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ABSTRACT

Seismic eflection data from the East Pacific Rise at lat 16°N, which is spading at the high
end of intermediate rates, suggest that the depths at which axial magma chambeeside do not
vary smoothly as a function of speading rate. Rather magma-chamberdepths form two dis-
tinct populations, each associated with a distinct axial morphology and with an abrupt transi
tion occurring within the intermediate-spreading-rate range. Ourdata (1) show that the melt
lens at high-intermediate-speading ridges lies at a shallow level simildo lens depths at faster
spreading ridges, and (2) povide further support for the spreading-rate invariance of ridges
with axial highs noted in otherridge properties.The axial morphology of the two ridge segments
within the study area differs markedly, and a large contrast in magma supply is infeed. The
ridge segment with geatermagma supply is associated with a lmaderand more continuous
melt lens, a widerregion overwhich the extrusive crust accumulates, and a thickeextrusive
layer off-axis where supply to the ridge segment appears to be cergelt However on-axis, the
extrusive layeris thinnest whele magma supply is obust and a shallowemelt lens is observed,
consistent with a model in which magma mssue controls the thickness of the extrusive layer
accumulated above the magma lens.

INTRODUCTION tions inAMC depth and width are also observedrhe model predicts an abrupt transition in the
At fast-spreading ridges, variations in thealong the East Pacific Rise which give rise taepth to the magma lens within a narrow range
depth and width of the axis, basalt geochemistrijttie overall correlation betwee®MC charac- of intermediate-spreading rates. Howewlata
hydrothermal vent distribution, and seaflooteristics and axial morphology (Hooft et al.,have not been available to adequately constrain
fracturing (e.g., Macdonald et al., 1984; Scheiret997).The thickness of the extrusive layer (thehe model within the intermediate-rate range
and Macdonald, 1993; Langmuir et al., 1986eruptive product of the crustal magma chambewhere the steep gradient in magma-chamber
Haymon et al., 1991) have lead to the hypothesisferred from seismic studies appears to increaskepths is predicted.
that the morphology of the axial high reflects thevhere the axis deepens near discontinuities, andin this contribution we present results from a
local supply of magma (magma production andoes not appear simply related to magma suppsgismic reflection study of two segments of the
delivery), with enhanced magma supply beneatiarding et al., 1993; Hooft et al., 1997). GravEast Pacific Rise north of the Orozco Fracture
shallow and broad parts of the ridge (e.qgity studies show that the isostatic root for the axZone (hereafter referred to as the southern and
Macdonald and Fox, 1988). Gravity data showal high lies primarily below the crust (e\yil-  northern segments, Fig. These observations
that lower sub-sea-floor densities are associatsdn, 1992), and variations in magma supplprovide new constraints on the spreading-rate
with the shallow broad parts of the ridge inferred from axial morphology may tely re- dependence of and the influence of magma
(Scheirer and Macdonald, 1993; Hooft et al.flect changes within the mantle. supply on ridge structure. Spreading in the region
1997), consistent with the magma supply model. The inverse correlation between magmés at a high intermediate rate (85 mmBeMets
However from recent seismic studies, the relachamber depth and spreading rate apparentenal., 1994) that has not been studied previously
tionship between the distribution of magmaPurdy et al. (1992) has provided evidence for &he southern segment, located directly north of
within the crust and the supply of magma inspreading-rate-controlled thermal influence otthe fracture zone (Fig. 1), is the shallowest and
ferred from axial morphology is not cle@ the depths at which crustal magma bodies resideoadest segment along the entire length of the
horizon marking the magma lens at the top of thtssuming the magma lens imaged in reflectiokast Pacific Rise from lat 23°S to 23%Akial
axial magma chamber (AMC) is typically studies is situated at a level within the crust codepths rise to 2200 m within a flat, plateaulike
detected in seismic reflection data beneath shaksponding to the freezing horizon for meltsummit that broadens from approximately
low parts of the East Pacific Rise; this horizoPhipps Mogan and Chen (1993a) present 8—4 km wide to 10 km at its widest poirk
deepens and disappears as the ridge deepemzxdel for crustal accretion that can account fggrominent seamount chain with depths as shallow
toward ridge-axis discontinuities (Macdonaldhe spreading-rate variations in magma chambas 1300 m extends within ~20 km of the ridge on
and Fox, 1988; Detrick et al., 1993; Scheirer andepths. In their model, the thermal structure dfs west flankThe ridge axis is broadest just north
Macdonald, 1993). Howevdame local varia the axis is governed by the balance between hexdtthe seamount chain, and the currently inflated
input to the crust through magma injection, anchorphology of the axis may reflect enhanced
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105" 30'W 105" 00W  from axial morphology on crustal magma bodiesrossing the shallowest part of the ridge (Fig. 3D),
: and the accretion of the extrusive layer compared to a width of 1.6 km near the broadest
Along a series of axis-parallel and cross-axipart of the southern segment (Fig. 3C).
