. Central Graben samples are grouped with samples from the
well-defined spreading ridge segments to the south, including Spreading Ridge, M'TB-18, and SM'T. Mariana Arc fields are defined by tephra
glasses studied by Lee et al. (1995). The SVTZ fields include MTB-22 data (Stern et al., 1990) and the NVTZ fields include two Aana Reoki
dredges (K1 and K2; Jackson, 1989). Data for Nikko are shown with ‘N’ and are listed as belonging to both the NVTZ and Mariana Arc.
MTB-18 data include samples reported by Fryer ¢t al. (1981), Hawkins & Melchior (1985), Sinton & Fryer (1987), Volpe ¢t al. (1987), and
Hawkins et al. (1990). SMT data are from Gribble et al. (1996). The labeled arrows show magmatic evolution accompanying 5% fractionation
of phenocryst core compositions from relatively primitive glasses analyzed by Hawkins & Melchior (1985). The similarity of NVTZ samples to
Mariana Arc and similarity of SVTZ samples to those recovered from the spreading ridges to the south should be noted.

BABB on plots of Ba/La vs (La/Yb)y and K/Rb vs Ce/
Pb (Fig. 7) encompass the ‘mean N-MORB’ of Hofmann
(1988). In spite of the fact that much of the variability
in the field of Spread BABB results from addition of a
subduction component to an N-MORB mantle source
(Stolper & Newman, 1994; Gribble e al., 1996), there is
no overlap between arc and Spread BABB fields (Fig. 7).
Data for NMT Rift BABB span arc and Spread BABB
fields; at one end, Spreading Ridge and Central Graben
basalts are very similar to Spread BABB, whereas NVTZ
samples can scarcely be distinguished from Mariana Arc

basalts. SVITZ samples [including MTB-22 data of Stern
et al. (1990)] span fields defined by arc plus NVTZ
samples on the one hand and Spreading Ridge plus
Central Graben plus Spread BABB samples on the other.

Lavas from the Mariana Arc and Spread BABB from
the Mariana Trough can be distinguished by their Sr,
Nd, and Pb isotopic compositions. NMT data overlap
and bridge these two fields (Figs 8 and 9). For all
three isotopic systems, Spreading Ridge samples are
indistinguishable from Spread BABB, whereas the
isotopic compositions of Rift BABB northward become
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Fig. 5. Compatibility diagram, with order of elements and N-MORB normalizing values after Hofmann (1988). (a) Individual trace element
patterns for NVTZ lavas are compared with Mariana Arc lavas (stippled field). (Note the similar trace element patterns for NVTZ and Mariana
Arc lavas, including ‘spikes’ in Ba, Pb, and Sr; patterns with ‘4’ are NVTZ felsic samples 55:1-1 and 52:1-1.) (b) SVIZ trace element patterns;
MTB-22 data reported by Stern et al. (1990; not shown) show similar patterns to the four SVIZ samples plotted. Stippled field outlines data
for basalts from the Central Graben. (c) Trace element patterns for Central Graben basalts, compared with a stippled field outlining data from
the spreading ridge between 19°50” and 18°45’N (SR). (d) Trace element patterns for Spreading Ridge basalts compared with SMT data (Gribble
et al., 1996). For the sake of clarity, MTB-22 data (Stern e al., 1990) are not shown with the SVITZ samples but display similar patterns. Open
and closed symbols are shown for samples with the highest and lowest degrees of melting, respectively, within each defined segment for NM'T
basalts, as calculated by the model presented in the discussion. (Note that for the N- and S-VIZ data the high-degree-melt lavas have lower
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Fig. 6. Chondrite-normalized REE plots for (a) Northern VIZ, (b) Southern VTZ, and (c) Central Graben and Spreading Ridge between
19°50” and 18°45'N. Shaded field in (a) and (b) outlines REE data for MTB-22 (Stern et al., 1990). Shaded field in (c) outlines REE data for
basalts from the southern Mariana Trough (Gribble ¢t al., 1996). Samples discussed in the text are identified. Symbols are as in Fig. 3 except
for 72:2 in (c) which is from the spreading Ridge portion of the MT.

more like those of the Mariana Arc (Fig. 10). A par- fields. Central Graben basalts overlap Spread BABB but
ticularly strong Pb isotopic gradient is observed. NVTZ  towards the arc fields. **Ph/***Pb >185 is found for
samples cannot be distinguished from Mariana Arc lavas, both arc and BABB basalts, but **Ph/***Ph <185 is
and SVTZ lavas are intermediate between these two  restricted to Spread BABB. **Pb/**Pb for VIZ and
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Fig. 7. Diagnostic trace element ratios for NMT samples compared with fields for the active Mariana Arc and BABB from Mariana Trough
spreading ridges. (a) Ba/La vs Lay/Yby, modified after Lin et al. (1989); (b) K/Rb vs Ce/Pb. It should be noted that Mariana Arc and Spread
BABB (SMT or MTB-18 + SMT) are completely resolved on both plots, and that Spreading Ridge and Central Graben samples plot in the
field for Spread BABB (or nearly so), whereas NVTZ samples plot in the field for the Mariana Arc. SVIZ data plot between fields defined by
Mariana Arc and NVTZ on the one hand and Spread BABB + Spreading Ridge + Central Graben on the other hand.

