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Abstract

Multichannel seismic data collected along the Cleft segment on the southern Juan de Fuca Ridge show that this intermediate-
spreading center is underlain by a mid-crustal reflector interpreted as the top of an axial magma chamber (AMC). The AMC
reflection is present along most of the segment, and deepens gently from 2.0 km near the southern end of the segment beneath the
RIDGE Cleft Observatory Site, to 2.3 km at the northern end beneath the site of the mid-1980s submarine eruption. We analyzed
the one-dimensional seismic structure of the AMC at two locations with contrasting lava chemistry beneath two different
hydrothermal vent fields. At the northern site, waveform modeling in the time intercept–slowness (τ–p) domain indicates that the
AMC is ∼100 m thick and it is characterized by a decrease in P-wave velocity from 6 km/s to 3.7 km/s. In contrast, the P-wave
velocity within the shallower, ∼100-m-thick AMC at the southern site is higher (5.0 km/s). The decrease in seismic velocity within
the AMC indicates that it is partially molten and that it is not a cracking front as previously suggested for other intermediate-
spreading segments. The data show a coherent seismic phase interpreted as the P- to S-wave conversion at the AMC (PAMCS).
Stacking of this event shows that the PAMCS is only present along the northern part of the segment. Our results thus suggest along-
axis variations in the crystallinity of the AMC. The AMC along Cleft varies from a high crystal content (<30% melt) sill at the
southern end of Cleft, to a largely melt (60–75%) sill at the source of the 1980s eruption at the northern end. The variations in
magma chamber properties inferred from our seismic data correlate with changes in lava chemistry and with the location of
hydrothermal plumes, and they all suggest that focused, high-temperature hydrothermal venting along intermediate-spreading
ridges is closely linked to the physical state of the underlying magma chamber.
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1. Introduction

Seismic studies along intermediate-spreading centers
(e.g., [1–7]) have shown that a significant portion of
these ridges is characterized by a mid-crustal reflector
with some of its characteristics (e.g., along-axis
continuity, width) similar to those of the axial magma
chamber (AMC) reflector observed along the fast-
spreading East Pacific Rise (EPR) (e.g., [8]). In back-arc
ridges spreading at intermediate rates, this reflector
represents the top of a partially molten AMC of
andesitic melts with high volatile content (e.g., [7,9]).
However, the nature of this reflector at intermediate-
spreading ridges away from hot spots and arc influences
has not been firmly established yet, and some authors
have argued that at least at some intermediate-spreading
segments, the mid-crustal axial reflector could be
associated with a downward-propagating cracking
front rather than with the top of an AMC [10]. Crustal
accretion processes along intermediate-spreading ridges
are highly sensitive to changes in the thermal balance
between heat input from magma chambers and heat
extraction by hydrothermal circulation (e.g., [11]).
Therefore, understanding the nature and physical state
of the axial mid-crustal reflector observed at interme-
diate-spreading ridges has important implications for
seafloor eruption processes and the chemistry of the
lavas originated at these mid-ocean ridges (e.g., [12]), as
well as for discriminating between alternative models
for the driving force of mid-ocean ridge high-temper-
ature hydrothermal circulation (i.e., latent heat from
crystallization of magma chambers versus specific heat
extracted from hot but un-molten rocks) (e.g., [13]).

At the well-studied EPR, the AMC is characterized
by a decrease in seismic velocity resulting from the
impedance contrast between a ∼50-m-thick solid roof
(that separates the magma chamber from the upper
crustal hydrothermal fluids) and a thin (∼30–100 m) sill
of melt and crystals (e.g., [14–17]). The properties (i.e.,
crystallinity) of the AMC at the EPR vary along axis;
with 2- to 4-km-long sills of pure melt (VS=0 km/s)
embedded in a mush-rich (VS>0 km/s) matrix [16]. At
the intermediate-spreading, back-arc Valu Fa Ridge the
AMC represents a decrease in seismic velocity at 3.2 km
below the seafloor (bsf), and the along-axis variations in
reflection strength have been interpreted to result from
changes in melt body thickness rather than crystallinity
[9]. Whether or not the mid-crustal axial reflector
observed at intermediate-spreading ridges (hereinafter
implicitly excluding hotspot and back-arc settings) is
associated with a decrease in seismic velocity (as it
would be the case for low velocity AMC), or a positive
impedance contrast (as predicted by the cracking front
hypothesis) remains to be tested, as well as whether its
properties are segmented and change at the same scale
as at the EPR.

