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Abstract Determining the melt distribution in oceanic crust at mid-ocean ridges is critical to understanding
how magma is transported and emplaced in the crust. Seafloor compliance—deformation under ocean wave
forcing—is primarily sensitive to regions of low shear velocity in the crust, making it a useful tool to probe melt
distribution. Analysis of compliance data collected at East Pacific Rise between 9° and 10°N through 3-D
numerical modeling reveals strong along-axis variations in the lower crustal shear velocities, as well as temporal
variation of crustal shear velocity near 9°48'N between measurements spanning 8 years. Compliance measured
across the rise axis at 9°48'N and 9°33'N suggest a deep crustal low-velocity zone beneath the ridge axis, with a
low Vs/Vp ratio consistent with melt in low aspect ratio cracks or sills. Changes in compliance measured at 9°48'N
between years 1999 and 2007 suggest that the melt fraction in the axial crust decreased during this interval,
perhaps following the 2005-2006 seafloor eruption. This temporal variability provides direct evidence for
short-term variations of the magmatic system at a fast spreading ridge.

1. Introduction

Over two thirds of new surface on the Earth is created at oceanic spreading centers. Most of this new material
is produced through partial melting of mantle peridotites beneath mid-ocean ridges [Moores and Vine, 1971;
Sinton and Detrick, 1992], but little is understood about how magma travels through and is emplaced in the
crust. Determining the distribution of melt in the crust is therefore important to understanding the
mechanisms of crustal accretion. Seismic studies at the fast spreading East Pacific Rise (EPR) imaged a narrow,
thin magma lens (usually less than 1 km wide and 10-50 m tall) beneath most of the rise axis, at depths
ranging from 1.1 to 1.8 km [Carbotte et al., 2013; Detrick et al., 1987; Kent et al., 1993a; Tolstoy et al., 1997]. This
thin, semicontinuous axial magma lens (AML) sits atop a broader region of low seismic velocity and high
attenuation [Wilcock et al., 1992]. The AML has been observed to vary along axis from nearly pure melt in
some sections to others that may be best described a crystalline mush [Singh et al., 1998]. Dikes erupt
periodically from the AML to form the overlying extrusive layer, partly draining the AML. Thus, the melt
content and thickness of the AML can vary temporally as melt is removed from the lens, added from below,
and is cooled from above.

While active source seismic studies provide extensive details about the structure of upper crust [Harding et al.,
1993; Toomey et al., 1994; Vera et al., 1990], seismic waves encounter significant attenuation and diffraction
beneath the AML, hindering accurate interpretations of deeper structure. Seismic tomography studies of the
EPR show a broader region of lowered seismic velocities (LVZ, for low-velocity zone) beneath the AML [Vera
et al.,, 1990], probably representing a large partially crystalline “mush zone,” believed to contain large
amounts of melt [Dunn et al., 2000]. However, the amount of melt in the middle to lower crust and near the
Moho transition zone is still largely under debate. A tomographic study by Dunn et al. [2000] suggests that
compressional velocities increase rapidly with depth beneath the AML, indicating a decreasing melt fraction
with depth in the lower crust. Other seismic reflection and seafloor compliance studies suggest the presence
of a second melt lens at or near the base of the crust [Crawford et al., 1999; Garmany, 1989]. Moreover, the
influence of melt fraction on seismic velocities depends heavily on the melt geometry [Hammond and
Humphreys, 2000; Schmeling, 1985], making it difficult to calculate the melt fraction from the measurement of
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one type of seismic velocity, for example, compressional velocities. Finally, the amount of melt in the lower
crust probably varies along axis and between oceanic spreading centers, making it difficult to estimate a
“typical” melt fraction.

There are generally two end-member classes of models for the accretion of oceanic crust. Based on the
seismic imaging of the AML and the underlying crystalline mush zone [Detrick et al., 1987; Kent et al., 1993a;
Mutter et al., 1988], the “gabbros glacier” model suggests that the entire oceanic crust section was formed by
the crystallization and subsidence of melt at the shallow AML [Morgan and Chen, 1993; Quick and Denlinger,
1993]. The contrasting “multisills” model based on compositional variations observed in crustal gabbros in
the Oman ophiolite suggests that a substantial portion of the lower layered gabbros may have formed
through crystallization of melt in situ in numerous sills within the lower crust [Boudier et al., 1997; Kelemen
et al.,, 1997; Korenaga and Kelemen, 1998]. The multisill model suggests the existence of molten sills in the
lower crust beneath present fast spreading ridges. Therefore, the amount of melt and existence of melt sills in
the lower crust have important implications for the accretion of lower crust at fast spreading ridges.