Central Graben samples are invariably >18:48 (although
felsic CG samples have *Pb/**Pb = 18-:2-18-3, Stern
et al., 1996). Spreading Ridge samples include **Ph/
"Ph <18-45; sample 73:1-1 at 18°44’N has *Pb/
PPh = 18-25, and *Pb/**Pb <18:0 is found for D76
and D75 at 19°27'N. VTZ samples form an array that
extends from Spread BABB to the high **Pb/*'Pb
Mariana Arc compositions. Therefore, VIZ lavas lie
partly outside the Mariana Arc field at relatively high
*Pb/*"'Pb and **Ph/*"'Pb.

Sr and Nd isotopic compositions show the similarity
of NVTZ samples to the Mariana Arc, the similarity of
Spreading Ridge plus Central Graben to Spread BABB,
and the transitional nature of SVTZ samples (Iig. 9).
NVTZ samples also show the displacement towards
higher ¥Sr/®Sr at a given &y, that is characteristic of all

arc lavas (Fig. 9a; Stern et al., 1993). Two NVTZ samples
have higher ¥Sr/*Sr than the highest value reported for
the Mariana Arc (D58:1-3 and D49:1-1). A plot of
¥Sr/®Sr vs"°Pb/*Ph (Fig. 9b) serves to emphasize two
mmportant aspects of the data: (1) the similarity of NVIZ
lavas to those of the Mariana Arc; and (2) the similarity
of basalts from the Spreading Ridge plus Central Graben
to the larger group of Mariana Trough Spread BABB.
Water and carbon dioxide concentrations are listed in
Table 4. Most of the glasses are supersaturated with
respect to the mixed volatile system at the pressure
corresponding to the depth of collection. Because CO,
1s so much less soluble than water in silicate melts, any
glasses that contain significant CO, (>~50 ppm) generally
cannot have degassed H,O as a result of decompression,
because virtually all CO, is lost before any significant
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Fig. 8. Pb isotopic data. The NHRL is the Northern Hemisphere Regression Line of Hart (1984). The field for spreading ridge segments,
SMT + MTB-18, is from Volpe e al. (1990) and Gribble et al. (1996). Mariana Arc data are from sources listed by Stern e/ al. (1993) and

J. Morris et al. (unpublished data, 1997). Symbols are as in Fig. 3.

water exsolves. For example, Dixon et al. (1995) showed
that the pure volatile phase in basaltic magmas at 400
bar (4000 m water depth) is saturated with H,O = 2-00
wt % and CO, = 185 ppm. Among the NMT samples,
only 48:1-3 contains no CO,, and the water content of
this sample is close to saturation, given the errors involved.
Therefore, and with the exception of 48:1-3, the water
data are interpreted as approximating magmatic water
concentrations.

There may be a latitudinal variation of water content
in these glasses. With the exception of 72:2 at the northern
tip of the propagating ridge, Spreading Ridge samples
generally contain less water (0-5— 1:6% H,O) relative to
VTZ samples (1-4-1-9% H,0). The range observed for
Spreading Ridge samples is less than that found for the
SMT (0-2-2-8%; Gribble e al, 1996) and MTB-18
(0-49-2-1% H,0O; Stolper & Newman, 1994). Both
Spread and Rift BABB from the Mariana Trough are
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Fig. 9. Sr—Nd-Pb isotopic systematics for NMT samples compared with fields occupied by Spread BABB (MTB-18 + SMT) and the active

Mariana Arc. Symbols are as in Fig. 3. (a) exq

vs 7Sr/%Sr. (b) YSr/*Sr vs **Pb/**Ph. It should be noted that Spreading Ridge samples are

indistinguishable from Spread BABB and that NVTZ samples are indistinguishable from Mariana Arc lavas, whereas SV'TZ lavas bridge these
two fields. Central Graben basalts lie in the fields of Spread BABB but towards the arc fields.