In this paper we address the above-mentioned
questions by determining the seismic structure of the
axial mid-crustal reflector observed along the interme-
diate spreading rate Cleft segment in the Southern Juan
de Fuca Ridge (JdFR), as well as by imaging S-wave
converted reflections from the axial reflector. Our results
show striking correlations with existing petrological and
hydrothermal data, and thus provide constraints on the
linkages between magmatic and hydrothermal process at
intermediate spreading ridges.

2. Geological and geophysical background

The JdFR is the boundary between the Pacific and
Juan de Fuca plates (Fig. 1). Its southernmost segment
(Cleft) has a full spreading rate of 56 mm/yr [18]. The
∼60-km-long Cleft segment is bounded on the south by
the Blanco fracture zone, and to the north by the Vance
segment, with which it overlaps for∼15 km near 45°05′
N [19] (Fig. 1). The axis of the Cleft segment sits on an
elevated, rifted axial high within a 2- to 4-km-wide,
∼100-m-deep axial graben (e.g., [20]). Within the axial
graben along the southern part of the Cleft segment,
there is a 50- to 100-m-wide, 5- to 30-m-deep narrow
depression or cleft that gives the segment its name [20–
22]. The dimensions, shape, and volcanic and hydro-
thermal characteristics of this feature are identical to
those of the axial summit collapse trough found along
the EPR (e.g., [23,24]).

The southern part of the Cleft segment is character-
ized by a young, large sheet flow [19,22], and the
presence of high-temperature hydrothermal vents
[20,21]. It is also the site of the RIDGE Cleft
Observatory [25,26] (Fig. 1). Towards the center of
the segment, lavas are older and generally more
tectonized (fractured sheet flows and constructional
mounds). The northern part of the segment experienced
an eruptive episode in the 1980s [27], and it is
characterized by fresh, glassy sheet flows and pillow
mounds, and both high- and low-temperature hydro-
thermal venting [28] (Fig. 1). Basalt samples along the
axis of Cleft indicate that there are strong correlations
between relative lava age, degrees of fractionation, and
latitude [29], with younger looking and more primitive
lavas found progressively towards the north [29,30].
Based on these observations, Smith et al. [29] suggest
that lavas were derived from discrete magma lenses,
each in different stage of evolution along the axis.
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The presence of a crustal magma chamber along the
axis of the Cleft segment was first suggested by Morton
et al. [4], and it has been recently imaged and described
in more detail by Canales et al. [3]. These authors
attribute the axial crustal reflector to the top of the
AMC; therefore hereinafter we will refer to it simply as
the AMC. The AMC is present along ∼60% of the Cleft
axis, and is continuous along ∼5- to 10-km-long
sections of the segment. The AMC deepens from
Fig. 1. Bathymetry map of the Cleft segment in the southern Juan de Fuca R
Open squares indicate locations of CMP gathers 2200 and 8200 where the 1-D
location of known high-temperature hydrothermal vents, and gray zone near
every 100 m, illumination from WNW. Lava morphologies are from Embley
south to north [3], from ∼2.0 km below the seafloor
at the southern end of the segment, to ∼2.3 km at the
northern end.

3. Waveform inversion

We have modeled the one-dimensional (1D) P-wave
velocity structure of the AMC using recently collected
multichannel seismic (MCS) reflection data gathered in
idge. Solid black line is the axial seismic reflection profile Line 80 [3].
waveform modeling was performed (Figs. 2 and 3). Red stars show the
45°00′N corresponds to the location of the 1980s eruption. Contours
and Chadwick [19].
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common mid points (CMP). Details on data acquisition
parameters are given in Canales et al. [3]. To improve
the signal-to-noise ratio, we constructed constant-offset
stacks (super-CMP gathers) by combining 30 consecu-
tive CMP gathers and stacking the 5-fold constant-
offset traces. We have performed our analysis at two
locations along the Cleft segment with contrasting lava
chemistry [29] where the AMC is best imaged [3]:
CMP 2200 near the site of the 1980s eruptive event,
and CMP 8200 at the RIDGE Cleft Observatory Site
(Fig. 1). At the northern site the AMC reflection is
clearly observed as a nearly flat event at ∼4 s two-way
travel time (twtt) (0.94 s below the zero-offset seafloor
reflection) between 0 and 2.5 km offset (Fig. 2a). At
the southern site that AMC is somewhat shallower
(0.85 s bsf at zero offset) and is observed only up to
∼1.5 km offset (Fig. 2b).

