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Abstract. We propose alternative mechanisms 
for the origin of three unusual rock suites, high-Mg 
andesites, NaTi basalts, and arclike rocks, that have 
been dredged from the Woodlark basin, southwest 
Pacific Ocean. We show that the high-Mg andesites 
and NaTi basalts are associated with an unusually 
cool ridge environment. The cooling is due to 
increased hydrothermal circulation, stimulated by an 
unusually high crustal permeability. The high 
permeability is mainly due to cracking of the 
Woodlark basin lithosphere as it passes over the 
flexural bulge in front of the subduction zone, 
although local processes, such as faulting in fracture 
zones, may also make some contribution. This 
increased convective cooling affects magma 
dynamics and chemistry at the ridge crest. The 
high-Mg andesites occur where the hydrothermal 
circulation lowers the temperatures in the upper 
oceanic crust, causing the magma chamber to sit in 
the mantle rather than in the crust and promoting the 
interaction of basalt magma with harzburgite. The 
NaTi basalts are also the indirect result of increased 
crustal cooling, which causes anomalously low 
degrees of partial melting of their depleted mantle 
source. The arclike rocks are caused by interaction 
with volatiles from lithosphere that was emplaced 
beneath the edge of the basin less than 6 m.y. ago by 
a now inactive subduction zone to the north of the 
currently active one. Simple thermal models indicate 
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that this formerly subducting plate is still cold 
enough to retain volatiles and to remain seismically 
active. As the old plate loses volatiles, they rise into 
the mantle convection cell which feeds the Woodlark 

basin ridge crest. Because ridge subduction 
increases the likelihood of ophiolite obduction, these 
observations and explanations of Woodlark basin 
tectonics are potentially important for ophiolites. 

INTRODUCTION 

The Woodlark Basin, located in the southwest 
Pacific Ocean east of Papua New Guinea, contains 
an actively spreading ridge, that is being subducted 
beneath the New Georgia island arc to the northeast 
(Figures 1 and 2). A second lithospheric slab, a 
relic from a previous period of southward 
subduction of the Pacific plate, is emplaced beneath 
the island arc from the north. 

Although oceanic crust further than 150 km from 
the subduction zone is normal mid-ocean ridge basalt 
(MORB), the other rocks from the Woodlark basin 
spreading center belong to three different suites: (1) 
arclike rocks, basalts through dacites with a high 
content of arclike component; (2) high-Mg andesites, 
andesites with a high magnesium content, and (3) 
NaTi basalts, basalts with a high sodium and 
titanium content [Perfit et al., 1986]. The high-Mg 
andesites and NaTi basalts formed at transform 
zones within 50 km of the trench. The arclike rocks 

were generated at ridge crests within 150 km of the 
trench [Taylor and Exon, 1986]. 

The three spatially restricted suites are all unusual 
in their tectonic location. High-Mg andesites have 
been previously found in island arc and forearc 
regions [Johnson et al., 1983; Reagan and Meijer, 
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Fig. 1. The Woodlark basin: an area where lithospheric flexure may be affecting hydrothermal and 
volcanic activity (map after Taylor and Exon [ 1986]). The spreading center marked by double 
dashed lines (Ghizo ridge) is erupting island arc-type tholerites, dacites, and andesites and is within 
the flexural bulge. Triangles are dredge haul locations. Dredges 31 and 32 are on the Simbo fracture 
zone and transform fault. Dredge 31 recovered high-Mg andesites and arclike rocks. Dredge 32 
recovered NaTi basalts and arclike rocks. Dredge 26 recovered normal MORBs [after Taylor, 
1986]. 

1984], but have never before been found on a 
transform fault. NaTi basalts have been found at 

five other sites, four of which are far from 
subducti6n zones [CAYTROUGH, 1979; Schilling 
et al., 1983; Cousens et al., 1984; W.G.Melson and 
T. O'Heam, unpublished compilation of glass 
analyses of MORB, 1985]. All four of these sites 
are (or were) ridge segments bracketed at both ends 
by relatively old (10-30 m.y.)oceanic lithosphere. 
The NaTi basalts from the Woodlark basin erupted 
along a transform fault with an age contrast of only 
2.6 m.y., much younger than in the other locations. 
Finally, the arclike rocks are commonly restricted to 
back-arc basins and island arcs, and the Woodlark 
basin is neither. 

The origin of these rocks is relevant not only in 
the context of Woordlark basin petrology, but also to 
the much more general concern of whether terrestrial 
ophiolites really represent typical oceanic crustal 
rocks [Miyashiro, 1973; Moores and Jackson, 1974; 
Moores eta!., 1984]. Ridge subduction, such as is 
occurring in the Woodlark basin, may increase the 
chances of ophiolite emplacement [Moores et al., 
1984]. Consequently, there may be petrologic and 
chemical similarities between ophiolites and the 
unusual Woodlark basin rocks. 

The factors which distinguish the Woodlark basin 
from other marginal basins are the subduction of 
very young oceanic crest (0-5 m.y.), a rapid 
convergence rate (> 10 cm/yr), and a polarity reversal 
of subduction (late Miocene) [Coleman and 
Kroenke, 1981; Weissel et al., 1982; Taylor, 1986; 
Figure 2]. The presence of ridge subduction, the 
rapid convergence rate, and the spatial restriction of 
the different rock types implies that the unusual 
volcanic character of the Woodlark basin may be 
caused by tectonic processes. Therefore, we 
examined two processes which could restrict 
unusual rock types to the vicinity of the trench: (1) 
unusually strong cooling of the lithosphere by 
hydrothermal circulation, which could be 
responsible for the high-Mg andesites and NaTi 
basalts, and (2) volatile loss from the relict 
subducting plate, which could be responsible for the 
arclike rocks. 