generally wetter than Lau Basin BABB, which contains
0-22-1:6% H,O (Danyushevsky et al, 1993). As is
generally true for BABB, Mariana Trough BABB are
much wetter than MORB (0-1-0-4% H,O; Dixon et

al., 1988). With the exception of felsic sample 55:1-1,
all Mariana Trough samples cluster around K,O/
H,O = 0-25, which is characteristic of BABB (Danyu-
shevsky et al., 1993).
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Isotopic Compositions and Style of Extension along strike of the Mariana Trough
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Fig. 10. Latitude and style of extension vs **Ph/*"'Ph, ¥’Sr/*Sr, and &y,. It should be noted that the intermediate-scale variations observed in
the southern Mariana Trough are replaced north of 18° by a monotonous increase in **Ph/*"*Pb, ¥Sr/*Sr, and &y, The distinction between
arc and back-arc basin sources that is so clear in that part of the system where spreading is occurring is progressively obscured to the north
where rifting is occurring.
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Table 4: HyO and CO, contents in glasses_from the northern Mariana Trough (arranged from north to

south)
Sample % H,0 N* SD ppm CO, N* SD
55:1-1 1-51 4 0.13 290 4 20
54:1-1 1-693 4 0-017 98 4 37
68:1-2 1.87 4 0-09 100 4 24
48:1-3 1.57 4 0-09 3 4 20
47:1-5 1.76 4 0-08 82 4 8
46:1-6 1-41 4 0-09 137 4 1
71:1-14 1-82 3 0-36 158 4 20
72:2 223 4 0-09 81 4 25
73:2-1 1-153 4 0-047 196 4 23
74:1-1 1-00 4 0.07 137 4 5
76:1-1 0.729 3 0-006 221 3 20
80:1-3 0-571 4 0-003 362 4 8
82:1-1 1-69 3 0-20 134 4 22

*Number of determinations.

DISCUSSION

In the following discussion, we consider three related
problems of global significance from the perspective of
our data set for the Mariana Trough. First, we comment
briefly on the controversy of whether or not arc and
back-arc basin igneous activity is synchronous in a single
back-arc basin system. Second, we address questions
related to the degree of melting along strike of the
extension axis, and the different petrogenetic styles along
the strike of the extension axis. Finally, we discuss the
composition of initial back-arc basin igneous activity.

Do arc and back-arc basin igneous activity
coexist?

Results of DSDP Leg 59 led to the hypothesis that
Mariana Arc volcanic activity was extinguished for several
millions of years during early back-arc basin formation
(Scott & Kroenke, 1980; Crawford et al, 1981). This
conclusion was criticized by Karig (1983). Cambray e
al. (1995) suggested that back-arc rifting 1s associated
with intense arc volcanism, but that arc volcanism ceases
as spreading is established. Recent Ocean Drilling Pro-
gram (ODP) drilling in the Lau Basin suggests a 2 my
hiatus in arc volcanism as rifting proceeded, with true
arc volcanism re-established at ~3-0 Ma (Clift et al,
1995). The early extensional history inferred for the Lau
Basin involves cessation of arc volcanism followed by
bimodal igneous activity within the embryonic back-arc
basin. The arc is re-established at about the same time
that seafloor spreading begins.

Because there is no consensus regarding whether or
not arc and back-arc basin igneous activity is synchronous
or mutually exclusive, valuable insights can be gained
from considering active back-arc basin systems. Sim-
ultaneous active arc volcanism and seafloor spreading
are common for modern arc-back-arc basin systems such
as the Mariana and Lau-Tonga systems. There is no a
priori reason why arc and back-arc basin magmatic
systems should not be able to coexist, where the loci of
these magmatic systems are separated by some distance,
perhaps 50-100 km or more. Separation of magmatic
systems is required because the different magmagenetic
styles for arc and Spread BABB are associated with
distinct mantle flow regimes. Specifically, most arc melts
result from combined deep (~60 km) flux melting and
adiabatic decompression during diapiric ascent (Pearce
& Peate, 1995), whereas Spread BABB result from
MORB-like decompression melting of upwelling mantle
(Gribble et al., 1996). However, it is not apparent what
happens at the earliest stages of extension, as the arc is
rifted and the loci of arc and back-arc basin volcanism
are much closer. We question how separate arc and
back-arc basin magmagenetic systems could coexist in
this situation. Our studies demonstrate that lavas of the
Mariana NVTZ are chemically and isotopically in-
distinguishable from those of the Mariana Arc. We con-
clude from this, and from the fact that the active arc for
~200 km adjacent to the NVTZ between Nikko and
Fukujin is extinct (Bloomer et al,, 1989b), that the arc
magmatic budget has been captured by the rift, that is,
diverted to erupt along the extensional axis. This suggests
that normal processes of arc melt generation are not
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disrupted by incipient rifting. Given that initial rifting
involves the lithosphere whereas arc magmas manifest
flux melting at depth, the a priori expectation is that arc
magmas will continue to be produced regardless of the
state of stress in the overlying lithosphere.