We applied a waveform inversion scheme to find the
1D velocity structure that minimizes the misfit between
the observed and predicted seismograms (e.g., [17]).
The misfit is calculated in the frequency–slowness (ω–
p) domain, hence the observed super-gathers have to be
transformed, prior to the inversion, from the time–offset
Fig. 2. Super-CMP gathers from the northern (a) and southern (b) ends of
(blue) τ–p gathers. (e) Estimated source wavelets for CMP 2200 and 82
derived from τ–p data deconvolved with an initial estimate of the source
(t–x) domain (Fig. 2a, b) to the delay time–slowness (τ–p)
domain (Fig. 2c, d), and then Fourier-transformed to the
ω–p domain. We followed the τ–p transformation
method of Harding [31] (as implemented by Korenaga
et al. [32]), a three-dimensional cylindrical-wave
decomposition of the seismic data that accounts for
phase shifts and geometrical spreading from a point
source. The data were not corrected for source, receiver,
and ghost directivity effects (e.g., [33]), which we
calculated to be negligible. The data were band-pass
filtered between 5, 10, 30, and 50 Hz. The transformed
τ–p gathers and the mapped AMC event are shown in
Fig. 2c and d.

The waveform inversion is done in the ω–p domain
following the method of Kormendi and Dietrich [34],
which solves the non-linear inverse problem using
generalized least squares and minimizes the misfit
function using the conjugate gradient algorithm. More
details on the inversion procedure can be found in
[17,32,34]. The inversion results are highly sensitive to
the input source wavelet (e.g., [17]). Since we do not
have information on the far-field response of the air-gun
signal for our experiment, we need to obtain a realistic
Cleft segment. (c), (d) Corresponding observed (red) and predicted
00 (gray and solid black lines, respectively). These wavelets were
wavelet (see text for details).
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estimate of the source wavelet following indirect
methods. We estimated an initial source wavelet by
averaging 10 ω–p traces at the lowest slowness, and
then transformed the resulting averaged spectrum back
to the τ–p domain (method 4 of Collier and Singh [17]).
Because of the ringy character of the air-gun source,
which is magnified by side-echoes from the rough
seafloor, we deconvolved the τ–p gathers with the
estimated source wavelet to obtain sharper, cleaner τ–p
gathers (Fig. 2c, d). We then re-estimated the final
source wavelet from the deconvolved τ–p gathers (Fig.
2e).

As initial velocity model for the inversion, we used a
model derived from forward modeling of crustal
refraction and reflection travel times observed in shot
gathers at the location of CMP 8200 [3]. For the
inversion, the density and VS structures were kept fixed
during a few iterations (typically 5), and then updated
Fig. 3. (a) Preferred 1-D P-wave velocity models (thick lines) for the norther
scales. The AMC in N-Cleft is deeper (2.23 km) and has lower VP (3.7 km/
(5.0 km/s). Thin lines show the preferred models±one standard deviation er
structure of the melt lens floor at the northern Cleft site (CMP 2200): (b) a pur
shows the inversion result compared to our preferred model (gray line); (c) sa
as (b) assuming a thick (∼200 m) melt lens as starting model.
from the inverted VP structure using a VP–density
relationship [35] (except at the seafloor and within the
AMCwhere densities were fixed at 2240 kg/m3 [36] and
2600 kg/m3, respectively) and assuming a Poisson's
ratio of 0.48 for the upper 570 m and 0.25 everywhere
else [37]. The P-wave attenuation quality factor was set
to 16 in the upper 570 m, and 100 below this depth [38].
The S-wave attenuation quality factor was set to half of
that of the P-wave.

