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 and Endeavour Segment
Insights into Mid-Ocean Ridge Hydrothermal and Magmatic Processes 
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Hydrothermal circulation fueled by heat 

extracted from cracking and cooling of 

the lower crust in the absence of magma 

was invoked to explain the robust and 

long-lived Endeavour hydrothermal vent 

�elds (Wilcock and Delaney, 1996). In 

contrast, the EPR was believed to be a 

fundamentally di�erent, magmatically 

driven system with hydrothermal circu-

lation closely coupled to dike intrusion 

from a steady-state magma lens in the 

mid-crust (e.g., Haymon et al., 1991). 

�ese inferences were based, in large 

part, on evidence from early seismic 

studies of crustal structure conducted 

at both sites in the 1980s. Multichannel 

seismic (MCS) re�ection data acquired 

in 1985 with R/V Conrad revealed 

a bright re�ection in the mid-crust 

beneath the EPR, attributed to a thin 

layer of melt above a broader zone 

of low seismic velocities in the lower 

crust (Detrick et al., 1987; Vera et al., 

1990; Kent et al., 1993a,b). In contrast, 

signi�cant low-velocity anomalies in the 

crust indicative of a magma body were 

not found under the axis at Endeavour 

Segment (Cudrak and Clowes, 1993; 

White and Clowes, 1994). While a faint 

re�ector was imaged in the mid-crust 

beneath the axis in an MCS study of 

Endeavour in 1985, it was attributed to 

an increase in seismic velocity related 

to a hydrothermal boundary and not 

the presence of melt (Rohr et al., 1988; 

White and Clowes, 1994).

As part of the suite of multidisci-

plinary investigations of ocean crustal 

formation and hydrothermal processes 

undertaken by the Ridge 2000 Program, 

new seismic studies of crustal structure 

employing modern MCS techniques 

were conducted at both the EPR and 

Endeavour Integrated Study Sites (ISSs). 

During sea�oor spreading, mass and heat 

�uxes from the deep Earth are converted 

into new crust through magmatic 

processes that drive hydrothermal �uid 

circulation, which in turn cools the 

crust and alters its composition. MCS 

techniques are well suited for studying 

these processes. �ey provide detailed 

images of boundaries between layers 

with signi�cant contrasts in physical 

properties and enable high-resolution 

velocity models to be constructed for 

INTRODUC TION

�e Endeavour Segment of the Juan 

de Fuca Ridge (JdFR) and the East 

Paci�c Rise (EPR) from 8°–11°N 

were selected for focused investiga-

tions under the Ridge 2000 Program 

as contrasting intermediate-spreading 

tectonic (Endeavour) and fast-spreading 

magmatic (EPR) ridge systems (see 

Kelley et al., 2012, and Fornari et al., 

2012, both in this issue). From the early 

near-bottom observations of Kappel and 

Ryan (1986), Endeavour Segment was 

interpreted to be in the tectonic phase 

of an episodic magmatic-tectonic cycle. 

ABSTR AC T. As part of the suite of multidisciplinary investigations undertaken 

by the Ridge 2000 Program, new multichannel seismic studies of crustal structure 

were conducted at the East Paci�c Rise (EPR) 8°20'–10°10'N and Endeavour Segment 

of the Juan de Fuca Ridge. �ese studies provide important insights into magmatic 

systems and hydrothermal �ow in these regions, with broader implications for fast- 

and intermediate-spreading mid-ocean ridges. A mid-crust magma body is imaged 

beneath Endeavour Segment underlying all known vent �elds, suggesting that prior 

notions of a tectonically driven hydrothermal system at this site can be ruled out. 

�ere is evidence at both sites that the axial magma body is segmented on a similar 

5–20 km length scale, with implications for the geometry of high-temperature axial 

hydrothermal �ow and for lava geochemistry. �e new data provide the �rst seismic 

re�ection images of magma sills in the crust away from the axial melt lens. �ese o�-

axis magma reservoirs are the likely source of more-evolved lavas typically sampled 

on the ridge �anks and may be associated with o�-axis hydrothermal venting, which 

has recently been discovered within the EPR site. Clusters of seismic re�ection events 

at the base of the crust are observed, and localized regions of thick Moho Transition 