In spite of the fact that arc melts should continue to
be generated and to erupt thoughout the early stages of
rifting, surface manifestations should be affected: an
important effect is that volcanism will probably be sub-
marine, because of subsidence associated with crustal
thinning. Martinez et al. (1995) noted that the pattern of
along-strike grabens separated by tectonically disrupted
volcanoes is characteristic of early back-arc basin for-
mation. Growth of the large central volcanoes char-
acteristic of mature arcs is unlikely to occur until the arc
magma supply is no longer diverted to the extension
axis, and this in turn requires migration of the rift
axis away from the arc magma supply. This migration
corresponds to the rift ‘localization’ process ascribed by
Martinez et al. (1995) to the SVTZ. Fukujin is the
northernmost active Mariana Arc volcano and lies 30—
40 km east of the northernmost SVIZ. We infer that
Fukujin 1s the youngest unequivocal expression of arc
re-initiation following rifting. Submarine arc volcanoes
extend for 200 km southeast of Fukujin before the first
subaerial volcano, Uracas, is encountered. We infer that
this distance reflects the greater time that southern vol-
canoes have had to grow since northward-propagating
rifting disrupted the arc. The northern Mariana Trough
thus provides confirmation of the inference by Hussong
& Uyeda (1981) that Mariana Arc volcanism has been
continuous since the Focene, but that volcanic activity
during rifting was submarine, limiting the dispersal of
tephra.

The along-strike variations observed for the northern
Mariana Trough provide a paradigm for changing styles
of arc magmatism in an evolving back-arc basin. First,
initial rifting along or near the arc axis disrupts con-
struction of arc edifices because the arc magma supply
is diverted to the rift axis. Second, continued extension
localizes the rift axis basinward, away from the normal
locus of arc volcanism, permitting the re-establishment
of the line of arc volcanoes. Finally, arc volcanoes grow
above sea-level. Volcanic rocks and associated sediments
associated with this evolution can be expected to change
with time. We emphasize that, although arc magma
supply 1s continuous, there may be a hiatus in products
of subaerial eruptions (such as ash-fall tephra) of as much
as a few million years.

Variations in melt generation processes
along the extensional axis

A basic tenet of basalt petrogenesis is that incompatible
element concentrations are functionally related to the
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degree of mantle melting. The simplest expression of
this relationship is that concentrations of incompatible
elements vary inversely with degree of melting (/). Thus,
for closed systems, the greater the degree of melting, the
lower the concentration of incompatible elements in the
melt. The BABB paradox, addressed by Gribble e al.
(1996), 1s that for M'TB and other BABB, the abundance
of some incompatible elements (LILE and fluid-mobile
elements) varies directly rather than inversely with F. This
represents a significant departure from the standard basalt
petrogenetic model. Similar relationships found for arc
lavas are inferred to result from introduction of hydrous
fluids beneath the arc that lower the temperature of
melting and also enrich the mantle in incompatible
elements. This process has been called ‘flux melting’
(Gill, 1981) and is fundamentally an open-system process.
Flux melting contrasts with decompression melting, which
approximates a closed-system process. The two end-
member processes can combine so that hydrous mantle
diapirs may melt to a greater extent than would occur
as a result of either process alone, and this combination
is likely to be important beneath arcs and back-arc basins.

Reasonable estimates of F must be derived before
contrasting the trace element behavior of spreading BABB
and VTZ basalts. Flat HREE patterns (Fig. 6) indicate
that the mantle melting was not associated with residual
garnet, which may indicate that melting took place at
depths shallower than the stability field of garnet Iherzolite
(with the possible exception of 48:3-1 and 48:1-3). In this
case, I"should vary inversely with HREE concentrations.
We used abundances of Yb and TiO, to quantify F for
the NMT. These elements were chosen because addition
of slab-derived fluids to the mantle source should have
little effect on HFSE such as Ti and Yb (Keppler, 1996).
A simple forward model of non-modal batch melting
{Co = C1[Do + F(1 — P)]; Shaw, 1970, where Cj is
the source composition, prior to melting; C, is the melt
composition, after olivine-only fractionation correction;
Dy 1s the modal bulk coefficient; and P is the non-modal
bulk partition coeflicient} of spinel lherzolite is shown as
a trajectory superimposed on olivine-only fractionation-
corrected samples in Fig. 11. The NMT suite plot on
the calculated melt trajectory. Fractionation of other
possible phases (i.e. plagioclase and clinopyroxene; mag-
netite is not likely to precipitate in the basalts studied
there) has not been modeled. Fractionation of plagioclase
or clinopyroxene can significantly affect Ti and/or Yb
contents, so the model presented in Fig. 11 only ap-
proximates . However, only the relative order of degree
of melting within the data set is required for the arguments
listed below to be valid. Sinton & Fryer (1987) proposed
that plagioclase joins olivine on the liquidus in MTB-18
magmas at mg-number = 63 (all Fe as Fe’"). Before
fractionation correction, the samples plotted in Fig. 11
have mg-number >653, except for NVTZ data, which
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Fig. 11. Estimate of degree of melting, £, from Ti-Yb systematics. Glasses
to be in equilibrium with Fogy, [Kyol) = 0-015, 0-023 for TiO, and Yb,