LITHOSPHERIC COOLING AND 
PLATE FLEXURE 

The oceanic crest created at mid-ocean ridges is 
cooled by a combination of conduction and 
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Fig. 2. Seismicity beneath the New Georgia island 
arc [after Cooper and Taylor, 1985]. Both the old, 
previously subducting Pacific plate (fight) and the 
presently subducting Woodlark basin plate (left) are 
clearly visible. The seismic data imply that the older 
subducting plate is intact and has not broken apart. 

convection. The relative importance of conduction 
and convection depends primarily on the bulk 
permeability of the crust-sediment system. 
Because marine sediments are usually several orders 
of magnitude less permeable than basalt [Abbott et 
al., 1981; Anderson et al., 1985], the deposition of 
200-300 meters of sediment on top of the basalt 
basement normally causes crustal cooling to be 
dominated by conduction rather than convection 
[Anderson et al., 1979]. However, the intensity of 
hydrothermal convection increases with increasing 
total available heat, topographic roughness, and 
system permeability [Stefanson, 1983; Fehn et al., 
1983]. Thus, changing any one of these variables 
can change the amount of convective hydrothermal 
cooling at mid-ocean ridges. 

Fracturing increases the number of interconnected 
voids within oceanic crust and thus increases the 

permeability of the oceanic crust. The increased 
permeability stimulates hydrothermal circulation, 
especially in the lower layers of the oceanic crust. 
The primary cause of these cracks is thought to be 
tensile thermoelastic stresses induced by the cooling 
and contraction of aging oceanic crust [Lister, 1974; 
Bratt et al., 1985]. Laboratory experiments on small 
mineral samples indicate that cracks can propagate at 
cleviatofic stresses of 500 bars or greater [Martin, 
1972]. However, the strength of the oceanic crust is 
probably less than 500 bars, since any sufficiently 
large piece of material will contain many preexisting 
flaws and zones of weakness. Bodine et al. [1981] 
modeled the strength of the crust under tension as 
increasing from near zero at the surface to higher 

values at depth at a rate of 0.222 kbar/km. We 
assume this model in the discussion to follow. 

Lithospheric flexure is one source of tensile 
stress. Lithospheric plates bend as they enter 
subduction zones. This flexure produces large 
tensional stresses in the upper half of the subducting 
oceanic plate (Figures 3 and 4). These high tensile 
stresses can cause new cracks to form on the 

surface of the flexural bulge. These cracks will 
propagate downward until the breaking strength of 
the rock exceeds the tensile stresses induced by 
flexure (Table 1). These new cracks add to cracks 
caused by thermoelastic stresses. 

Increased hydrothermal circulation produces large 
chemical and thermal changes within the oceanic 
crust. If flexurally induced cracking and faulting 
increases the permeability or the topographic 
roughness of an unsealed plate, hydrothermal 
circulation will intensify. Although oceanic crest as 
old as 80 m.y. is sometimes hydrothermally active 
[Embley et al., 1983], these older, hydrothermally 
active areas are located in oceanic areas with 

unusually low sedimentation rates. Because 
sedimentation rates near trenches are usually quite 
high, the sediment cover on most subducting oceanic 
crust reaches a thickness of 200-300 meters when 

the subducting plate is only 0-20 m.y. old. The 
subducting plate in the Woodlark basin is 0-5 m.y. 
old and is covered by less than 200 meters of 
sediment; thus hydrothermal circulation and 
consequent lithospheric cooling should be intensified 
by flexurally induced cracking. 

EVIDENCE FOR INC•ASED CRACKING 
DUE TO LITHOSPHERIC FLEXURE 

Three observations indicate that new cracks form 

at flexural bulges: normal fault earthquakes, new 
fault blocks, and pore water helium anomalies. 
Many trenches have reactivated fault blocks on the 
flexurally formed seaward trench slope [Schweller 
and Kulm, 1978; Watts et al., 1980]. In the 
Peru-Chile trench at 220-27 ø S and in the Guatemala 
trench at 12ø-14 ø N, some of these fault blocks are 
aligned parallel to the trend of the trench, rather than 
perpendicular to the original spreading direction 
[Von Huene and Aubouin, 1982; Schweller et al., 
1981, Figure 6]. These observations imply that 
lithosphere flexure can cause the formation of new 
faults and that the deviatoric stresses in the upper 
part of the flexural bulge exceed the tensile strength 
of the rock. Because cracks propagate at roughly 
half the stress that is required to break the rock 
[Verhoogen et al., 1970], new cracks will form at 
greater c•epth•s than new faults. 

The OHe/'*He ratio of gas contained in mid-ocean 
ridge rocks derived from the mantle source of 
normal MORB is ~ 1.15 x 10 -5 [Lupton and Craig, 
1975; R. Barnes, unpublished manuscript, 1986]. 
When the rocks are cracked, juvenile helium is 
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Fig. 3. Diagram of lithospheric flexure at a trench (not to scale): h, elastic thickness; x, horizontal 
distance from the load; z, distance above or below the neutral surface; y(x), flexure of the plate; A, 
maximum height of the bulge above the surface of zero deflection (measured from the seaward side 
of the plate). The bulge has its maximum height at kx = 3•r/4. The maximum stress is at kx = •r/4. 
The upper half of the plate is in tension; the lower half of the plate is in compression. 

released. Because most seawater has a low 

concentration, of H•e relative to the rock and has the 
atmosphericOHePHe ratio of 1.4 x 10 -6 [Lupton et 
al., 19801, the release of helium by the cracking of 
•ewly, emplaced rock causes anomalies in the 
He/•4He ratio of pore fluids emitted at hydrothermal 

vents at mid-ocean ridges. Fracturing of older, 
previously uncracked oceanic lithosphere will also 
release juvenile helium gas into the surrounding 
water. The only Deep Sea Drilling Project (DSDP) 
site drilled on top of a flexural bulge, site 436, 
located on 110-m.y._-old lithosphere entering the 
Japan trench, has a 3He/4He ratio of 4.40 x 10 -6 in 
the pore water [R. Barnes, unpublished manuscript, 
1986]. To produce this ratio, 10% of the pore water 
helium must come from newly cracked rocks. As 
the l•eliu•n diffuses slowly through the sediments, 
the •He/'*He ratio of the pore water decreases. 
Consequently, 100% of the pore water helium at 
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Fig. 4. The tensile stress at the top of the plate (z 
= 1/2 h) versus distance from the beginning of the 
trench within lithospheric plates of different ages (in 
millions of years). Note that the maximum tensile 
stress exceeds the breaking strength of the rock (1 
kbar) and the crack propagation stress even in the 
youngest subducting plates. See appendix for 
derivation of the figure. 

depth could come from newly cracked rock [R. 
Barnes, unpublished manuscript, 1986]. 