Zone, with frozen or partially molten gabbro lenses embedded within mantle rocks, 

are inferred. Studies of the upper crust on the �anks of Endeavour Segment provide 

new insights into the low-temperature hydrothermal �ow that continues long a�er 

crustal formation. Precipitation of alteration minerals due to �uid �ow leads to 

changes in P-wave velocities within seismic Layer 2A (the uppermost layer of the 

oceanic crust) that vary markedly with extent of sediment blanketing the crust. In 

addition, intermediate-scale variations in the structure of Layers 2A and 2B with local 

topography are observed that may result from topographically driven �uid up�ow 

and down�ow on the ridge �anks. 
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the shallow crust using refracted seismic 

arrivals recorded with the long-o�set 

streamers used in modern surveys. From 

the new MCS studies at Endeavour and 

EPR ISSs, constraints on the geometry, 

depth, and dimensions of the mid-crust 

magma lens now known to be present at 

both sites have been obtained, as well as 

properties of the upper crust above the 

magma body (seismic Layers 2A and 2B) 

through which axial hydrothermal �uid 

circulation occurs. �e Moho re�ection 

at the base of the crust is well imaged, 

along with other unexpected re�ectivity 

within the crust and below, providing 

new insights into spatial variations in 

magma production and delivery at these 

spreading centers. 

At Endeavour, new MCS data were 

acquired in 2002 as part of a comprehen-

sive regional investigation of the JdFR 

that included focused surveys of the 

axial region of all ridge segments, as well 

as three 300 km long transects on the 

ridge �anks for studies of crustal evolu-

tion (Canales et al., 2005, 2006, 2009; 

Carbotte et al., 2006, 2008; Nedimović 

et al., 2005, 2008; Van Ark et al., 2007; 

Newman et al., 2011). At the EPR, new 

data were acquired in 2008 as part of 

the �rst academic multisource and 

multistreamer three-dimensional (3D) 

MCS study ever conducted (Mutter et al., 

2009; Canales et al., in press). Here, we 

review the major �ndings arising from 

these studies regarding axial and ridge 

�ank processes. �e new observations 

reveal fundamental similarities in axial 

processes at the two sites and changes 

in upper crustal structure that can be 

linked to hydrothermal �ow both on 

axis and on the ridge �anks. While our 

focus here is on the recent MCS studies 

conducted as part of Ridge 2000, these 

studies complement and build upon a 

wealth of knowledge of crustal and upper 

mantle structure, primarily from the 

EPR site, derived from the earlier MCS 

investigations (Detrick et al., 1987; Vera 

et al., 1990; Kent et al., 1993a,b, 2000; 

Harding et al., 1993; Singh et al., 2006) 

and geophysical studies using other 

techniques (e.g., Crawford et al., 1999, 

2002; Dunn et al., 1997, 2000; Toomey 

et al., 2007). New studies employing 

these techniques are underway at the 

Endeavour and EPR sites (Key and 

Constable, 2005; Toomey et al., 2010; 

Zha et al., 2010), and exciting new results 

are anticipated in the coming years. 

NEW FINDINGS

Axial Magma Reservoirs at 

Endeavour and EPR ISSs 

Endeavour Segment

Although a signi�cant crustal magma 

body was not detected in the early 

seismic studies of Endeavour (Cudrak 

and Clowes, 1993; White and Clowes, 

1994), the new data reveal a bright 

re�ection beneath the central ~ 20 km 

of the 90 km long segment (Van Ark 

et al., 2007; Figures 1A and 2). �is axial 

re�ection is identi�ed as a reversed 

polarity event on common mid-point 

gathers, indicating it arises from a 

decrease in seismic velocity consistent 

with the presence of melt. Estimates of 

melt content within the magma lens 

derived from waveform studies of the 

axial magma chamber (AMC) re�ec-

tion (e.g., Collier and Singh, 1997) have 

not been possible to obtain due to poor 

signal quality at far source-receiver 

o�sets, likely due to rough sea�oor 

topography. �e depth of the magma 

lens re�ection, o�en referred to as the 

AMC re�ection, varies by over 1 km, 

from 2.2 to 3.3 km, and is shallowest 

beneath the central portion of the 

axial ridge (Van Ark et al., 2007). �is 

central portion of the segment coin-

cides with the on-axis projection of the 

Heckle seamount chain, and the pres-

ence of the local mantle melt anomaly 

associated with these volcanoes may 

contribute to the focusing of mantle 

melt delivery within Endeavour Segment 

(Carbotte et al., 2008). 

Using variations in the amplitude 

and depth of the AMC re�ection, 

Van Ark et al. (2007) infer that the 

magma body beneath Endeavour is 

composed of four segments with bound-

aries at ~ 47°54.7'N, 47°56.8'N, and 

48°00.5'N (Figures 1A and 2). A crustal 

magma body underlies all of the major 

active high-temperature vent �elds at 

Endeavour. High Rise, Salty Dawg, and 

Sasquatch overlie the shallowest lens 
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segment from 47°56.8'N and 48°00.5'N. 