with mg-number >65 have been corrected for olivine-only fractionation
respectively|. The curve labeled ‘spinel lherz.” is for non-modal batch

melting and is labeled with degrees of [ for ‘primitive mantle’ (PM) source concentrations of 0-217% TiO, and 0:493 ppm Yb (Sun &

McDonough, 1989), D, = 0-117 and 0-127 for a lherzolite composition ol
proportions of 0:30:70. The curve labeled ‘Gar. Lherz.” is for non-modal
opx:cpx:gar composition and melt proportion of 52:29:16:3 and 0:45:45:

:opx:cpx of 54:30:16, and P = 0-325 and 0-397 for ol:opx:cpx melting
batch melting of a garnet lherzolite ‘primitive mantle’ source with ol:
10, respectively. D and P are 0-127 and 0-247 for TiO,, and 0-288

and 0-684 for Yb. Both curves are labeled for from 5 to 40% melting. Symbols as in Fig. 3; MTB-22 data of Stern ¢ al. (1990) are included
with SVTZ data set. Field labeled ‘MTB18 + SM'T” is the field defined for spreading BABB after Gribble et al. (1996). (Note the good correlation
between the model spinel lherzolite melting trajectory and NMT data; also note the general increase in F to the north.)

include samples with an mg-number as low as 47. The
errors involved in ignoring fractionation of clinopyroxene
and plagioclase from NVTZ compositions are further
discussed below.

This model yields estimates for I (average of the
TiO, and Yb estimates) consistent with inferences from
bathymetry and other geochemical considerations for
Spread BABB. The first-order variations in ridge depth
along the spreading BAB are most simply interpreted to
result from different degrees of melting, as argued for
mid-ocean spreading ridges (Klein & Langmuir, 1987)
and the SMT (Gribble ¢t al., 1996). The total range of
Ffor Spread BABB is 6-24% (excluding the unusual ‘arc-
like” sample at M'TB-18), and this is also the approximate
range proposed for MORB (Klein & Langmuir, 1987).
For the ‘arc-like’ glass (A 1846-9), I was determined by
using the TiO, and Y values listed by Hawkins et al.
(1990) and the correlation of Y with Yb in MORB
[inferred from a Mariana Trough data set with both Y
and Yb analyses; Hawkins e al. (1990) and references
therein]. The F = 0-36 calculated here is in good
agreement with /' = 0-34 calculated by Hawkins et al.
(1990) based on consideration of Ta and Zr systematics.
A similar comparison can be made for sample A 1841-
11, for which Hawkins e al. (1990) calculated ' = 0-12
and for which our procedure yields /= 0-11.

A qualitative check on estimates of F is to compare
the F{'TiO,-Yb) model with an independent function of
F such as Nag, [the content of Na,O at 8% MgO,
calculated using the algorithm of Klein & Langmuir
(1987)]. Klein & Langmuir (1987) noted that higher
average degrees of melting correlate simply with lower
sodium content. In Fig. 12, the Ti-Yb model for F
1s compared with Nag, in which sodium contents are
corrected for fractionation (a three-phase, low-pressure
assemblage) to 8 wt % MgO to facilitate comparison with
the global MORB data set. There is a good correlation of
decreasing Nag, with increasing M TiO,~Yb) for our
NMT data, as well as other samples from the Mariana
Trough. Three of the NVTZ samples have MgO < 5%
and relatively sodic plagioclase may be involved in their
fractionation. However, the sample with the highest F
(50:1-5) has 6:3 wt % MgO so that the correction to
MgO = 8 wt % should not grossly underestimate the
sodium content.