TENSILE STRESS CAUSED BY 
LITHOSPHERIC FLEXURE 

Thicker plates are more difficult to bend, and 
consequently, stresses and cracking induced by 
flexural bending of the plate are proportional to the 
thickness of the plate. Because plates increase in 
thickness as they age, maximum flexural tensile 
stresses increase with increasing age of the plate. 
These flexural tensile stresses are concentrated in the 

part of the plate which behaves elastically. The 
mechanical thickness of the plate is the thickness of 
the layer that breaks rather than flows under the 
influence of large flexural bending stresses, and is 
approximately given by the depth to the 600 øC 
isotherm [McNutt, 1984]. Mechanical thickness 
should not be confused with the plate's thermal 
thickness, which is roughly equal to the depth to the 
1300 øC isotherm [Parsons and Sclater, 1977]. If 
tensional cracks and deep water circulation are 
present, the convective transfer of heat will increase 
the depth to the 600 øC isotherm and will 
consequently increase the mechanical thickness. 

The portion of the plate that has increased surface 
tensile stresses induced by flexure is called the 
flexural bulge. Our calculations (see appendix for 
details) of the tensile stress at the top of the plate 
within the flexural bulge indicate that stresses will 
locally exceed the strength of the rock (Figure 4). 
The depth of cracking varies with plate age. For a 
5-m.y.-old plate, cracks may extend to 3.7 km depth 
near the flexural bulge (Table 1). Figure 5 shows 
the depth of cracking and consequent hydrothermal 
alteration which can be produced by lithospheric 
flexure. On plates older than 20 m.y., this depth is 
greater than the 4- to 8-km depth of hydrothermal 



Abbott and Fisk: Tectonically Controlled Rock Suites 1149 

TABLE 1. Elastic Half-Thickness, Maximum Tensional Stress at the Top of the Plate near the 
Flexural Bulge, and Maximum Depth of Flexure-Induced Cracking, of the Oceanic Lithosphere as a 

Function of Plate Age* 

Plate Age, m.y. Elastic Half-Thickness, km Maximum Stress, kbar Depth, km 

1 2.1 3.1 1.8 
5 4.6 4.2 3.7 

10 6.6 5.2 5.1 
20 9.3 6.2 6.9 
40 13.1 7.2 9.2 
80 18.6 8.6 12.3 

140 24.6 10.5 15.6 

*The plate is assumed to be conductively cooled. 

alteration inferred from marine seismic studies 

[Lewis, 1978; Abbott and Lyle, 1984] and from 
ophiolites [Gregory and Taylor, 1981; Cocker et al., 
1982]. This implies that the cracking of the oceanic 
crust in the vicinity of flexural bulges will very 
quickly exceed the normal depth of the hydrothermal 
cracking and will result in the release of juvenile 
3He. Our calculations are therefore consistent with 
the observation of pore water helium anomalies in 
the sediment overlying the flexural bulge next to the 
Japan trench. 

CALCULATION OF TIlE DEPTH OF 
HYDROTHERMAL CIRCULATION 

Hydrothermal convection lowers the temperatures 
in the upper part of the plate (Figure 6). Because the 
mechanical thickness of the plate is determined by 
the depth to the 600 ø C isotherm, these lower 
temperatures will also increase the thickness of the 
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Fig. 5. Elastic half-thickness of a conductively 
cooled plate and cracked thickness of the same plate 
at the apex of the flexural bulge versus age of the 
plate in millions of years. The cracked layer has 
flexurally generated tensile stresses which exceed the 
breaking strength of the rock. The dashed line 
indicates the approximate increase in elastic 
half-thickness of the plate caused by heat removal 
during hydrothermal circulation. See appendix for 
derivation of the figure. 

layer which has tensile stresses (Figure 5). Tensile 
stresses will occur in the upper half of this layer, 
which is bounded roughly by the 300 ø C isotherm. 
Although we have no data on the temperatures 
within ridge crest crust affected by flexure, Fehn et 
al. [ 1983] modeled the intensity of hydrothermal 
circulation at the Costa Rica rift by using crustal 
models with different rates of exponential decrease 
of permeability with increasing depth. Subsequent 
in situ measurements in the same area found that the 

permeability of the oceanic crust does decrease 
exponentially with increasing depth [Anderson et al., 
1985]. Fehn et al. [1983] found that a change in 
thickness from ~2.5 km to ~4.2 km of the layer with 
a high enough permeability to support active 
hydrothermal circulation changed the ratio between 
minimum and maximum values of heat flow in one 

off-ridge convection cell from about 1:2 to about 1:8 
(Figure 7). The model with a maximum depth of 
circulation of ~4.2 km produced the best fit to 
surface measurements of heat flow. Subsequent, 
independent observations of the heat flow in this 
area indicate a maximum depth of hydrothermal 
cooling of 4-6 km [Hobart et al., 1985]. If we use 
the isotherms in Fehn's models, the depth to the 
300 ø C isotherm on crust less than 1 m.y. old with 
active hydrothermal circulation is at least 3 km, 
equivalent to the thickness of the layer with tensile 
flexural stresses within a conductively cooled 
5-m.y.-old plate (Figure 5). The maximum depth of 
significant hydrothermal circulation is shown by the 
streamlines to be 4.2 km. Because hydrothermal 
cracking is caused by the temperature contrast 
between the water and the surrounding rock [Lister, 
1983], this greater depth is actually a better estimate 
of the maximum depth of cracking. 

We can estimate the effect of flexure on the 

hydrothermal circulation by noting that lithospheric 
flexure roughly doubles the number of large faults 
on the trench wall. Other factors being equal, a 
doubling of surface faults would quadruple the 
average surface permeability of the oceanic crust and 



115o Abbott and Fisk: Tectonically Controlled Rock Suites 

T 

Oceanic Crust 
With 
Hydrothermal 
Circulation 

Temperature 
600 1200 

i 

T 

Oceanic Crust 
With No 
Circulation 

Temperature 
600 1200 

Fig. 6. Schematic cartoon showing the change in 
the thermal profile (fight) and consequent increase 
in the elastic thickness, E, of young lithosphere (left) 
as a result of hydrothermal circulation. Circulating 
fluids are estimated to have a maximum temperature 
of 400ø-500øC. In this cartoon, the total thermal 
thickness, T, does not change. If flexurally induced 
cooling is profound, the thermal thickness will also 
ß 

increase. 

would double the maximum depth of crack 
penetration [Lister, 1983]. This, in turn, would 
roughly double the maximum depth of hydrothermal 
circulation and alteration to 8.4 km (Figure 5). 