�e Main Endeavour vent �eld is located 

within a zone of complex re�ectivity at 

the southern end of this segment, and 

the deeper lens segment to the south 

underlies Mothra. While it is likely that 

segmentation of the magma lens plays an 

important role in the patterns of venting 

along the ridge, the existing 2D seismic 

data are insu�cient to resolve detailed 

geometry and distribution of melt at 

length scales appropriate for linking 

with sea�oor structures, and future 

3D seismic studies will be needed. 

Another new insight from the 2002 

re�ection survey concerns the origin of 

the shallowly ri�ed axial high topog-

raphy along the JdFR, which had been 

attributed to tectonic extension during 

amagmatic phases (Kappel and Ryan, 

1986), analogous to the formation of 

ri� valleys at slow-spreading ridges. �e 

magma lens re�ection at Endeavour is 

narrowly focused beneath the 25 km 

long shallowly ri�ed axial volcanic ridge 

where there is a prominent 0.8–1.4 km 

wide axial graben (Glickson et al., 

2007). �e presence of a well-de�ned 

symmetric axial graben at the sea�oor, 

where a magma lens is observed in 

the subsurface, is found at all JdFR 

segments, and this graben appears to be 

a magmatic rather than a tectonically 

generated structure, linked to dike intru-

sion and magma withdrawal from the 

magma lens (Carbotte et al., 2006). If the 

axial graben were generated by amag-

matic extension, as previously assumed, 

deep wide grabens would be expected 

where the magma body is absent and 

where ongoing plate separation should 

be accommodated by tectonic exten-

sion. Instead, the opposite relationship 

is observed; ri� topography diminishes 

where the magma lens is absent, and the 

deepest grabens are found where the 

magma lens is shallowest. As a magmati-

cally generated depression linked to 

the presence of a crustal magma body, 

the axial graben found along the JdFR 

is similar to the axial summit trough 

(AST) at the EPR (Fornari et al., 1998), 

although much larger in scale. 

East Pacific Rise 8°20'–10°10'N

�e overall geometry and dimensions 

of the mid-crust magma sill within 

the EPR site were established from the 

pioneering 1985 MCS experiment within 

the region (e.g., Detrick et al., 1987; Vera 

et al., 1990; Kent et al., 1993a,b). �is 

experiment revealed an axial magma 

body that is only a few tens of meters 
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Figure 1. Seismic profiles showing the magma lens reflection detected along the axis of the 
(A) Endeavour and (B) East Pacific Rise (EPR). (A) Along-axis line 14 from the Endeavour 
multichannel seismic survey showing the axial magma chamber (AMC) and seismic 
Layer 2A events from Van Ark et al. (2007). Red stars show locations of the five large 
hydrothermal vent fields (from south to north: Mothra, Main Endeavour, High Rise, Salty 
Dawg, Sasquatch; see Figure 2 for location). (B) Along-axis line axis2r1 from the EPR 2008 
multichannel seismic survey showing the AMC and seismic Layer 2A events. Red stars indi-
cate active high-temperature hydrothermal vents (from south to north: K, D, B). Red bars 
indicate closely spaced vents at 9°46’N (L, A, V) and 9°51’N (TWP, BM41, P, Bio 9, Biovent).
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thick, variable in width (< 0.5 to 4.5 km), 

and disrupted at a number of small 

ridge axis tectonic discontinuities. �e 

data collected in 2008 extend the earlier 

observations and support investigations 

of the �ne-scale structure of the magma 

body and relationships with hydro-

thermal venting and recently erupted 

lavas at the overlying sea�oor.

In contrast to Endeavour Segment, 

the magma body is detected beneath 

most (~ 85%) of the �rst-order EPR 

segment between the Clipperton and 

Siqueiros Transform Faults. �e AMC 

lies at average depths of 1.6 km, ~ 1 km 

shallower than at Endeavour, and the 

thinner crustal lid above the AMC at 

the EPR must play an important role 

in accounting for the observed di�er-

ences in axial faulting and hydrothermal 

processes at these ridge crests. �e 

recently acquired 3D MCS data set 

reveals that the axial magma body is 

segmented on a �ner scale than previ-

ously appreciated, with disruptions in 

the imaged magma lens re�ection and 

complex zones of overlap, and o�set of 

melt zones that de�ne four segments 

within the region of 3D coverage from 

9°42'N to 9°57'N (Carton et al., 2010). 

Beyond the zone of 3D coverage, axially 

centered seismic lines acquired for 

the length of the EPR between 8°20'N 

and 10°10'N reveal numerous other 

disruptions in the axial magma lens 

re�ection and undulations in magma 

lens depth over short spatial scales that 

de�ne magma lens segments ~ 5–20 km 

in length (Carbotte et al., 2011). 

Discontinuities in the sea�oor structures 

de�ning the axial zone (the AST and 

axial pillow ridges) are present above 

many of the magma lens disruptions. 