Based on consideration of Ti-Yb systematics, the field
for Mariana Trough Spread BABB thus records Fin the
range of 6-24% (excepting A 1846-9), yielding a mean
of 13 + 5% (1 SD). This agrees with the range for
MTB-18 of 9-17% estimated by Hawkins e al. (1990)
and 5-19% inferred by Stolper & Newman (1994), and
is similar to the range of 8-20% estimated for MORB
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Fig. 12. Comparison of F values derived from Ti-Yb systematics (Fig. 11) with Na,O contents corrected to MgO = 8 wt % by the algorithm
of Klein & Langmuir (1987). Symbols as in Fig. 3 except for small circles, which are data for other spreading BABB samples collected south of
the study area; filled circles are for SR. (Note the good negative correlation between Nag, and degree of melting inferred from Ti-Yb systematics.

Note that only samples with mg-number >62 are plotted.)

(Klein & Langmuir, 1987). A similar extent of melting is
inferred for the five CG samples (£ =11-19%, mean
15%). Estimates of F for VIZ lavas are significantly
higher than for Spread BABB: Ffor SVIZ is 23 + 5%
and F for NVTZ is 28 + 8%). These estimates extend
to the high degree of melting (~25%) ascribed to arc
basalts from intra-oceanic arcs (Plank & Langmuir, 1988;
Pearce & Parkinson, 1993). As discussed above, correction
for fractionation of mineral phases other than olivine
was not modeled, and fractionation of pyroxene and/
or plagioclase complicates estimates of I from Ti-Yb
relations. Both pyroxene and plagioclase are common
phenocrysts in NVTZ lavas. Uncorrected fractionation
of plagioclase decreases the calculated degrees of melting,
as (1) plagioclase Ky values for Ti and Yb are «1, and
(2) the calculated amount of crystal fractionation is a
function of mg-number only. That is, if there was plagio-
clase fractionation in addition to olivine, our model
will have underestimated . The effects of uncorrected
pyroxene fractionation are more complicated, because
pyroxenes have crystal/liquid Ky(Fe/Mg) values that are
similar to those of olivine, but are higher for Ti and
Yb. Fortunately, pyroxene fractionation is limited for
primitive basaltic compositions such as those studied
here, and the problem of uncorrected pyroxene frac-
tionation for our estimates of [ is likely to be minor.
This conclusion 1s supported by the correspondence
between estimates of F for the present sample suite

based on Ti-Yb relationships and those obtained by the
algorithm of Stolper & Newman (1994).

The normative compositional variations of primitive
basalts (mg-number >65) indicate that within-suite vari-
ations result from variable degrees of melting at moderate
to low average pressures with respect to polybaric melting
models. Suites with high mg-number members form arrays
nearly parallel to 1 atm cotectics yet have very narrow
ranges in mg-number [dredges 46 (mg-number = 65-68),
47 (66-69), 48 (66-70), and 68(63-65)] so that it is
unlikely that within-suite trends are produced solely by
crystal fractionation. This is also shown by the lack of
correlation of mg-number with the expected fractionation
vectors in phase diagrams.

Figure 13 shows the strong increase in £ to the north
along the extension axis. One possible explanation for this
increase would be a lengthened adiabatic decompression
path. The dominant control on ascent path length was
thought by Plank & Langmuir (1988) to be crustal thick-
ness. Thin crust is expected to underlie the extension
axis, with normal oceanic thicknesses (~5—6 km; Bibee
et al., 1980) along the spreading ridge and thicker crust
(~25 km; Ishihara & Yamazaki, 1991) beneath the
NVTZ. If variable lengths of adiabatic ascent along the
extension axis were responsible for variations in F, one
would expect lower degrees of melting to be associated
with the VTZ. Clearly this is not the case.

There are indications that water contents are important
for controlling the degree of melting at convergent
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Fig. 13. Extent of melting, F, vs latitude in the Mariana Trough back-arc basin. Symbols are as in Fig. 3 except closed symbols are Spreading
Ridge data and open symbols are SM'T data of Gribble ¢ al. (1996) or M'TB-18 data of Hawkins et al. (1990). Some of the SVIZ data points
are data of Stern e al. (1990) for which Fis calculated using our procedure. The significantly greater F inferred for SVIZ and NVTZ relative

to spreading BABB and Central Graben basalts should be noted.