TRANSFORM FAULTS AS A SECONDARY 
CAUSE OF HIGH PERMEABILITY 

In addition to flexurally induced tensile stresses, 
transform faults can cause local increases in tensile 

stress which depend upon the orientation of the 
transform within the regional stress field. If the 
regional tensile stress axis is parallel to the 
orientation of the transform, the maximum tensile 
stress near the transform will be 50% greater than 
the regional stress [Fujita and Sleep, 1978]. 
However, if the transform fault is oriented at an 
angle of 30 ø to the regional tensile stress, the 
maximum tensile stress near the transform will be 

twice the regional stress [Fujita and Sleep, 1978]. 
The regional deviatoric stress fields within large 
plates have a maximum magnitude of 100-200 bars 
[Richardson et al., 1979]. This implies that 

maximum deviatoric stresses near transform faults 

could be as high as 200-400 bars: a significant 
fraction of the total stress required to propagate 
cracks. 

Because of the small size of the plate, the regional 
stress field in the Woodlark basin has not been 

included in global solutions of intraplate stress 
[Richardson et al., 1979]. These global solutions 
indicate that slab pull and ridge push contribute 
significantly to intraplate stresses and that slab pull is 
about 2-3 times stronger than ridge push. 
Consequently, the regional axis of tensional stress 
within the rapidly converging Woodlark basin plate 
is most likely within 30 ø of the trend of the Simbo 
transform fault. This orientation of the regional 
stress field near the transform trace would cause 

local tensile stresses that exceed the regional 
tensional stresses by as much as 50-100% [Fujita 
and Sleep, 1978]. Therefore, tensional stresses 
along the Simbo transform fault will have three 
additive components: the first induced by 
therm•lastic stresses, the second by lithospheric 
flexure, and the third by the transform orientation. 

A ridge crest or transform located on a flexural 
bulge should have an increased depth of 
hydrothermal circulation and increased cooling of the 
crust. The cool crust would result in short-lived 
crustal magma chambers, and consequently, any 
steady state magma chambers would lie within the 
mantle. Deep magma chambers may occur along 
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Fig. 7a. Top: Calculated heat flow versus distance 
from the ridge crest on a ridge with active 
hydrothermal convection. Solid lines: total heat 
flow. Dashed lines: conductive heat flow. Bottom: 

Streamlines of water flow (dashed lines) and 
isotherms (solid lines) versus distance from the ridge 
crest. Streamlines are unevenly spaced to better 
delineate areas of weak circulation. The function in., 
the middle of the figure is the permeability, k, in m •, 
versus depth, z, in the oceanic crust (in meters) 
[after Fehn et al., 1983]. 
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Fig. 7b. Same as Figure 7a, except for different 
permeability versus depth function. This model 
provides the best fit to heat flow measurements from 
the Costa Rica rift, an area of normal, unflexed 
oceanic crust [Fehn et al., 1983]. 

the Simbo transform where it crosses the flexural 

bulge (station 31, Figure 1). Recent volcanism on 
the Simbo transform occurs at two locations: near 

the ridge-transform intersection and at the Simbo 
volcano. This "leak•" behavior implies that the 
Simbo transform is not likely to have unusually thin 
crust, which could also produce a subcrustal magma 
chamber. Simbo volcano has been characterized as a 

forearc volcano, but the locations of deep 
earthquakes indicate that it is seaward of the trench 
[Cooper and Taylor, 1985]. As discussed earlier, 
the Simbo transform is in the proper orientation to 
magnify the regional tensile stresses induced by 
subduction. 

A DEEPER MAGMA CHAMBER AND THE 

FORMATION OF HIGH-Mg ANDESITES 

Fisk [1986] found that the interaction of n-type 
MORB and harzburgite at pressures of less than 10 
kbar can produce high-Mg andesites [Johnson et al., 
1986]. He infers that a subcrustal magma chamber 
can result in the generation of high-Mg andesites 
with boninitic affinities. High-Mg andesites with 
alkali enrichments similar to the experimentally 
produced andesites were found in a dredge haul 
northwest of the Simbo volcano in the Woodlark 

basin [Johnson et al., 1986]. In addition, 
comparison of experimentally produced andesites 
[Fisk, 1986] with naturally occurring oceanic 
andesites (Figure 8) shows that there are major 
element chemical similarities. Consequently, the 
Woodlark basin high-Mg andesites could have 
formed in a subcrustal magma chamber produced by 

increased hydrothermal cooling along the Simbo 
transform fault. 

The other known occurrences of high-Mg 
andesites in arc volcanos support the idea that a 
magma chamber in contact with harzburgite can 
produce high-Mg andesites. Many island arcs and 
most continental arcs have crustal thicknesses in 

excess of 30 km [Gill, 1981]. In those arcs, magma 
chambers at less than 30 km would not bring basaltic 
magma into contact with harzburgite, and high-Mg 
andesites could not form by the mechanism 
proposed by Fisk [1986]. The two arcs with 
documented occurrences of high-Mg andesites 
(boninites), the Izu-Bonin arc [Hickey and Frey, 
1982] and the New Britain arc [Johnson et al., 
1983], have crustal thicknesses of 12-15 km and 
20-30 km, respectively [Gill, 1981]. 
Consequently, both of these arcs have locations 
where basaltic magma could equilibrate with 
harzburgite at pressures of less than 10 kbar. 