Pinches and swells of the axial high are 

observed to be coincident with magma 

lens segmentation, suggesting a persis-

tent segmentation for thousands to tens 

of thousands of years. 

Beneath the 17 km long region of 

the EPR where new lavas erupted in 

2005 and 2006 (Soule et al., 2007), 

three lens segments are identi�ed, 

de�ned by magma lens discontinuities 

at 9°44'–9°45'N, 9°48'–9°48.5'N, and 

9°50.5'N, with the latter being a less 

well-de�ned zone of o�set. Comparison 

of 2D images from data obtained in 

1985 (Kent et al., 1993a) with coinci-

dent 3D data from 2008 suggests that 

the eruption preferentially drained 

more distal regions of the central lens 

segment (Mutter et al., 2009). �e width 

of the magma lens in the eruption area 

(500–700 m) is narrower than anywhere 

else along this stretch of the EPR, except 

near small nontransform discontinuities 

(Kent et al., 1993a,b, 2000), and perhaps 

surprisingly, there is no evidence that a 

wide lens is linked to areas of enhanced 

magmatic activity. Indeed, the widest 

magma lens (4.5 km) imaged to date 

globally is found just to the north of the 

9°03'N overlapping spreading center 

(OSC) discontinuity (Kent et al., 2000). 

�e presence of a wide magma body in 

this region has been attributed to lateral 
800
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Figure 2. Map of Endeavour Segment 
showing the depth to the magma 
lens reflection beneath the seafloor 
in two-way travel time (TWTT) 
measured from along-axis and 
cross-axis seismic profiles. Red boxes 
indicate the locations of major vent 
fields. Black arrows indicate the 
interpreted segment boundaries. 
�e inset shows the location of 
Endeavour and other ridge segments 
of the Juan de Fuca Ridge referenced 
in the text. �e black line in the 
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FlankFlux transect, where base-
ment temperatures were measured 
in nine Ocean Drilling Program 
boreholes to estimate heat flow in 
order to constrain fluid transport. 
AMC = axial magma chamber.
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o�set of the lower crustal melt supply 

relative to the zone of dike intrusion 

(Kent et al., 1993b; Combier et al., 2008). 

Magma may reside in this mid-crust 

magma body for longer periods between 

eruptions, compared with the actively 

erupting region at 9°46'–9°51'N, where a 

narrow lens is found. 

Studies of the melt content of the 

magma lens in the EPR area are limited 

to two investigations of the 1985 data at 

9°39'N, from which a fully (Collier and 

Singh, 1997) to partially (Hussenoeder 

et al., 1996) molten lens is inferred. New 

studies using the 2008 data indicate 

variations in magma crystallinity along 

the axis (Xu et al., 2010). �e new data 

also reveal re�ection events in the mid-

crust beneath the AMC (Figure 1b), and 

studies of the potential origin of these 

events (internal multiples, converted 

phases, or distinct mid to lower crustal 

lenses) are underway. 

�e main clusters of hydrothermal 

venting within the EPR ISS (at 9°49'–

9°50'N and ~ 9°45'–9°47'N; Figure 1B; 

e.g., Fornari et al., 2004) are underlain 

by two magma lens segments, indi-

cating distinct heat sources that may 

contribute to the di�erences in the 

temporal evolution and �uid chemistry 

of these vents (Von Damm, 2004). As 

at Endeavour Segment, all other known 

high-temperature vents in the region are 

underlain by a magma lens re�ection. 

Notably, as at Endeavour Segment, 

enhanced ridge-axis melt production 

linked to the presence of a nearby 

mantle melt anomaly may contribute 

to localization of magmatism at the 

EPR site. �e Lamont Seamounts are 

located immediately west of the EPR 

“bull’s-eye” (9°49'–9°51'N; Fornari et al., 

1984). Within the bull’s-eye region, 

the ridge axis and the underlying mid-

crust magma lens are locally shallow, 

indicating an elevated axial thermal 

regime; hydrothermal venting is clus-

tered; and erupted lavas have the highest 

Mg number along the ridge axis (Per�t 

et al., 1994; Goss et al., 2010). �e two 

documented volcanic eruptions of 

1991–92 (Haymon et al., 1993; Rubin 

et al., 1994) and 2005–06 (Tolstoy et al., 

2006; Cowen et al., 2007; Soule et al., 

2007) were both sourced from approxi-

mately the same site, and the locations 

of hydrothermal venting persisted 

through these eruptions. An important 

prediction of the in�uence of ridge-melt 

anomaly interaction at these sites is that 

these regions of locally enhanced axial 

magmatism and hydrothermal venting 

are likely to persist for long time periods 

(tens to hundreds of thousands of years). 