margins (Davies & Bickle, 1991; Baker ez al., 1994). Pearce
& Parkinson (1993) inferred that arc melts reflect degrees
of melting that range from 15% (thick lithosphere) to
30% (thin lithosphere), of which ~10% melting results
from lowering of the liquidus because of addition of
water to the mantle and the remainder of the melting is
due to decompression. We plot our estimate of melt
fraction against source water content (inferred from per-
cent HyO in sample x HTiO,-Yb) in Fig. 14. Stolper
& Newman (1994) reported a good correlation among
MTB-18 samples for F (inferred from major element and
water data) and weight percent water in the source. Their
relationship can be rewritten as / = 0-56/ + 0-05,
where F'is the melt fraction and W is percent water in the
source. Our data allow an assessment of the relationship
between F and water in the source, indicating F =
0-44W + 0-07. We recognize that Fig. 14 does not plot
independent variables (source H,O is the product of F
inferred from Ti-Yb systematics and H,O contents of
glass). However, considering that different procedures
were used to infer F and that only two MTB-18 samples
were used for both regressions, the agreement between
these two results is very good. Although our VIZ data
set 1s limited (because of a scarcity of glassy, primitive
basalts), this regression seems to apply to these as well
as spreading BABB. We conclude that there is a re-
lationship in back-arc basin magmagenesis between water
in the source and extent of melting, such that quadrupling
the water content leads to doubling of the degree of
melting. As noted by Plank & Langmuir (1988), this
complicates but does not refute models of adiabatic

decompression, particularly if source water contents are
similar among global arc sysems.

What is the composition of lavas erupted
during the early stages of back-arc basin
formation?

As outlined in the Introduction, this is a controversial
but important subject. This problem should be tackled
by considering BAB which have evolved in oceanic
settings, because the likely anatexis of continental crust or
thick sequences of continental shelf sediments introduces
additional complexities (e.g. Sea of Japan, Okinawa
Trough, Bransfield Strait). Stern et al. (1988) suggested
that shoshonitic melts characterized arc regeneration
following initial BAB rifting, but the tectonic studies of
Martinez et al. (1995) and Baker et al. (1996) have since
demonstrated that the region defined by the Alkalic
Volcanic Province (Bloomer ¢t al., 19894) occupies a “pre-
rift’ position. Crawford et al. (1981) inferred an early
boninitic phase, but such lavas probably only erupt where
BAB extension axes intersect a forearc, such as at the
northernmost Tonga arc (Falloon & Crawford, 1991).
Early lavas that are MORB-like have been reported for
the Lau Basin (Hawkins, 1995), and early rift stages for
this system represented by the southern Havre Trough
and Ngatoro Rift erupt both arc-like and MORB-like
lavas (Gamble & Wright, 1995). Recent investigations of
the Sumisu Rift in the Bonin Arc, which is in the
early stages of back-arc basin evolution, have led to the
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conclusion that typical BABB are erupted from the earliest
stages (Fryer et al., 1990). It should be noted that rift
stages reflected by the Sumisu Rift and the northern
Mariana Trough are distinct in several ways: (1) rifting
has not disrupted the magmatic arc east of the Sumisu
Rift but has in the NMT; (2) Sumisu Rift volcanism is
concentrated along a NE-trending alignment that lies at
high angles to the extension axis (Smith et al., 1990),
whereas NMT volcanic activity is concentrated along the
extension axis (Martinez ¢t al., 1995; Baker et al., 1996);
(3) arc lavas in the vicinity of the Sumisu Rift are depleted
tholetites, similar in many respects to BABB. Many of
the compositional differences between these arc lavas
and those of the Sumisu Rift proper can be related to
decreased degrees of melting for Sumisu Rift lavas relative
to the arc as a function of decreased water flux with
distance from the trench. Indeed, much of the controversy
about whether or not BABB is produced during the
initial stages of back-arc rifting is semantic, and reflects
the fact that there are few classification schemes that
effectively distinguish Spread BABB from arc basalts.
Such distinctions should be made for systems such as the
Marianas or Lau-Tonga, where compositional ranges
for Spread BABB and arc basalts are recognized, and
where the transition from rifting to spreading can be
studied.

We have demonstrated that, for the early rift stage
defined by the Mariana Trough NVTZ, the extension
axis has captured the arc magmatic budget. Lavas erupt-
ing from this part of the rift cannot be compositionally
distinguished from Mariana Arc lavas, and this argues
for similar petrogenetic processes. This is consistent with
what we understand about the petrogenesis of back-arc
basin basalts. Spread BABB results from the interaction
of a subduction component and processes of adiabatic
decompression that are indistinguishable from those op-
erating beneath mid-ocean ridges (Gribble e al., 1996). In
this case, analogy with events accompanying continental
rifting progressing to seafloor spreading would indicate
that substantial extension (f ~ 5; White & McKenzie,
1989) is necessary before induced mantle upwelling is
sufficient to generate Spread BABB. From this per-
spective, it is impossible to generate Spread BABB during
the earliest stages of BAB rifting. Assuming that Spread
BABB are now erupting ~400 km south of the tip of
propagating rifting and that rifting and spreading are
propagating northward at 100-400 mm/my (Martinez
et al., 1995), eruption of Spread BABB followed rift
initiation by 1-4 my.