ORIGIN OF NaTi BASALTS 

Dredge haul 32 (Figure 1) sampled volcanic 
rocks formed at the intersection of the Simbo 

transform with the Woodlark basin spreading center, 
about 33 km from the trench. The flexural bulge 
produced by a 1- to 2-m.y. old subducting plate is 
50-60 km wide (Figure 3); thus the Simbo 
ridge-transform intersection is within the flexural 
bulge. This dredge recovered rocks with an unusual 
composition: over 4% Na?.O, over 1.5% TiOg, and 
less than 0.3% K20. Perfit et al. [1986] hav• 
termed these rocl•s NaTi basalts. We use a less 
restrictive definition for NaTi basalt of over 3.4% 

Na O, over 1 5% TiO , and less than 0.5% K20. 2 ß 2 
The NaTi basalt must also have a Mg number 
indicating that it is not extensively fractionated and a 
low (less than 1%) water content. Based on this 
definition, all of the basalt glasses dredged from the 
Cayman spreading center in the Caribbean are NaTi 
basalts [CAYTROUGH, 1979]. The Cayman 
spreading center is 110 km long and is bounded by 
two transforms over 1000 km long. At the 
ridge-transform intersections, each of these 
transforms juxtaposes new oceanic lithosphere 
against 34-m.y.-old lithosphere, producing age 
offsets of 34 m.y. [Fox and Gallo, 1984]. Because 
the Cayman ridge is relatively short, much or all of 
the ridge crest will "see" the thermal effects of the 
two bounding transform faults. The old oceanic 
lithosphere on the other side of the transform faults 
could indirectly produce rapid cooling of any 
shallow magma chambers as well as cooling of the 
local asthenosphere. 

Enhanced crustal cooling is also associated with 
the unusual basalt glasses from the 40-km-long ridge 
segment in the Charlie Gibbs fracture zone (Figure 
9). The age offsets of the two adjoining transform 
segments are 16 m.y. 'and 10 m.y. [Searle, 1981]. 
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Fig. 8. Alkali-silica diagram for oceanic andesites and experimentally synthesized high-magnesium 
andesites. Triangles, Hart [ 1971]; squares, Byerly et al. [1976]; diamonds, experimentally 
produced liquids at 1250 ø C; starred hexagon (MORB), which was the starting basalt composition 
in experiments, Fisk [1986]. Field for low silica andesites of Johnson et al. [1986] is shown. 
Fractional crystallization of olivine alone from the experimental andesite produces the silica and 
alkali enrichment shown by the line of crosses. 

The three glass samples from the Charlie Gibbs 
ridge segment have 3.4-3.7% Na20, 1.6-2.0% 
TiO , and 0.3-0.5% K20 [Schilling et al., 1983]. 
The2water contents, which range from 0.1 to 0.6%, 
are too low for the samples to have been extensively 
altered. The samples also have Mg numbers from 
57 to 63, and thus could not have been derived by 
fractionation• Consequently, two of the documented 
occurrences of NaTi basalts are from small ridge 
segments sandwiched between two long transform 
faults. In addition to the cooling effects caused by 
the long age offsets, the high topographic relief of 
long age offset transforms [Fox and Gallo, 1984] 
will also increase the intensity of hydrothermal 
circulation [Stefanson, 1983] and hence the 
efficiency of cooling of the oceanic lithosphere. 

Another nonsubduction zone area where NaTi 

basalts have been found is at two topographic steps 
on the Southwest Indian ridge where the triple 
junction has been migrating eastward in successive 
ridge jumps. The large topographic steps [Anderson 
et al., 1977] and anomalously gmat depths [Sclater 
et al., 1981] observed at the boundary with the 
Antarctic plate on this part of the ridge crest are 
evidence that such ridge jumps have occurred. 
NaTi basalt glass (8.5 % FeO, 7.6% MgO, 4.2% 
Na:•O, 0.2% K O, 1 7% TiO ) [W G Melson and 2 ß 2 ß ß 
T. O' Heam, unpublished compilation of glass 
analyses of MORB, 1985] occurs at 28.85 ø S, 
61.92 ø E, in an area where triple junction migration 

and a ridge jump have juxtaposed crust of about 
anomaly 19 and anomaly 8 ages [Sclater et al., 
1981]. The jumping SW Indian ridge segment was 
thus thermally equivalent to a short ridge segment 
sandwiched between two pieces of 19-m.y.-old 
oceanic lithosphere. NaTi basalt glass (8.5% FeO, 
7.6% MgO, 3.7% Na20, 0.2% K20, and 1.5% 
TiO ) [W G Melson and T O' I-Fearn, unpublished 2. ' ß ' 
compilation of glass analyses of MORB, 1985] also 
occurs at 26.62 ø S, 67.53 ø E, where the triple 
junction migration boundary lies between crust of 
anomaly 7 and 5 age [Sclater et al., 1981]. This 
location was thermally equivalent to a small ridge 
segment between two transforms with age offsets of 
18 m.y. Thus, the NaTi basalts on the Southwest 
Indian ridge were also generated at a ridge segment 
between two pieces of unusually old crust. 

Reduced partial melting of a depleted mantle 
source has been proposed as a cause of the NaTi 
basalts in the Woodlark basin [Perfit et al., 1986]. 
A mid-ocean ridge type, depleted [%urce for these 
rocks is supported by measured œ1•u values of +9.2 
to + 10.0 [Staudigel et al., 1986]. The reduced 
partial melting of the mantle could be indirectly 
caused by the increased crustal cooling which is 
inferred for all three of the tectonic locations of NaTi 

basalts mentioned previously. However, if one 
accepts all of the Cayman trough glasses as NaTi 
basalts, the reduced partial melting must occur in the 
mantle upwelling cell beneath the ridge crest. 
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Fig. 9. Ti02 versus Na20 content of NaTi basalt 
glasses from different areas compared to normal 
MORB with the same Mg number. Dotted line: 
Field of analyses from the Cayman trough. 
Triangles: Woodlarkbasin. Crosses: Charlie Gibbs 
ridge. Squares: Southwest Indian ridge. Open 
circle: Explorer ridge. 