Our preferred best-fitting models are shown in Fig.
3a, and the predicted seismograms in Fig. 2c, d. Our
results show that at the southern end of Cleft segment,
the AMC is characterized by a ∼100-m-thick low
velocity zone, with a decrease in VP from ∼6 km/s to
5.0 km/s at 1.9 km depth. At the northern site, the AMC
is also ∼100 m thick, but is located deeper (2.23 km)
and shows a significantly larger decrease in VP (3.7 km/s).
The AMC depth is consistent with the estimates of
n (black) and southern (gray) Cleft segment. Note the different vertical
s), while the AMC in S-Cleft is shallower (1.9 km) and has larger VP

ror estimated from the Hessian matrix. (b)–(d) Resolution tests of the
ely molten half space is used as initial model (thin line), thick black line
me as (b) with initial model assuming a partially molten floor; (d) same
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Canales et al. [3] from seismic reflection images. The P-
wave velocity of the AMC at both sites is within the
range of velocities estimated along different areas of the
EPR [14,16,17].

The preferred models have an uncertainty of ±0.15-
0.20 km/s (Fig. 3a), which is valid only if the starting
model is close to the global minimum of the misfit
function. Some of the features of the preferred models
may be dependent on the initial assumptions and not
fully required by the data. One important aspect is the
thickness of the melt lens and the structure immediately
beneath it. Previous studies at the southern EPR have
shown that the melt lens is bounded by a solid roof and a
solid floor [15]. We performed a series of resolution
tests to investigate if our data require the presence of a
solid floor (indicated by the relatively high VP

immediately beneath the low VP melt lens, Fig. 3a).
We inverted the data from CMP 2200 at the northern
Cleft site using initial velocity models modified from the
preferred solution: one where VP is low everywhere
beneath the top of the AMC (Fig. 3b), and a second one
in which the velocity of the melt lens floor increases
moderately, simulating a semi-solid floor (Fig. 3c). In
both cases, the new inversions result in models that fit
the data with the same degree of accuracy as the
preferred solution. These tests show that our data cannot
discriminate between a solid and a semi-solid floor, but
that the data require an increase in VP with respect to the
initial velocity model immediately beneath the melt
lens. We performed another test where we imposed a
thicker (∼200 m) AMC, and then inverted the data (Fig.
3d). The solution from this test shows that the data
require a thin lens no more than 100 m thick. Thus, our
tests indicate that the top of the AMC is a partially
molten thin lens overlaying a more crystalline medium.

Our results clearly indicate that the physical
properties of the AMC at both sites differ. However it
is important to acknowledge and to keep in mind the
assumptions we have made and the limitations of the
method used. Mid-ocean ridge magma chambers are
elongated, narrow features (e.g., [39]). Misalignment of
the MCS sources and receivers over the center of the
AMC, or drift of the hydrophone streamer (feathering),
may affect both imaging [40] and waveform modeling
of the AMC. In our experiment, streamer feathering was
small (∼7° and ∼4° at the location of CMP 2200 in N-
Cleft and CMP 8200 in S-Cleft, respectively). This
small feathering results in a maximum deviation of the
CMP location for the far-offset traces of ∼210–370 m
from the assumed straight line, which is smaller than, or
of similar magnitude as the half-width of the AMC in
this area (300–850 m [3]). Thus feathering does not
seem to introduce significant bias in our results. The
importance of other factors such as lateral variability
within the AMC at scales smaller than the seismic
footprint (Fresnel zone), or differences in upper crustal
properties such as density or attenuation between both
sites, cannot be assessed in our simplified 1D approach.