These ideas are schematically demonstrated in Fig. 15.
Flow of mantle beneath the arc is normally subhorizontal
and towards the trench in the shallow asthenosphere and
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Fig. 15. Schematic representation of tectonics showing changing patterns of mantle convection and processes of melt generation associated with
an evolving back-arc basin such as the Mariana Trough. (a) Early rifting does not perturb normal processes of arc magmagenesis in the mantle.
Arc melts result from the rise of buoyant diapirs at a rate that allows these to overcome the ambient mantle downflow induced by the subducting
slab. These melts are diverted from the arc to the nearby rift axis, where the intersection of point source magma supply with 2-D rift crustal
structures results in volcanic styles of the VI'Z. (b) Establishment of a seafloor spreading regime reflects establishment of a zone of mantle
upwelling beneath the spreading ridge, resulting in decompression melting of a nearly adiabatic mantle column indistinguishable from that of
normal mid-ocean ridges. Arc magmas continue to be generated in association with diapiric ascent against ambient downward mantle flow, but
the separation of extension axis and the arc volcanic front allows development of a normal magmatic arc.

downward, away from the arc in the deeper astheno-
sphere (Davies & Stevenson, 1992). Arc magmas may
ascend diapirically through the mantle flow (Davies &
Stevenson, 1992), in contrast to the situation beneath
mid-ocean ridges where decompression melting occurs
as mantle flow is focused beneath the ridge (Spiegelman
& McKenzie, 1987). The early stages of extension are
not likely to affect deep processes of mantle convection,
metasomatism, and melting: these occur at depths of
70 km or more. Whereas arc melt generation continues
unabated during rifting, extension does affect the surficial
expression of arc volcanism, because diapirs and their

melts are diverted to the nearby extension axis. This can
also affect the amount of melting caused by adiabatic
decompression, which should increase as the crust thins
(Plank & Langmuir, 1988). Figure 15a approximates the
tectono-magmatic situation of the earliest stages in BAB
formation, as typified by the Mariana Trough NV'TZ.
It is impossible to organize the mantle upwelling required
to generate MORB-like decompression melts as long as
induced mantle downwelling persists beneath the ex-
tension axis. With continued extension, the rift axis moves
away from what would be the arc magmatic front, and
progressively less of the arc magmatic flux is diverted to
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the extension axis as the basin widens. The magmatic
arc is rebuilt near the trenchward margin of the rifted
arc crust. This is the situation for the Mariana Trough
SVTZ. As extension continues, the rift axis becomes
progressively more distant from the arc magmatic flux
and may undergo amagmatic extension: this may be the
cause of the Central Graben. Finally, the distance be-
tween the axis of extension and the zone of sub-arc
mantle downwelling is sufficient to allow mantle upwelling
to become established and generate a mid-ocean ridge-
like decompression melting system, as shown in Fig. 15b.
Seafloor spreading is established at this time and will
continue as long as appropriate stresses are applied,
although the degree of melting is likely to diminish as
the zone of upwelling is progressively separated from
sources of slab-derived water.

CONCLUSIONS

The magmatic expression of the carliest stages in the
formation of back-arc basins involves unique interactions
between downward-flowing mantle, ascending diapirs of
arc melt, and evolving lithospheric strain regimes. Fresh
lavas collected from along the extension axis of the
northern Mariana Trough reveal systematic variations
in source compositions and magmagenetic styles that
provide a first look at the spectrum of products associated
with variations in extension from incipient rifting to
seafloor spreading. These samples reveal systematic
changes in magma chemical and isotopic compositions
that manifest a progressive transition, from early rift
lavas that are indistinguishable from arc lavas to basalts
produced by decompression melting resulting from
mantle upwelling beneath back-arc basin spreading cen-
ters. This transition reflects a reorganization of mantle
convective regimes beneath evolving back-arc basins,
from lateral flow or downwelling beneath incipient rifts
to upwelling beneath zones of scafloor spreading. The
most important change that happens in arc and back-
arc basin magmatic systems as back-arc basins evolve is
not the termination of arc igneous activity, because arc
magmas are constantly being generated deep in the
mantle wedge. The most important change in the case
of the Mariana Arc system is the establishment, 1-4 my
after rift initiation, of an independent magmatic system
in the back-arc basin and seafloor spreading. Future
research should focus on development of physical models
for how this reorganization is accomplished, how this
transition affects magmagenesis beneath youthful back-
arc basins, and what communication occurs between
upwelling mantle and downwelling mantle.
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