Structure of Seismic Layer 2A and 

Inferences for Construction of the 

Upper Crust and Hydrothermal 

Alteration Within the Axial Zone

With the 6 km long hydrophone 

streamers employed for both the EPR 

and Endeavour surveys, excellent infor-

mation on the geometry and velocity 

structure of the uppermost layer of the 

oceanic crust—seismic Layer 2A—has 

been obtained for each region. Studies 

of the structure of Layer 2A provide 

insights into the volcanic construc-

tion and post-accretion modi�cation 

of the upper crust (e.g., Harding et al., 

1993; Grevemeyer and Bartetzko, 2004; 

Christeson et al., 2007). 

At Endeavour Segment, the thickness 

of seismic Layer 2A varies consider-

ably along the axis, from 180 to 630 m 

(150 to 400 ms; Van Ark et al., 2007), 

with an average of 380 m ± 120 m. As 

at other ridges, Layer 2A is thinnest in 

the central part of the segment where 

the AMC is detected, and it thickens to 

the north and south where the AMC is 

absent. In contrast to observations at 

the fast-spreading EPR (e.g., Harding 

et al., 1993) and the more magmatically 

robust Cle� segment of the JdFR south 

of Endeavour (Canales et al., 2005), 

no clear pattern of o�-axis thickening 

is observed. �e mean thickness of 

Layer 2A on the ridge �anks deter-

mined from the ridge axis survey is 

500 ± 110 m (380 ± 90 ms). Velocity 

modeling of common mid-point gathers 

indicates uppermost Layer 2A increase 

by 10–20% within a few kilometers o� 

axis (Van Ark et al., 2007; Nedimović 

et al., 2008), which is attributed to crack 

closure and in�ll of volcanic porosity 

by precipitation of alteration minerals 

during hydrothermal circulation. 

Along the EPR axis, seismic Layer 2A 

is thinner than at Endeavour Segment 

(155 m ± 53 m), thickening toward 

the 9°03'N OSC and the bounding 

transform faults. Local thickening 

is also observed at the 8°37'N OSC 

and north of 9°50'N. In contrast to 

Endeavour Segment, Layer 2A at the 

EPR thickens markedly away from the 

axis, approximately doubling in thick-

ness in 1–3 km (Harding et al., 1993; 

Christeson et al., 1996). �is o�-axis 

doubling is attributed to accumulation 

of the extrusive layer via thin, possibly 

high-e�usion-rate, �ows that can travel 

up to several kilometers from their 

eruptive �ssures at the axis (Harding 

et al., 1993; Hoo� et al., 1996). �e lack 

of o�-axis thickening of Layer 2A at 

Endeavour Segment implies less o�-axis 

transport of lava �ows, perhaps due to 

damming of �ows by the bounding axial 
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graben walls. As at Endeavour Segment, 

lower P-wave velocities are observed on 

axis at the EPR; they increase o� axis, 

presumably due to crack closure and 

hydrothermal precipitation. 

Discovery of Multiple Near- 

and Off-Axis Magma Bodies In 

and Below the Crust

A commonly accepted view of mid-

ocean ridge magmatism during the last 

two decades has been that melt arising 

from the mantle beneath intermediate 

to ultrafast mid-ocean ridges is focused 

within a narrow region at the ridge axis. 

At crustal levels, this axial accretionary 

zone is composed of a thin ~ 1 km wide 

magma lens of partial to pure melt and 

a 4–6 km wide zone of low velocities 

in the lower crust attributed to crystal 

mush and hot rock (e.g., Vera et al., 1990; 

Kent et al., 1993a; Dunn et al., 2000). 

However, a growing number of studies 

surveying near- and o�-axis regions 

have found geophysical, geological, and 

geochemical indications of magmatism 

well beyond the ridge axis. �ose lines 

of evidence include: (1) P-S conversions 

indicating melt sills at the base of the 

crust 22 km west of the EPR (Garmany, 

1989), and (2) detection of seismic-

wave di�raction and P- to S-wave 

(P-S) conversions, indicating a magma 

body in the mid-crust overlying an 

anomalously hot lower crust 20 km east 

of the EPR axis (Durant and Toomey, 

2009). In addition, there is radiogenic 

isotope evidence of “zero-age” volcanic 

eruptions at distances up to 4 km from 

the EPR (Goldstein et al., 1994; Sims 

et al., 2003), and there are anomalously 

young eruptions as much as 30 km 

from the EPR axis (Zou et al., 2002; 

Turner et al., 2011). 

�e 2008 3D MCS experiment at the 

EPR ISS has produced the best-located 

and most unambiguous evidence to date 

of magma currently accumulating o� 

axis in molten lenses within the crust 

at fast-spreading mid-ocean ridges. 