4. Partial-offset S-wave stacking

Singh et al. [16] have shown that at the southern
EPR, converted S-waves reflecting off the AMC can be
imaged along the axis using conventional seismic
reflection imaging techniques. In our data, coherent
events that could be attributed to these converted S-
wave reflections are not easily recognized in the super-
CMP gathers because the data suffer from the presence
of noise originated from side-echos due to the rough
seafloor topography (Fig. 2a, b). However this unwant-
ed energy can be partially removed by dip filtering the
super-CMP gathers in the frequency–wavenumber
domain (f–k). One important advantage of using
super-CMP gathers is that the smaller source–receiver
offset step (12.5 m in super-CMP gathers versus 75 m in
a CMP gather) allows for higher frequency signals to be
dip filtered without spatial aliasing. After applying an f–
k filter that suppresses energy with apparent velocities
lower than 4.1 km/s, super-CMP 2200 shows a coherent
event between 2 and 5 km offset at 4.5–4.8 s twtt
(PAMCS, Fig. 4a) that was not clearly observed in the
unfiltered gather (Fig. 2a). We explored different
possible origins for this event, and found that its travel
time (Fig. 4b) is consistent with a conversion from an
incident P- to an S-wave reflected at the top of the AMC
(and then converted back to P-wave at the seafloor). The
reflection coefficient for the PAMCS event in the case of a
mush-rich magma chamber (VS>0 km/s) shows that for
offsets larger than 2 km, the PAMCS event should have
an amplitude comparable to the reflected P-wave
(PAMCP) (Fig. 4c). Here we prefer to use the name of
PAMCS (instead of PmeltS, as in Singh et al. [16]) to
emphasize that this event could be observed even in the
case when the AMC is not totally molten. Other possible
origins for the PAMCS event, such as a pegleg multiple
from layer 2A or an S-wave conversion at the base of
layer 2A, do not predict the observed travel-time
variation with offset.

The PAMCS event can be processed and imaged as
another reflector in conventional reflection imaging. We
have produced a seismic reflection stack (hereinafter
referred to as partial-offset S-wave stack) to image the
PAMCS event along the axis of the Cleft segment to
understand its relationship to the PAMCP event (i.e., the



Fig. 4. (a) f–k filtered super-CMP 2200 (events with apparent velocity <4.1 km/s have been filtered) showing the P-wave (PAMCP) and converted
S-wave (PAMCS) AMC reflections. (b) Same as (a) with predicted travel-time curves for both events. (c) Theoretical P-wave (solid) and S-wave
(dashed) reflection coefficients versus offset for a P-wave incident in a half space (upper layer: VP=6.0 km/s, VS=3.2 km/s, ρ=2700 kg/m3;
bottom layer: VP=3.5 km/s, VS=2.0 km/s, ρ=2600 kg/m3). (d) Offset-dependent surgical mute (gray area, bottom horizontal axis) applied after
NMO, and the RMS velocity function (solid line, top horizontal axis) versus time used for NMO.
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AMC reflector of Canales et al. [3]) and determine the
along-axis variability of the AMC properties. The steps
followed to create the S-wave stack are: (1) 480-fold
super-CMP gathers (as described in Section 2) were
created at each CMP location along the seismic profile
Line 80 collected along the axis of Cleft [3]; (2)
amplitude scaling by automatic gain control (AGC); (3)
f–k filtering of the super-CMP gathers as described
above; (4) amplitude de-scaling (AGC removed); (5)
normal move-out (NMO) correction using a simple,
three-layer RMS velocity function (Fig. 4d): 1.5 km/s
for the seafloor reflection, 2.9 km/s for the P-wave, and
2.6 km/s for the S-wave (note that for simplicity we have
not included appropriate velocities to image the base of
layer 2A, which has already been described in detail by
Canales et al. [3]); (6) surgical mute to select the offsets
were the PAMCP and PAMCS events are most prominent
(Fig. 4d); and (7) stack of the NMO-corrected, muted
super-CMP gathers.

The partial-offset S-wave stack is shown in Fig. 5.
The P-wave reflection from the AMC is observed at
∼4 s two-way travel time along most of the axis of
Cleft, consistent with the previous migrated images of
Canales et al. [3]. The S-wave reflection can be
observed at ∼4.5 s, but only along the northern half
section of the Cleft segment: between 44°52′N and
44°53′N, near 44°54.6′N, and between 44°57.5′N and
44°59.5′N. While other reflections of similar char-
acteristics are present at similar depths at other parts
of the segment, they are more ambiguous and lack the



Fig. 5. Partial-offset S-wave stack along the axis of the Cleft segment, showing the PAMCP and PAMCS events. Note that the PAMCS event is only present beneath the AMC at the northern end of the
segment, but it is absent anywhere else (except possibly near 44°52′N). Lava morphologies are from Embley and Chadwick [19].
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Fig. 6. Variation in P-wave velocity with melt fraction for spherical
inclusions and different microstructures (figure modified from Taylor
and Singh [43]). P-wave velocities are consistent with 60–75% melt
(dark gray) and less than 30% melt (light gray) in the AMC at N-Cleft
and S-Cleft, respectively.
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lateral continuity of the PAMCS events mentioned
above, so we will not attempt to interpret them. A
confirmation that the PAMCS event is related to the
AMC is that we only image it where the AMC P-
wave reflection is strongest (Fig. 5). If it was an
imaging artifact or related to other crustal structures,
we would not find such clear correlation.