The ridge segment in the Cayman trough is 110 
km long, but conductive cooling of the oceanic crust 
near transform faults is calculated to extend less than 

15 km from ridge-transform intersections [Forsythe 
and Wilson, 1984]. However, convective cooling 
of the upwelling cell in the asthenosphere near 
transform faults can extend to distances equal to the 
thickness of the transform lithosphere [Forsythe and 
Wilson, 1984]. On a ridge segment sandwiched 
between two transforms with age offsets of 34 m.y., 
the convection cell beneath an entire 110-km-long 
ridge segment could be affected. Consequently, the 
upwelling cell or cells feeding the ridge crest in the 
Cayman trough upwell more slowly than those 
beneath more typical ridge segments, thereby 
producing decreased decompressive melting of their 
MORB source (Figure 10). However, the age offset 
on the Simbo transform is only 2.6 m.y., much less 
than at the Cayman trough transforms, the Charlie 
Gibbs transforms, and the old Southwest Indian 
ridge triple junction. If increased cooling causes 
reduced partial melting of the asthenosphere, some 
other tectonic factor must act to cause anomalous 

crustal cooling on the Simbo transform. 
Two features of the Woodlark basin could cause 

anomalous crustal cooling along the Simbo 
transform: the long duration of subduction in this 
area could cool the underlying asthenosphere [Perfit 
et al., 1986] or the additional hydrothermal cracking 
and cooling induced by lithospheric flexure and 
transform fault orientation could increase the 

thickness of the lithosphere at the ridge-transform 
intersection. The relative importance of these two 
mechanisms could be tested by drilling for Na-Ti 
basalts at flexural bulges which are covered by over 
300 m of sediment and are unequivocally 
hydrothermally sealed. 

Much of the Explorer plate, located off the coast 
of southwestern Canada, is covered by over 300 m 
of sediment. However, the continental sediment 
supply to the Explorer rift, a ridge segment within 

the flexural bulge of the subducting Explorer plate 
[Riddihough et al., 1980; Cousens et al., 1984], is 
diverted by the Paul Revere transform ridge (age 
offset, 4.5 m.y.), which parallels the trench. Thus, 
the hydrothermal system in the Explorer rift should 
not be sealed, and flexurally induced cracking and 
increased cooling cannot be ruled out. One sample 
from the Explorer rift has a low water content 
(0.11%), an unfractionated Mg number (61), and a 
NaTi basalt composition of 0.28% K20, 3.52% 
Na20, and 1.82% TiO 2 [Cousens et al., 1984]. 

-The second hypothesis for the origin of NaTi 
basalts, increased asthenospheric cooling induced by 
long term subduction, could also produce NaTi 
basalts on the Explorer ridge. However, the cooling 
induced by long term subduction is not required to 
remain confined within the flexural bulge and should 
not be affected by thick sediment cover. Despite 
extensive recent study of the Gorda-Juan de 
Fuca-Explorer plate system [Clague et al., 1984; 
International N.E. Pacific Activities Consortium 

(INPAC), 1985], we know of no NaTi basalts 
dredged at locations outside the flexural bulge with 
thin ridge crest sediment cover or at locations within 
the flexural bulge with thick ridge crest sediment 
cover. Therefore, additional asthenospheric cooling 
caused by lithospheric flexure and/or transform fault 
orientation is the best explanation for the Woodlark 
basin and the Explorer ridge NaTi basalts. This 
increased cooling would cause the Simbo and Paul 
Revere transforms to behave thermally like much 
longer transforms and would produce the NaTi 
basalts. 

VOLATILES AND SEISMICITY WITHIN 
THE RELICT SUBDUCTED PLATE 

Perfit et al. [ 1986] suggested that the arclike 
rocks in the Woodlark basin are caused by volatile 
addition to the Woodlark basin asthenosphere during 
the previous phase of subduction to the north 
(Figure 2). To test this idea, we calculated the 
length of time that volatiles could be held in stable 
mineral phases in a descending slab. The mantle 
retention times of volatiles contained within a 

subducting plate are a function of the age of the plate 
at the initiation of subduction, the thickness of the 
volatile-rich layer, and the breakdown temperatures 
and pressures of volatile-rich minerals. The 
maximum thickness of the volatile-rich layer of 
normal, unflexed oceanic crust is ~8 km [Abbott and 
Lyle, 1984]. Once this volatile-rich layer reaches a 
temperature and/or pressure sufficient to cause either 
partial melting or complete breakdown of 
volatile-rich phases, the subducting plate can no 
longer contribute volatiles to the overlying mantle. 
The mantle retention time is defined here as the total 

length of the portion of the subducting slab which 
retains volatiles divided by the convergence rate. 

We have calculated mininum mantle retention 
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Fig. 10. Schematic cartoons of slowed 
asthenospheric upwelling beneath the axial valley of 
a mid-ocean ridge producing NaTi basalts (top) 
compared to faster asthenospheric upwelling beneath 
a normal ridge crest producing MORBs (bottom). 
Boundaries are transform faults (TF). Area inside 
blocks labeled TF represents the additional 
lithospheric thickness in the transform fault zones. 
Dotted area is the zone of partial melt in the 
asthenosphere. Length of arrows is proportional to 
the speed of asthenospheric upwelling. 

times for volatiles in a subducting plate using the 
thermal model of McKenzie [1969] and an 
8-km-thick volatile-rich layer. This thermal model 
does not include the effects of the thermal gradients 
in the overlying lithospheric plate, which would 
increase the retention time. Although the actual 
retention times are somewhat longer than our 
calculated values, relative retention times are 
portrayed quite accurately. Because horizontal heat 
conduction along the axis of the slab makes an 
insignificant contribution to reheating of rapidly 
subducting plates, minimum retention times 
calculated from this model using convergence rates 
from 2 to 12 cm/yr are convergence-rate-independent 
to within 1% for 10- to 100-m.y.-old plates and to 
within 10% for 1-to 10-m.y.-old plates. The 
reheating of slabs subducting at less than 2 cm/yr is 
compressed into a relatively small region by the slow 
convergence, producing large horizontal temperature 
gradients along the axis of the slab. Because of 
these large horizontal temperature gradients, 
horizontal and vertical heat conduction are both 

important, and volafiles in slowly subducting slabs 

have shorter mantle residence times than in other 

plates of the same thermal age. However, these 
large horizontal temperature gradients will not be 
present in the deeper portions of a rapidly 
subducting plate which suddenly ceased 
convergence. Consequently, we can use a thermal 
model developed for faster converging plates to 
predict the thermal behavior of a plate which 
suddenly ceased convergence. 