�is experiment imaged a network of 

o�-axis melt bodies located outside of, 

but connected to, the axial low-velocity 

zone, 4–8 km east of the ridge axis at 

9°52'–9°55'N and at depths up to 4.2 km 

below the sea�oor ( Canales, in press; 

see Figure 1 in Canales et al., 2012, in 

this issue). �ese bodies and others 

imaged in the survey area, when viewed 

in the context of morphological and 

petrological information for this section 

of the EPR, suggest that some o�-axis 

magmatic systems develop in associa-

tion with axial discontinuities, and that 

in cases when they are close enough 

to the ridge axis (< 10 km), they may 

in�uence the eruptive style of the axial 

system by reducing the availability of 

melt for the axial region. �e volume 

of crustal production associated with 

o�-axis magmatism is expected to be 

modest as there is no evidence for a 

signi�cant increase in crustal thickness 

away from the ridge axis (e.g., Barth 

and Mutter, 1996). However, o�-axis 

magmatism may play an important role 

in sea�oor characteristics. �e imaged 

o�-axis crustal magmatic bodies could 

be the source of enriched basalts as well 

as the more-evolved lavas, which are 

more prevalent in o�-axis than in axial 

samples (Per�t et al., 1994, and 2012, in 

this issue; Waters et al., 2011). Evidence 

for o�-axis hydrothermal venting in the 

form of mineral deposits and vent fauna 

has been discovered along young abyssal 

hills at ~ 10°20'N and 9°20'N (Haymon 

et al., 2005; R. Haymon, University of 

California, Santa Barbara, pers. comm., 

2011). �e imaged o�-axis melt bodies 

provide candidate heat sources for 

driving focused o�-axis hydrothermal 

venting, although investigations of the 

imaged sites for venting have not yet 

been conducted. 

Local magma accumulations beneath 

the crust at mid-ocean ridges have long 

been inferred from observations of 

ophiolites and from geophysical studies 

primarily within the EPR 9°–10°N 

region. Seismic tomography, supported 

by sea�oor compliance studies, provide 

evidence for a 15–20 km wide region of 

partial melt beneath the crust (Crawford 

et al., 1999; Dunn et al., 2000). Mapping 

in ophiolites show a crust-mantle 

boundary or Moho Transition Zone 

(MTZ) composed of gabbro sills 

intruded into mantle rocks that vary in 

thickness from a few meters to several 

kilometers in scale (e.g., Boudier and 

Nicolas, 1995). While the Mohorovičić 

(Moho) discontinuity is typically imaged 

in re�ection studies as a single event of 

variable strength (e.g., Kent et al., 1994; 

Barth and Mutter, 1996), data from 

the �anks of the JdFR provide the �rst 

seismic re�ection images of localized 

magma sills within the MTZ, consistent 

with a thick MTZ (Figure 3; Nedimović 

et al., 2005). Clusters of bright re�ection 

events are imaged, which are attributed 

to both frozen and partially molten 

gabbro lenses embedded within mantle 

rocks. �ose imaged further from the 

ridge axis (> 5–10 km away) have been 

inferred to be frozen, while those closer 

to the ridge axis may represent partial 

melts. �e most prominent clusters of 

MTZ re�ections, imaged ~ 33 km away 

from the ridge axis, are up to 4–5 km 

long with a combined thickness of over 
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2,000 m and are found adjacent to the 

wakes le� by propagating ridges on 

the �anks of the JdFR. �ese sills are 

inferred to have formed on axis, at the 

tip of the propagating ridge segment, by 

intrusion of melt at the base of the crust 

as spreading breaks into pre-existing 

lithosphere. �ey are the presumed 

remnants of magma source bodies for 

the more di�erentiated Fe-rich rocks 

typically found at propagating ridges 

(Sinton et al., 1983)

While the new observations described 

above indicate that multiple magma 

reservoirs contribute to building crust 

over a wider and deeper zone than 

previously appreciated, evidence for 

magma sills at di�erent levels in the 

crust right at the axis has not yet been 

found. A 3D MCS study of the EPR 

9°03'N OSC (Singh et al., 2006) observed 

Moho re�ections and evidence for high 

melt content within the lower crust 

directly beneath the axial shallow melt 

sill, but no discrete lower crustal sills 

were observed. �e lack of seismic 

evidence for lower crustal sills at the 

axis does not rule out the possibility 

of sills smaller than can be resolved 

with the 10–15 Hz dominant frequency 

seismic sources used (< ~ 50 m thick by 

< 250 m wide). In addition, lower crustal 

sills could be present but obscured by 

a combination of the negative e�ects 

on re�ection imaging of large lateral 

velocity variations and high attenuation 

caused by the presence of the mid-

crustal magma lens and interstitial melt 

within the lower crust. Application of 

advanced imaging techniques (such as 

wave-equation datuming and pre-stack 

depth migration) has the potential to 

resolve this ambiguity. 