lines within both ridge segments, seismic reflec- Converting traveltimes to depth, we obtain
tion data were obtained with a tuned 10-gun arraverageAMC depths of 1.47 and 1.75 km for the
of 3005 irf (49.25 dnd) and a 4-km-long, southern and northern segments, respectively
160-channel digital stream®vith this configura  (Fig. 3A).Average depths at both ridge segments
tion, a brightAMC reflection was imaged as well are comparable to those observed for the East
as a refracted arrival from the base of seismieacific Rise at lat 9°N, where spreading rates are
layer 2A(Fig. 2).The layer 2Aevent arises from 30% faster (Kent et al., 1993) and are only
a steep velocity gradient in the shallow crust300—400 m deeper than those for the superfast-
within which P-wave velocities rapidly increasespreading ridges. Our results are approximately
from ~2.4 to 5 km/s (e.gVera et al., 1990; consistent with Phipps Mgan and Chen
Christeson et al., 1994he velocity transition at (1993a) and show that if the change in magma-
the base of layer 2has been variously inter- chamber depths about the intermediate-spread-
preted as the lithologic boundary between lowing-rate range is controlled by spreading rate as
density extrusive rocks and higkdensity dikes, predicted by their model, this transition occurs at
or as a porosity horizon within the extrusive layerates less than 85 mm/yr (Fig. 4). However
(e.g., Christeson et al., 1994)e bulk of the Phipps Mogan and Chen (1993a) predict more
available evidence supports the lithologic modeijariation inAMC depth for fast ridges (~800 m
and in most recent seismic studies layeri® A decrease in depth for ridges spreading from 85 to
used as a proxy for the extrusive crust (e.d.55 mm/yr) than we observe (Fig. 4). Other re
Carbotte et al., 1997; Hooft et al., 199no-  cently collected data show less variatioAMC
way traveltimes (twtt) to thAMC and the layer depth than predicted for slower spreading ridges
-3400 -3000 -2800 -2600 -1200 2A event are digitized and converted to depth bgs well (Fig. 4). Shallow magma chambers
meters using crustal-velocity information derived from(1.2—1.8 km below sea floor) appear to character
) ) ) sonobuoy data collected in the region and expanide ridges spreading at a wide range of rates from
Figure 1. Bathymetry of stud y region sho wing . ) e .
track coverage for seismic reflection sur vey. N9 spread profile data from the East Pacific Riseigh-intermediate (~85 mm/yr) to superfast
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Numbered lines are seismic pr ofiles ref erred  at lat 9°N (\éra et al., 1990) (Fig. 3). (~155 mml/yr). Magma lenses detected at slow-
to in te xt and in Figures 2 and 3. to intermediate-spreading ridges (<85 mm/yr) lie
AMC CHARACTERISTICS at a deeper level within the crust (2.5 to 3 km)

An along-axis profile that approximately fol- and appear to form a second distinct depth popu
chain melt source. Enhanced magma supplgws the axial summit caldera of the southern setation.