In order to facilitate observational tests of our 

model, we have also calculated minimum mantle 
"retention times" for seismicity within a subducting 
plate. Seismicity "retention times" depend on the 
time required to heat the center of the plate to a 
temperature too high for brittle failure to occur. 
Although the brittle-to-ductile transition is clearly 
dependent on strain rates, the transition from seismic 
to aseismic behavior can be described reasonably 
accurately by using a cutoff potential temperature of 
750 ø C at depths of 0-125 km [Molnar et al., 1979; 
Jarrard, 1986; Chen and Molnar, 1983; Weins and 
Stein, 1983]. Because the center of a subducting 
plate is usually about 100-125 km beneath the 
volcanic line of an island arc [Gill, 1981; Jarrard, 
1986], seismic activity will not be present beneath 
the arc if the entire plate is heated above 750 ø C. 

Volatile retention times in the plate depend on the 
pressure and temperature of breakdown of 
volatile-rich minerals and/or initiation of partial 
melting. The top 8 km of a subducting plate is 
usually about 100 km beneath the arc. At 30 kbar 
(roughly 100 km), partial melting and the 
breakdown of richterite-tremolite commence at 

~1000 ø C [Green, 1973; Hariya and Terada, 1973]. 
Thus, within a subducting plate which suddenly 
ceased convergence, the last volatiles in the portion 
of the plate beneath the volcanic line would be lost at 
temperatures of ~ 1000 ø C, and the last seismicity at 
temperatures of ~750 ø C. 

ORIGIN OF THE ARCLIKE ROCKS 

The volatile and incompatible element 
enrichments in the arclike lavas from the Woodlark 

basin have been proposed to be the result of a 
polarity reversal of the trench-arc system [Perfit et 
al., 1986] about 8- to 10-m.y. ago [Coleman and 
Kroenke, 1981; Cooper and Taylor, 1985]. 
However, the relict slab continued to converge and 
to produce thrusting on the Solomon island arc until 
at least 6 m.y. ago [Coleman and Kroenke, 1981]. 
Thus, the polarity reversal of the arc and subduction 
of the relict slab ended less than 6 m.y. ago. 

The model of Perfit et al. [ 1986] does not rely 
upon fluids coming directly from the older, 
previously subducting slab and entering the island 
arc magmas, but instead relies upon subduction and 
associated mantle contamination prior to the polarity 
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Subducting Plate Age, m.y. 
Fig. 11. Minimum mantle retention times of 
volatiles and seismicity within plates which had 
different ages at the onset of subduction. Dotted 
curve: Time needed to warm center of a subducting 
plate to 750 ø C, as a function of subducted plate age. 
Seismic activity is thought to cease above this 
temperature. Hachured curve: Time needed to warm 
the upper 8 km of the plate above 1000 ø C. Most 
hydrothermally emplaced volatiles will have been 
lost when the plate reaches this temperature. 
Minimum mantle retention times are calculated using 
the formula in McKenzie [ 1969]. The triangle with 
error bars shows the estimated age and time since 
polarity reversal of the previously subducting Pacific 
plate which lies beneath the New Georgia arc. 

reversal and consequent cessation of subduction. 
Our simple thermal models (below) indicate that an 
old, previously subducting plate can remain cold 
enough to contribute volatiles to the surrounding 
mantle for millions of years after subduction has 
ceased. Consequently, the slab which stopped 
subducting less than 6 m.y. ago could be presently 
contributing volatiles to the mantle convection cell 
that feeds the Woodlark basin ridge segment closest 
to the trench. 

The minimum mantle retention times for volatiles 

and seismicity at depths of 100-125 km show 
several interesting trends which provide 
observational tests of our results (Figure 11). Older 
subducting plates will remain seismically active for a 
longer time than they retain volatiles. Conversely, 
younger subducting plates (less than 30 m.y. old 
upon entering the trench) will retain volatiles for a 
longer time than they remain seismically active. 
Volatiles derived from the subducting plate are 
widely believed to be an important contributor to 
island arc volcanism [McBimey, 1969; Boettcher, 
1973; Nichols and Ringwood, 1973; Kushiro, 
1973]. Consequently, these results imply that 
young, actively subducting plates will sometimes 
produce active island arcs without the presence of 
subcrustal seismicity beneath the volcanic line. The 
Cascades arc and the Andes in southern Chile, 
which have no seismic activity beneath the volcanic 
line [Barazangi and Dorman, 1969], are examples of 
this. In southern Columbia and northern Ecuador, 

the seismic activity near the volcanoes is shallow and 
sparse and can be attributed to surface deformation 
rather than to a subducting plate at depth 
[Drummond et al., 1981; Kellogg et al., 1985]. The 
subducting plates in these three areas are all 
Pleistocene to Miocene in age [Heezen and Fornari, 
1976; Sugi and Uyeda, 1984], consistent with our 
model predictions. 

These models also imply that volatiles could 
continue to be derived from the old, nonsubducting 
slab in zones of polarity reversal of the arc. The 
previously subducting Pacific plate which underlies 
the New Georgia/Solomon island arcs was of Lower 
Cretaceous age (100-136 m.y.) at the initiation of 
subduction [Heezen et al., 1976]. The minimum 
volatile retention time in a plate of this age is 6 m.y. 
(Figure 8). The relict slab ceased subducting less 
than 6 m.y. ago. Consequently, the incompatible 
element enrichments in the rocks of the Woodlark 

basin spreading center may be the result of active 
volatile and incompatible element loss by an 
immobile slab of Pacific plate (Figure 2) and are not 
required to be caused by a previous phase of mantle 
enrichment. 

CONCLUSIONS 

Lithospheric flexure at trenches causes tension in 
the upper part of the subducting plate, which cracks 
new rock and forms new fault blocks. Further 

idence for flexurally induced cracking is the high 
e content of pore fluids from DSDP site 436, 

located on the crest of the flexural bulge of 
110-m.y.-old oceanic crust entering the Japan 
trench. If the flexed plate is young and has thin 
sediment cover, the new cracks and increased 
permeability should also increase the intensity of 
hydrothermal activity. This increase in hydrothermal 
activity would be most pronounced on a ridge crest 
or transform fault sitting on a flexural bulge. 
Increased ridge crest hydrothermal circulation would 
lower near-surface isotherms and could cause a 

deeper magma chamber. A magma chamber located 
in the uppermost mantle, where basalt magma could 
react with harzburgite, explains the anomalous 
high-Mg andesites on Simbo transform fault, which 
lies within the flexural bulge of the Woodlark trench. 
The NaTi basalts, also extruded on the Simbo 
transform, may be the result of eruption through 
anomalously thick, young oceanic lithosphere. The 
cold neighboring plates cause mantle upwelling to 
slow, thus producing decreased decompressive 
partial melting of the rising asthenosphere. NaTi 
basalts also occur at short ridge segments 
sandwiched between long age offset transforms and 
at large age offset ridge jumps, both of which are 
logical locations for slowed mantle upwelling due to 
anomalously cold neighboring lithosphere. 