The recent discovery using seismic reflection methods of crustal melt lenses (sills) within the middle to lower
crust a few kilometers off axis [Canales et al., 2009, 2012; Han et al., 2014; Nedimovic et al., 2005] suggests that
the pooling of melt beneath permeability barriers within the crust [Hebert and Montesi, 2011] may be
commonplace. It is unclear how these sills evolve with time. They could freeze in place, they could be
resupplied by melt percolating from below, or they could drain into the AML as the permeability barriers
evolve over time.

Eruptions at fast spreading ridge axes are episodic with intervals of eruptive activity interrupted by longer
periods of inactivity [Bowles et al., 2006; Perfit and Chadwick, 1998; Sinton et al., 2002]. Any seismic study of a
rise axis is a snapshot in time representing a particular stage between eruption and recharge and between
tectonic and magmatic extension. Barth and Mutter [1996] suggest that the 9°-10°N segment of the EPR is
currently generally more magmatically inflated than the 12°N segment of the EPR, based on differences in the
seismic structure of these segments. Within the 9°-10°N segment, the rise axis near 9°50'N is inferred to be
the region of maximum magma budget based on the seafloor morphology and subsurface structure [Fornari
et al., 1998; Macdonald et al., 1988; Toomey et al., 2007]. Two eruptions have been observed near 9°50'N
during the last 20 years: the first in 1991-1992 [Haymon et al., 1993] and the second in 2005-2006 [Haymon
et al.,, 1993; Soule et al., 2007; Tolstoy et al., 2006]. In contrast, the lavas at the seafloor near 9°30'N appear
much older by several criteria [Bowles et al., 2006] and were estimated to be 500-1000 years old [Haymon
et al., 1993].

Both the redistribution of magma within the crust associated with the eruptions and changes in the thermal
structure must affect the seismic structure of the oceanic crust, but the time scale of observable changes is
unknown. Observations from undersea volcanoes show evolution in the size and melt content of the
underlying magma chambers over scales from years to decades [Chadwick et al., 2006; Nooner and Chadwick,
2009]. The relatively short repeat times (10-15 years) for recent eruptions near 9°50’ N on the EPR [Soule et al.,
2007] and at Axial volcano at Juan de Fuca Ridge [Chadwick et al., 2006, 2012] suggest that the mush zone
beneath the EPR might be evolving on similarly short time scales.

Seafloor compliance is defined as the deformation of the seafloor under ocean gravity wave loading.
Normalized compliance is the transfer function in frequency w between vertical displacement u,(w) and
differential pressure P(w) at the seafloor, multiplied by the wave number k(w) of the forcing waves [Crawford
and Webb, 2002; Crawford et al., 1991, 1999]:

M

The normalized compliance of a uniform half-space is constant. Compliance is mostly sensitive to the average
shear modulus structure near the sensor within a radius proportional to the forcing wavelength. Compliance
measurements are particularly sensitive to regions of low shear modulus [Crawford et al., 1991, 1998], making
this a useful tool for estimating melt distribution in the crust. An advantage of compliance measurements is
that the seafloor deformation is quasi-static, and so the measurements are less affected by seismic wave
diffraction and attenuation in melt-rich regions than are the relatively high frequency seismic body waves.
Previous compliance studies have suggested a near Moho-level melt lens at EPR 9°48'N [Crawford et al., 1999],
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Figure 1. Bathymetric map of the East Pacific Rise
9°-10°N between the Clipperton Transform and
the overlapping spreading center (OSC). Locations
of 61 seafloor compliance measurement sites from
four expeditions are marked in different symbols
(red stars: 1994; blue diamond: 1999; black square:
2000; and green circle: 2007).

which implies that some portion of the lower crust is
formed in situ. However, the seafloor compliance in these
previous studies were calculated using a 2-D
approximation based on 1-D numerical modeling, which
underestimates the effects of rapid lateral variation of
physical properties across the ridge axis, and this result
needs to be tested using more accurate modeling.