5. Discussion

5.1. Nature of the axial mid-crustal reflector at
intermediate-spreading ridges

Wilcock and Delaney [13] propose that the mecha-
nism of heat extraction by hydrothermal circulation at
mid-ocean ridges is fundamentally different between
fast- and slow-spreading ridges. At fast-spreading ridges
like the EPR, hydrothermal circulation at the ridge axis is
confined above a thin melt lens seismically characterized
by a significant decrease in seismic velocity (e.g., [16]).
At slow-spreading ridges, Wilcock and Delaney [13]
suggest that hydrothermal circulation extracts heat by
means of a downward propagating cracking front into
hot but un-molten rock, due to tectonic extension that
keeps fluid paths open and ephemeral crustal magma
bodies. The seismic signature of such a front would be a
small increase in seismic velocity. Wilcock and Delaney
[13] argue that at intermediate-spreading ridges like the
JdFR the mechanism of heat extraction will vary
between both end members, depending on the tectono-
magmatic state of the ridge.

van Ark et al. [41] have recently shown that the mid-
crustal reflector beneath the Endeavour segment at the
northern end of the JdFR has many of the characteristics
of a partially molten AMC, and rejected the hypothesis
of a cracking front. However, these authors did not
provide the detailed seismic structure of the AMC. Here
we have shown that at the intermediate-spreading Cleft
segment, the seismic structure of the AMC is very
similar to that found along the EPR. It is ∼100 m thick
and has low P-wave velocity. The reduction in seismic
velocity within the AMC is indicative of its molten state.
Furthermore, based on resolution tests (Fig. 3) we argue
that the melt lens is thin and it is underlain by a mostly
crystallized floor, where most of the crystallization takes
place due to cooling within a convecting magma
chamber [42]. Thus our results, together with those of
van Ark et al. [41], indicate that mid-crustal axial
reflectors along intermediate-spreading ridges are of the
same nature as those found along fast-spreading ridges,
i.e., thin melt lenses, and not propagating cracking
fronts.
5.2. Variations in AMC properties: implications for
magmatic processes

Our results on the P-wave velocity structure of the
AMC provide constraints on the crystallinity of the melt
lens. To estimate the melt content in the AMC we used
the relationship derived from effective medium theory
between the composition and microstructure of a melt
body, and its seismic properties [43]. Fig. 6 shows the
melt content of the AMC at both sites along the Cleft
segment that is consistent with our P-wave velocity
models, for different microstructures ranging from
isolated crystals suspended in a melt matrix to isolated
melt inclusions embedded in a solid matrix. At the
northern site, the low VP (3.7 km/s) indicates that the
AMC has a larger percentage of melt (60–75%). In
contrast, at the southern site the larger VP (5.0 km/s) is
consistent with a magma body with low melt content
(<30%).

These two estimates of the crystallinity of the AMC,
together with the S-wave stack, provide a more complete
picture about the present properties of the AMC and
their along-axis variations. Along the southern part of
the Cleft segment, between ∼44°38′–46′N, the AMC
(PAMCP event) is well imaged (Figs. 5 and 7c), but the
PAMCS event is absent. The waveform inversion results
at CMP 8200 near 44°40′N indicate that at this location
the AMC has a small percentage of melt content.
Therefore, we can infer that along the southern half of
the Cleft segment the axial magma chamber is mostly
crystallized, with a maximum of 30% of melt in it. In
contrast, in the vicinity of CMP 2200 near 44°59′N,
where the velocity model indicates a high melt content
in the AMC, the PAMCS event is strongest and laterally