Mathematical models of minimum mantle 
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retention times of seismicity and volatiles are 
consistent with the following observations: (1) active 
Holocene volcanism and no deep, subarc seismicity 
in the Cascades, northern Ecuador, southern 
Colombia, and the southem Andes; and (2) 
incompatible element enrichment in the rocks of the 
Woodlark basin spreading center less than 6 m.y. 
after the relict Pacific plate stopped subducting. 
Consequently, the incompatible element enrichments 
in the rocks of the Woodlark basin spreading center 
are not required to be caused by a previous phase of 
mantle enrichment but could continue to be derived 

from the old, previously subducting plate. 
The unusual rock types found in the Woodlark 

basin may also be found in ophiolites emplaced as a 
result of ridge subduction and/or trench reversal. 
The Troodos ophiolite, which is postulated to have 
formed as a result of a combination of ridge 
subduction and seafloor spreading behind a trench 
[Moores et al., 1984], has some arclike rocks 
[Miyashiro, 1973; Robinson et al., 1983]. The 
NaTi basalts found in the Woodlark basin would be 

easy to dismiss as spilites and/or altered basalt if 
they were found in an ophiolite and are not likely to 
have been reported. Boninites occur in the pillow 
lavas of the Troodos ophiolite [Cameron et al., 
1979; Robinson et al., 1983]. Consequently, two of 
the unusual rock types reported from the Woodlark 
basin, the high-Mg andesites (boninites) and the 
arclike rocks, are found in an ophiolite emplaced as a 
result of ridge subduction and trench reversal. The 
research on the Woodlark basin should be applicable 
to other ophiolites emplaced during ridge subduction 
and/or trench reversal. 

These models of the effects of lithospheric 
flexure can be tested by dredging and by heat flow 
surveys in another area of active ridge subduction. 
The Woodlark basin is not the optimum location for 
such a test because of the small amounts of sediment 

coveting the flexural bulge and because of the 
complicating effects of the polarity reversal of the 
arc. The requirements for such a test area are 
50-200 m of sediment cover in the area of the 

flexural bulge and a ridge orientation nearly parallel 
to the trench. The Peru-Chile ridge is most like the 
Woodlark basin in its orientation to the trench, and it 
also has sufficient sediment cover (50-100 m) for a 
heat flow survey. Furthermore, due to somewhat 
unusual circumstances, areas with roughly equal 
sediment cover on the same age of oceanic crust can 
be found both within and outside the flexural bulge 
[Cande and Leslie, 1986]. Other areas of active 
ridge subduction have the wrong sediment 
distribution and ridge orientation (the Explorer ridge 
[INPAC, 1985]), are undergoing a ridge jump (the 
east Pacific rise at 18 ø N [Luhr et al., 1985]), or are 
perpendicular to the trench axis (Ayu trough 
[Weissel and Anderson, 1978]). 

APPENDIX: CALCULATION OF STRESS 
AND THE WDTH OF FLEXURAL BULGE 

At small deflections of the plate, the elastic 
thickness is approximately equal to the mechanical 
thickness. This assumption is particularly good for 
trenches [McNutt, 1984]. Therefore, all of the 
following calculations are made assuming that the 
elastic and mechanical thickness are roughly equal. 
The thickness, h, which is equivalent to the depth to 
the 600 ø C isotherm [McNutt, 1984], is proportional 
to the square root of the plate age: 

h(t) = 7.4 x 10 -2 t 1/2 cm (1) 

where t is the age of the oceanic plate in seconds. 
The load at the trench causes the plate to deform with 
the following flexure, y(x): 

y(x) = 
A(O 

0.067 
cos[ k(t) x] exp[ -k(t) x] (2) 

where k(t) is the flexural wavenumber, x is distance 
from the trench, and A(t) is the maximum flexure 
induced by the load (which occurs at kx=3x/4) 
(Figure 3) [Caldwell and Turcotte, 1979]. We 
estimate A(t) from McNutt's [1984] data: 

A(t) = 5.2 x 10 -4 t 1/2 cm (3) 

where t is in seconds. The flexural wavenumber is 

related ultimately to the plate thickness through the 
relations: 

k(t) = [Apg/4D] 1/4 (4) 

where Ap is the difference in density between _ 
seawater and mantle (assumed to be 2.3 gm/cm3), g 
is the acceleration due to gravity, and D is the plate's 
flexural rigidity, given by: 

D = Y h3(t) / 12 (1-v 2) (5) 

where Y is Young's modulus (assumed to be 1.8 x 
12 2, , 10 dynes/cm ) and v is Poisson s ratio (assumed 

to be 0.25). The flexural wavenumber is therefore: 

k(t) = 5.4 x 10 -2 t -3/8 cm -1 
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The flexure induces stress, (5, in the lithosphere: 

(5 = (•+2g) z O2y / Ox 2 (6) 

where • and g are. tJ•e Lam• colqstants (assumed 
•+2g = 2.17 x 10 •z dynes/cm z) and z is distance 
above the plate's neutral surface (that is, middle). 
The maximum stress, which occurs at z=h/2 and 
kx=•/4 is then: 

Oma x = 1.16 tl/4 bars (7) 

The stress decreases linearly with depth in the 
lithosphere, while the strength of the rock increases 
linearly with depth. Thus the top part of the 
1/thosphere is cracked down to some depth where the 
stress and strength are equal. Using the Bodine et 
al. [1981] estimate of 0.222 bars/m for the strength, 
the depth of cracking is: 

d= 3.7 x 10 -2 t 1/2 {1-[14100t-1/4+1] -1 } cm (8) 

Equations 7 and 8 are plotted in figures 4 and 5. 
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