within this region is supported by gravity studiesnent shows a brigiiMC event, clearly phase  Global compilations of ridge-axis topography
which indicate thicker crust or hotter mantle bereversed relative to sea floor and located at a quéed gravity show that a marked change occurs
neath the central part of the ridge segmemonstant depth of 0.59 + 0.043 s twtt below seaithin the intermediate-spreading-rate range
(Weiland and Macdonald, 1998)ial morphol-  floor (Fig. 2A). On the northern segment, a brightSmall and Sandwell, 1992; Small, 1994h
ogy suggests that enhanced magma supply AC is also observed but only beneath the-shahxial high characterizes ridges spreading at rates
largely confined to the southern segméibng  lowest part of the ridge (Fig. 2B). Beneath this segbove 55-80 mm/ywhereas an axial valley is
the northern segment, located north of a smathent, theAMC is discontinuous and varies con-found at slowespreading ridges which sys
8-km-oftset discontinuity at lat 16°29, the axial siderably in depth (average 0¥4.081 s twitt). tematically increases in relief as spreading rate
high is much narrower and more than 300 niheAMC is deeper on average beneath the nortdecrease$Vang and Cochran (1995) pointed out
deeperwith a morphology similar to that of the ern segment, although the shallowed(C lies at that ridges with axial highs have similar relief
East Pacific Rise elsewheMith the approxi- a two-way traveltime comparable to that observe@200-400 m) and along-axis gravity gradients,
mately constant spreading rate through the regidior the inflated southern segmefihe AMC is irrespective of spreading rate. Our results, in the
these two ridge segments provide an ideal site &dso narrower in the northern segment, with eontext of the previous work, indicate that the
evaluate the influence of magma supply inferredidth of 0.6 km measured from a migrated profildMC is located at a very similar depth range
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Figure 2. Representative migrated seismicima  ges sho wing axial ma gma c hamber (AMC) reflector and base of seismicla  yer 2A beneat h part of the
axis of the southern (A) and nor thern (B) segments. To image the layer 2A event, detailed velocity anal ysis is carried out along closel y spaced
common midpoint gather s as described in Carbotte etal. (1997).
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) ) o . . - ) . ) surveys at mid-ocean ridg es plotted vs.
Figure 3. A: Line dra wing interpretation of along-axis seismic pr ~ ofiles (por tions of whic h are spreading rate with data fr om our recent sur-

shown in Fig. 2) showing depth to sea floor , base of la yer 2A, and axial ma gma c hamber (AMC) vey inc luded (NEPR 16°N, large dots; S and N
reflector . B: Thickness of la yer 2A along axis of both segments.  C: Interpretation of migrated indicate southern and nor thern segments,
cross axis pr ofile 1340 fr om southern segment. D: Profile 1362 acr oss nor thern segment. respectivel y). Total rang e in AMC depths
obser ved beneath innermost axis is sho  wn.
Figure is modified fr om Phipps Mor gan and
Chen (1993b) and inc ludes their model predic-
beneath ridges with axial highs, consistent withorthern segmentheAMC is also more contin  tion (solid line) and rang e in AMC depth fr om

the spreading-rate-independent axial topographimus and uniform in depth beneath the southethe nor thern and southern East P acific Rise
and gravity characteristics. segment and a broad, more continuous lens m(NEPR, SEPR), Juan de Fuca Ridg e (JdF), and
Phipps Mogan and Chen (1993b) extendectharacterize ridge segments with greater supp;?e” SBparSelgd(iIFIZU)(': OEI?E{WRC:S;ag\’rif?TCtEeRI;meI;\l;lnLi?el_r,
their model of crustal accretion to include the 1995) and Reykjanes Ridg e (RR; Sinha et al.,
effects of varying magma supply (modeled aSTRUCTURE OF THE UPPERMOST 1997) are also sho wn.