Fig. 7. Maps of maximum (a) temperature and (b) light attenuation anomalies from hydrothermal plumes (modified from Baker [48]). Color scale
corresponds to temperature anomaly in °C in (a) and to light attenuation anomaly in m−1 in (b). Shaded vertical bars indicate the areas along the ridge
where the PAMCS event is observed. Horizontal solid lines delineate the limits of the axial summit graben. (c) Partial-offset S-wave stack along the
axis of the Cleft segment as in Fig. 5. Note the excellent spatial correlation between the PAMCS event and the location of hydrothermal plumes inferred
from the temperature and light attenuation maps. (d) MgO content of axial lavas along the Cleft segment. Data from the RIDGE Petrological Database
[29,53–57]. Note the good spatial correlation between the presence of the PAMCS event and the more primitive (higher MgO) lavas.
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continuous, suggesting that along this section of the
northern part of the segment the AMC is more melt-rich,
with 60–75% melt content in it. Along the center of the
segment between these two areas of contrasting
crystallinity, the AMC probably has some intermediate
properties, as suggested by the small PAMCS event
observed near 44°52′N (Figs. 5 and 7c). Based on the
melt content inferred from the seismic properties, an
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eruption along the northern part of the Cleft segment is
more likely to happen than at the southern end near the
RIDGE Cleft Observatory.

The variations in AMC properties that we have
inferred from the seismic data agree with the existing
petrological data along the axis of Cleft (e.g., [29]).
Along the southern half of the segment where the
PAMCS event is absent and the AMC P-wave velocity
is higher, lavas are moderate to highly evolved, with
low MgO wt.% (average of 6.8±0.3 wt.%) indicative
of a cooler crustal reservoir (Fig. 7d) [29]. In contrast,
along the northern part of the segment where the
PAMCS event is best imaged and the AMC is
characterized by a more pronounced decrease in P-
wave velocity, lavas are more mafic and primitive,
with higher MgO wt.% (average of 7.6±0.3 wt.%
[29]) indicative of a hotter crustal reservoir (Fig. 7d).
Smith et al. [29] attributed the changes in lava
chemistry along the axis of Cleft to eruptions from
discrete magma lenses in different stages of evolution,
without significant along-axis transport of magma. Our
results agree with this interpretation. The seismic
properties of the AMC that we have inferred suggest
that the top of the AMC is segmented in 5- to 10-km-
long melt lenses with distinct properties, becoming
more melt rich towards the north.

A striking result is that the northward increase in
melt content within the AMC and the increase in the
mafic nature of the lavas are both accompanied by an
increase in AMC depth [3] (Figs. 3 and 5). Along mid-
ocean ridges, the level of magma accumulation (i.e.,
AMC depth) is not a neutral buoyancy level [44].
Instead, it is controlled by the thermal structure of the
ridge axis, possibly being the brittle–ductile boundary
(e.g., [45]) or a freezing horizon (e.g., [46]). Since the
top of the AMC should correspond to the solidus
temperature, one would expect that the hotter AMC
along the northern end of Cleft that has the lowest P-
wave velocity, and from which the most primitive lavas
erupted, would lie at shallower levels than the cooler,
higher P-wave velocity AMC at the southern end of the
segment. This apparent contradiction thus suggests that
the crustal thermal regime that controls the depth of the
AMC (e.g., [46,47]) must take time to re-equilibrate
after new heat input by the injection of magma from
the mantle to the crust. A 100-m-thick melt lens takes
150–200 yr to crystallize (assuming no new magma
input) [42]. If the process of replenishment of the AMC
is not continuous and occurs episodically at intervals
longer than ∼200 yr, then the southern Cleft could be
in a state where most of the melt from the shallow
AMC has crystallized and/or been extracted and it has
not yet received a new input of fresh magma. Thus the
shallower AMC indicates that the thermal structure at
the southern Cleft has not reached a thermal equilib-
rium to compensate this deficit of heat after the latest
eruptions in this area. In contrast, at the northern Cleft,
the regional crustal thermal regime is somewhat cooler
than at the southern Cleft (thus the deeper AMC), but
the axial melt lens has not yet been fully crystallized
since the last replenishment and/or it was not
completely drained of magma during the last eruption.
However one must note that the difference in AMC
depth between the southern and northern Cleft is only
300 m. At the intermediate spreading rate of the Cleft
segment, this small difference can be produced by very
subtle differences in crustal thermal structure [11].