In this paper we analyze compliance data collected from
1994 to 2007 at sites on the EPR 9°-10°N, using a newly
developed three-dimensional seafloor compliance
modeling technique. By forward modeling the effect of low
shear velocity zones on compliance, we seek to provide
new constraints on both the across-axis and along-axis
distribution of melt in the lower crust. Our results suggest
strong variation of lower crustal shear velocities along the
ridge axis, with zones of very low shear velocity beneath
certain segments. We also analyze repeated compliance
measurements at 9°48'N to estimate the temporal change
of crustal melt distribution during a period of active
magmatism, especially following the 2005-2006 eruption.
We discuss the implications of our results for the
mechanism of crustal accretion and melt transport.

2. Data Collection

The seafloor compliance data analyzed in this paper were
collected at 61 sites during expeditions in 1994, 1999, 2000,
and 2007. The spatial coverage of the measurements extends
from 9°03’ to 10°20’ along the ridge axis and up to 15 km off
axis (Figure 1). In this paper we model crustal velocity
structure using compliance data collected along four ridge-
perpendicular lines: at 9°48'N, 9°33'N, 9°18'N, and 9°08'N.
Long-period pressure fluctuations from ocean infragravity
waves and the induced seafloor deformation are recorded by
a differential pressure gauge and broadband seismometer,
respectively. Compliance is then estimated by calculating the
frequency-domain transfer function between the
displacement and pressure signals. For the ocean depths of
the EPR measurement sites (2.2 to 2.7 km), the useful
compliance frequency band is approximately 0.003-0.025 Hz,
corresponding to ocean infragravity wavelengths from 2 to
40 km. According to previous compliance modeling studies
[Crawford et al., 1998, 2005; Hulme et al., 2005], compliance

within this frequency range is sensitive to elastic properties at depths from 0 to 10 km below the seafloor.
Figure 2 shows the sensitivity of compliance to shear and compressional velocities with depth (dC/dVs and
dC/dVp, respectively). The dependence of compliance on shear velocity versus depth varies with frequency. In
general, compliances at 10-18 mHz are sensitive to velocities in the upper and middle crust (0-3 km deep), and
compliances <10 mHz are more sensitive to the lower crust and uppermost mantle (3-10 km deep). The
dependence of compliance on compressional velocity variation is concentrated in the upper crust (Figure 2b);
thus, variations in upper crust velocities have similar effects on compliance at all frequencies. Therefore,
compliance is a good tool to study the shear velocity structure of the oceanic crust and uppermost mantle.

During analysis of the 2007 data, we discovered that the transfer function used for the differential pressure
gauges in the earlier compliance measurements (1994-2000) was incorrect. The origin of the problem
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Figure 2. Sensitivity of seafloor compliance with respect to (a) Vs and (b) Vp at various frequencies. (c) The 1-D shear velo-
city model for calculating the sensitivity. This model is an off-axis profile from the starting 2-D model and is representative
of cold oceanic crust at East Pacific Rise. Sensitivity functions are calculated using a 1-D propagator matrix method
[Crawford et al.,, 1991] and normalized for each frequency. Horizontal black lines in each plot mark the Moho depth.

appears to have been an error in the in situ calibrator used for the pressure measurements in the earlier
measurements. Unfortunately, the compliance meters used during these earlier measurements were
dismantled, so we are unable to confirm the source of the problem. However, we were able to use records of
Rayleigh waves recorded at the seabed during these measurements to determine the transfer function
between the pressure sensor and seismometer and so correct the older compliance data. The maximum
errors for the corrected data are less than 10%. The correction in the calibration reduces the amplitude, but
not the shape of the anomalies previously discussed by Crawford and Webb [2002] and Crawford et al. [1999],
implying the same subsurface features but with slightly different amplitude. We will show that 3-D effects
have a stronger effect on the inferred shear velocities than the corrected calibration. The earliest compliance
data described by Crawford et al. [1991] and Crawford et al. [1998] used a laboratory calibration of the
pressure gauges, and those data appear to be correct.