crustal thickness) and found that at any on€RUST
spreading rate, small variations in supply around Along the axis of the southern segment,-sei:
a “threshold” level result in I|ge changes in axial mic layer 2Ais only 160 m thick (0.121 s twtt) 350—600 m dfaxis: Harding et al., 1993; Kent
thermal structure and, hence, in melt lens depthith little variation (standard deviation is +4Y,  etal., 1994; Carbotte et al., 1997; Hooft et al.,
The pattern of magma-chamber depths now ev#0.035 s twtt, Fig. 3A and B). Beneath the 1997) and indicate that the thickness of the extru
dent (Fig. 4) suggests that spreading rate is not therthern segment, layer 2é\thicker on average sive crust does not vary with spreading rate for
only important control oAMC depthWithinthe and varies more in thickness (260 + 69 nwidges spreading from high-intermediate to
intermediate- to slow-spreading-rate range, locfl.196+ 0.052 s twtt, Fig. 3 and B). Cross-axis superfast rates. Comparison of ttfcknesses at
changes in magma suppis modeled by Phipps lines show that the thin layer D®&neath the axis the two segments in our study area indicates that
Morgan and Chen (1993b), could play the kepf the southern segment is confined to a narroimcreased magma supply to a ridge does not
role in axial thermal structure. Hooft et al. (1997)egion ~1 km wide centered above HEIC  resultin accumulation of a thicker extrusive layer
suggested that local variationsARIC depth and  (Fig. 3C). Beyond the innermost zone, layer 2Avithin the innermost axial region. Buck et al.
width along the fast- and superfast-spreading Easicreases in thickness in a step-wise jump neét997) suggested that magma pressure within the
Pacific Rise reflect dike injection and eruptivethe edges of thaMC event, remains markedly melt lens controlled by the thickness and density
events. Magma lenses may be dynamic featurasiform in thickness beneath the rest of the flastructure of the overburden—not magma
residing at diferent levels within the crust de- topped axial plateau (300-340 m), and thesupply—governs the thickness of the extrusive
pending on local variations in both magma delivthickens again at the plateau edges (650-800 kayer that can accumulate above a melt lens.
ery to the melt lens (i.e., magma supply) anéig. 3C).Along the northern segment, the thick Their model predicts that a thicker extrusive
magma removal from the lens by dike intrusiomess of 2Aacross the axial high is relatively layer will form at ridges where the magma lens is
and eruption. uniform (average 256 + 38 m along line 1362deeper as found at intermediate-spreading
AMC widths at the shallowest, broadest part&ig. 3D) and comparable to the average thicknesglges, and perhaps in areas of reduced magma
of both the southern and northern segments (i.&ithin the innermost zone, indicating a very-narsupply Beneath the northern segment of our
AMC widths of 1.6 and 0.6 km, respectively) areow 2Athickening region. On the ridge flanks,study area the melt lens, on average, is several
within the range observed on the faster-spreadir®f thicknesses are very similar for both ridgénundred meters deepand the extrusive pile
parts of the East Pacific Rise (typically km, segments (averages of 380 + 80 mandt¥&m above the lens is thicker (by 60% on average)
range <500 m to 4 km, Kent et al., 1994), antbr lines 1340 and 1362, respectively). than at the southern segment, consistent with the
show no indication of dependence on spreading The layer 2Athicknesses we observe on thenodel of Buck et al. (1997).
rate. HoweverAMC width does appear corre ridge axis and flanks of both ridge segments are The influence of magma pressure on extrusive
lated with magma supplx widerAMC is found  within the range reported for the fasspreading thickness modeled in Buck et al. (1997) will be
beneath the inflated southern segment than tHaast Pacific Rise (values from multichannelseisa very localized déct, confined to extrusive
observed beneath the broadest region of timeic studies are typically 150-300 m on-axis andccumulation directly above the magma lens.
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SUMMARY
The marked contrast in axial morphology for
two ridge segments north of the Orozco Fracture

may play the key role. East Pacific Rise from Siqueiros to Orozco Frac-
ture ZonesAlong-strike continuity of axial neo-
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