It is also possible that lower crustal 

sills do not develop right at the ridge axis 

but instead form at or near the edges of 

the axial low-velocity zone. Evidence 

for this interpretation comes from MCS 

data collected at the Cle� segment of the 

southern JdFR (see Figure 2 inset). Here, 

2D MCS data imaged a prominent re�ec-

tion at 5–6 km depth extending ~ 2.4 km 

and ~ 1.8 km in the ridge-parallel and 

ridge-perpendicular directions, respec-

tively, interpreted as a lower crustal melt 

lens (Figure 4; Canales et al., 2009). 

�is re�ector is located 1.4–3.2 km east 

of the axis, near the edge of the axial 

accretionary zone (assuming a width 

of 4–6 km from the EPR studies; Dunn 

et al., 2000). �is deep sill also coincides 

with a positive anomaly in crustal travel 

times to Moho, indicating local crustal 

thickening and/or presence of melt 

within the lower crust. �e presence of 

this deep melt lens implies that perme-

ability boundaries can develop in the 

lower crust, at least near the boundaries 

of the axial low-velocity zone, providing 

support for ophiolite-based models 
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that propose the lower oceanic crust 

is built from multiple magma bodies 

emplaced at multiple levels in the crust 

(Kelemen et al., 1997).

Crustal Evolution After 

Formation and Ridge Flank 

Hydrothermal Flow

�e post-emplacement evolution of 

oceanic crust has important implica-

tions for understanding energy and 

mass exchange between the ocean and 

Earth’s interior, and for studying the rela-

tionship between oceanic plate hydra-

tion and subduction zone processes. 

Although there has been considerable 

work in the past few decades dedi-

cated to characterizing the evolution 

of the upper crust, most studies have 

been based on sparse observations of 

seismic Layer 2A with little analysis 

of Layer 2B (e.g., Cudrak and Clowes, 

1993; Harding et al., 1993; Rohr, 1994; 

Grevemeyer et al., 1999; Grevemeyer 

and Bartetzko, 2004; Christeson, 2007). 

Using the 2002 JdFR MCS data, the 

most detailed investigation of Layer 2A 

evolution to date was conducted as well 

as the �rst study focused on processes 

that a�ect uppermost Layer 2B a�er 

formation (Nedimović et al., 2008; 

Newman et al., 2011). 

Results show that Layers 2A and 2B 

evolve in di�erent ways. As observed 

elsewhere, a small increase in Layer 2A 

velocity occurs rapidly near the ridge 

axis, presumably linked to high-

temperature axial hydrothermal �ow, 

followed by a more gradual evolution for 

many millions of years due to passive, 

low-temperature hydrothermal circula-

tion (see Grevemeyer and Bartetzko, 

2004, and references therein). On the 

�anks of the JdFR, Layer 2A velocities 

increase from < 2.5 km s–1 at the ridge 

axis to > 4.0 km s–1 in mature crust 

5–8 million years old (Nedimović et al., 

2008). Following a di�erent course from 

Layer 2A, seismic Layer 2B evolves 

rapidly within the �rst 0.5 million years 

a�er crustal formation, with upper 

Layer 2B velocities increasing on average 

by 0.8 km s–1, reaching an approximately 

constant velocity of 5.2 ± 0.3 km s–1 in 

older crust (Newman et al., 2011). Unlike 

for Layer 2A, the strongest impact on 

Layer 2B evolution may be mineral 

precipitation due to active hydrothermal 

circulation centered about the ridge crest 

and driven by heat from the axial magma 

chamber and associated intrusive bodies.

Comparison between Layer 2B 

velocities and hydrothermal circulation 

patterns, inferred from heat �ow, �uid 

�ow, and pore �uid geochemistry data, 

reveals correlation of both up�ow or 

discharge zones with 2B velocity lows 

and down�ow or recharge zones with 2B 

velocity highs (Figure 5; Newman et al., 

2011). �is relationship is attributed to 

enhanced pore clogging within upper 

Layer 2B within the down�ow zones. 