5.3. Correlations between AMC seismic properties and
hydrothermal activity

Plume temperature anomalies in the water column
are useful indicators of the relative strength of
hydrothermal heat sources [48]. Along the southern
EPR, Singh et al. [15] found that the magmatic
segmentation of the AMC (i.e., melt-rich sections of
the AMC) correlates with the location of hydrothermal
plumes. We find a similar correlation along the Cleft
segment. Fig. 7a and b show maps of maximum
temperature and light attenuation anomalies along the
axis of the Cleft segment, compiled from plume data
collected between 1986 and 1991 [48]. Although the
details of these temperature and light attenuation
anomalies differ from year to year, these maps
emphasize the features that were consistent during the
several-year observation period, in particular the
location of chronic plumes [48]. The plumes have a
strong spatial correlation with the presence of the PAMCS
event, specially the light attenuation anomalies (Fig. 7).
Even the discrete PAMCS event near 44°52′N directly
correlates with an isolated plume anomaly at this
location along the segment.

Both of the known hydrothermal vent fields along
Cleft are underlain by an axial magma chamber
reflector (Figs. 5 and 7c [3]), indicating that along
this segment high-temperature venting is focused
directly above a steady-state magmatic heat source.
However, only at the northern hydrothermal vent field
do we observe a clear PAMCS event. Unfortunately
plume data coverage from the southern Cleft is not as
complete as in the northern area [48]. There are no
similar plan view maps of temperature and/or light
attenuation anomalies for the southern end the Cleft
segment in the published literature, preventing us from
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testing whether or not the absence of the PAMCS event
at the southern vents site also correlates with well-
defined plume anomalies. However, the available data
indicates that hydrothermal plume anomalies along the
axis of southern Cleft are not as pronounced as that of
northern Cleft [49], supporting the idea that hydrother-
mal plume anomalies are stable over periods of at least
several years, and thus the style of focused, high-
temperature venting at intermediate-spreading ridges, is
closely linked to the physical state of the underlying
magma chamber.

Baker and Hammond [49] suggested that hydrother-
mal activity along the JdFR followed the tectono-
magmatic episodicity postulated by Kappel and Ryan
[50], with hydrothermal activity reflecting the distribu-
tion of current magmatic heat sources. However, new
observations show that all of the JdFR segments are in a
magmatic state (i.e., underlain by an AMC reflector)
[51], arguing against the tectono-magmatic model of
Kappel and Ryan [50]. The observations and correla-
tions presented in this paper indicate that, while high-
temperature hydrothermal activity is clearly linked to
the presence of an AMC, only those sections of the ridge
with high melt content are able to support vents that
result in consistent plume anomalies detectable over
several-year time scales.

6. Conclusions

1. Waveform modeling of the mid-crustal reflector
observed along the axis of the intermediate-spreading
Cleft segment at the southern Juan de Fuca Ridge
indicates that this reflector arises from a significant
decrease in P-wave velocity at the top of a partially
molten magma chamber, therefore excluding the
possibility that it could represent another type of
structure such as a downward-propagating cracking
front.

2. At the southern end of the segment (RIDGE Cleft
Observatory) beneath high-temperature hydrother-
mal vents, the AMC is shallower (1.9 km) and the P-
wave velocity within the AMC (5.0 km/s) indicates
less than 30% melt content. In contrast, the AMC
beneath the northern hydrothermal vents is deeper
(2.23 km) but it has a lower VP (3.7 km/s), and
therefore it is more melt rich (60–75%).

3. Converted S-waves at the top of the AMC (PAMCS)
mapped along the segment, together with the melt
content estimates, indicate that the crystallinity of the
AMC varies along axis, from a low melt content or
mostly solidified AMC along the southern half of
Cleft, to a melt-rich magma chamber along the
northern half of the segment. These variations in
seismic properties are accompanied by a northward
increase in MgO in erupted lavas, corroborating
previous hypothesis that eruptions along the Cleft
segment occur from magma chambers in different
stages of evolution.

4. The observation that the AMC is deeper where lavas
are more primitive and the melt content is higher
indicates that eruption from and replenishment of the
AMC must occur at shorter time intervals than the
time needed for the regional thermal regime (that
controls the depth of the AMC) to re-equilibrate after
most of the magma from the top of the AMC has
been erupted or crystallized.

5. We also find good correlations between the presence
of the PAMCS event (hotter AMC) and the location of
hydrothermal plumes. This suggests that the style of
focused, high-temperature venting at intermediate-
spreading ridges is closely linked to the physical state
of the underlying magma chamber.
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