In the vicinity of the ridge axis, where 

there is no or little sedimentary cover, 

up�ow zones are collocated with sea�oor 

topographic highs and down�ow zones 

with topographic lows. Further away 

from the ridge axis, in areas where sedi-

ments �ll in lows to form minibasins, 

some of the sea�oor highs appear to 

have been converted to down�ow zones, 

indicating that both sea�oor relief and 

sedimentary cover a�ect hydrothermal 

�ow and therefore mineral precipitation 

(Figure 5). Sediment cover is also found 

to have a major impact on Layer 2A 

evolution. For the �anks blanketed with 

a continuous, sealing sedimentary cover, 

Layer 2A increases velocity at about 

twice the rate observed for ridge �anks 
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Figure 4. �ree-dimensional perspective of crustal structure along the axis and near axis flanks of the Juan 
de Fuca Ridge Cleft Segment showing an isolated melt lens in the lower crust (orange) located ~ 1–3 km 
away from the axial melt lens (blue). Moho (green) is not imaged directly beneath the lower crustal melt 
sill or the ridge axis. �e white dashed line indicates the spreading axis. From Canales et al. (2009)
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with sparse or discontinuous sediment 

cover (Nedimović et al., 2008). �e 

correlation between Layer 2A velocity 

and sediment cover is attributed to 

more rapid precipitation of alteration 

minerals in the porous upper crust as the 

hydrothermal regime evolves from one 

dominated by open exchange with the 

water column to a regime that is e�ec-

tively closed to seawater exchange by the 

sealing sedimentary blanket. 

SUMMARY AND FUTURE 

DIREC TIONS 

Studies of crustal structure at the 

Endeavour and EPR Integrated Study 

Sites conducted under the Ridge 2000 

Program reveal important new insights 

into crustal accretion and hydrothermal 

�ow at mid-ocean ridges while also 

providing an integrating framework for 

the diverse multidisciplinary investiga-

tions underway at these sites. In this 

�nal section, we summarize the primary 

�ndings with a focus on new questions 

arising and potential directions for 

future investigation. 

1. With the discovery of a mid-crust 

magma body beneath much of the 

axial zone and underlying all known 

vent �elds at both the JdFR and the 

EPR ISSs, a similar framework for 

volcanic construction of the crust and 

hydrothermal �ow has emerged for both 

of these intermediate and fast spreading 

ridges. However, important questions 

remain concerning the feedbacks and 

linkages between tectonic and magmatic 

processes, and the in�uence of faulting 

on the geometry of hydrothermal �ow 

at the more extensively tectonized 

Endeavour Segment. 

2. Evidence for small-scale (5–20 km) 

segmentation of the axial magma 

lens is found at both the EPR and 

Endeavour sites, with implications for 

magma evolution and the chemistry of 

erupted lavas, and for the geometry of 

hydrothermal circulation in the upper 

crust. While this segmentation can be 

con�dently interpreted in the 3D MCS 

data set now available for the EPR site, 

the presence of segmentation remains 

speculative at Endeavour due to the 

inherent limitations of the existing 

sparse 2D data set. Future 3D seismic 

imaging will be needed there to establish 

the detailed geometry and nature of 

the segmentation as well as its relation-

ship to sea�oor tectonic, volcanic, and 

hydrothermal features. 

3. �ree-dimensional images of magma 

systems at the EPR now achieve a spatial 

resolution that permits direct compar-

ison of features at the sea�oor, such as 
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hydrothermal venting that responds to 

the magma’s thermal forcing. �e next 

challenge is to understand the temporal 

evolution of magma systems, including 

changes in segmentation geometry, 

foci of eruption, and in�ation/de�ation 

periods. On-bottom geodetic studies, 

repeat sea�oor compliance measure-

ments, and time-lapse, repeat 3D (see 

Canales et al., 2012, in this issue) seismic 

imaging may allow temporal changes 

to be mapped and provide an under-

standing of magma dynamics. 

4. As local heat sources on the ridge 

�anks, o�-axis magma bodies may 

underlie sites of o�-axis hydrothermal 

venting, such as those discovered by 

Haymon et al. (2005). However, with 

existing data essentially providing a 

snapshot in time, the longevity of o�-

axis melt lenses and the temporal varia-

tions in their spatial distribution are 

unknown. Moreover, whether they are 

sources of high-temperature circulation 

on the ridge �anks is only conjecture 

at present. Sea�oor observations above 

these features are needed to establish 

the presence and determine the nature 

of hydrothermal circulation and o�-axis 

sea�oor volcanism potentially associated 

with these magmatic systems. 

5. Detailed new information on the 

velocity structure of the upper crust 

indicates a di�erent evolutionary 

course for Layers 2A and 2B as they 

age. Correlation between the variations 

in upper crustal velocities and known 

hydrothermal circulation patterns 

inferred from heat �ow, direct �uid 

�ow, and pore �uid geochemistry data 

reveals the potential of long-streamer 

MCS techniques to remotely determine 

the patterns of hydrothermal �ow within 

the upper oceanic crust. Additional 

work is needed to con�rm this �nding. 

Longer streamers (> 6 km) and dense 

ocean-bottom seismometer arrays 

(< 3 km spacing) would extend our 

understanding of crustal evolution to 

layers found at depths greater than that 

of upper Layer 2B.
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