The compliance data shown in this paper are also corrected for the effect of the gravitational attraction of the
changing mass in the waves overhead of the sensor using equation (6) of Crawford et al. [1998] (but removing
an errant factor of 2z in the exponential in the equation).

aw = 2nGpye Mhy )

where ayy is the gravitational attraction of water, G = 6.6732 x 10~ "' Nm? kg™ % is the gravitational constant,
pw=1040 kg/m? is the density of seawater, H is the water depth, and hy is the sea surface displacement.
The apparent acceleration observed by the seismometer is the sum of the deformation under wave loading
and the gravitational attraction of the waves, which is of opposite sign. After removing the gravitational
attraction from the data, the actual compliance is slightly higher than apparent compliance below 5 mHz.
The change in the Earth’s gravitational attraction due to the displacement of the seafloor to and from the
center of the Earth under wave loading also produces an apparent change in seafloor compliance, but this
second gravitational term is negligible above 1 mHz.

3. Method

3.1. Numerical Modeling

Previous studies [Crawford and Webb, 2002; Crawford et al., 1991, 1999] have calculated theoretical
compliance functions using 1-D propagator matrix and 2-D finite difference methods. In block inversions for
shear velocity structures the compliance from a 2-D model was calculated by spatial filtering the 1-D
modeling results [Crawford et al., 1998]. This approximation significantly underestimates the effects of lateral
variation and thus biases the calculated compliance toward that of a 1-D layered structure [lassonov and
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Crawford, 2008]. This leads to inferring a smaller and weaker low velocity anomaly beneath the ridge axis.
These models also do not account for the orientation of the forcing waves with respect to the ridge.
Because crustal low-velocity zones are more continuous along the ridge axis direction, along-axis
propagating ocean waves will sense a different dimension of these velocity anomalies.

In this paper we use a newly developed 3-D elastic seafloor compliance modeling technique based on
finite element code Pylith [Aagaard et al., 2008; Williams, 2006; Williams et al., 2005] to more accurately
calculate the compliance signal expected for a given subsurface velocity model. The velocity structure
beneath the EPR 9°-10°N is relatively continuous along axis over scales of tens of kilometers, both in the
uppermost mantle and beneath the AML [Dunn et al., 2000]. Therefore, in order to reduce the number of
model parameters required, we use 2-D velocity models that are invariant and continuous along the ridge
axis throughout this paper and vary the 2-D model for each cross-axis lines. We simulate ocean infragravity
waves by applying sinusoidal pressure fluctuations of varying wavelengths on the top boundary of the
model (the seafloor). The direction of wave propagation can be specified arbitrarily, from ridge parallel to
ridge perpendicular. We show in section 4 that ocean waves propagating in a ridge-parallel direction are
more sensitive to crustal low-velocity zones than waves in a ridge-perpendicular direction, leading to
higher compliances. Throughout this paper, we use the conservative assumption that ocean waves
propagate parallel to the ridge, if not explicitly stated otherwise. This assumption will bias the model
toward slightly higher velocities (or smaller anomalies).

3.2. Model Formation

Compliance depends most strongly on shear velocities but also depends on compressional velocities and
density [Crawford et al,, 1991]. We construct a starting model based on a reference 2-D compressional velocity
model from seismic refraction studies at the EPR 9°30'N by Dunn et al. [2000]. This model contains a midcrustal
LVZ beneath the ridge axis. The velocity in the LVZ is lowest at approximately 1.5 km below seafloor and
increases with depth. The LVZ is slightly asymmetric, with the lowest velocity located 0.5-1 km west of the ridge.
The width of the LVZ is about 8 km. We use the symmetric component of this 2-D profile for the starting Vp
model. We also adjust the crustal thickness from 7 km to 6 km to match recent seismic constraints [Canales et al.,
2003]. A 1 km wide, 30 m thick axial magma lens (AML) is included in the starting model.

To convert the starting model of compressional velocity to shear velocity, we use four different Vs-Vp
relationships depending on the expected petrology and morphology at a location. Near the spreading ridge
many factors contribute to the Vs-Vp relationship, including high temperature, the existence of partial melt,
and porosity and fracturing in the shallow crust. Thus, it is unrealistic to use a uniform relationship for the
entire model. We instead divide the model into subregions and apply different Vs-Vp relationship to each
subregion: (1) For the off-axis crust and mantle, as well as on-axis upper crust, we use a constant Vs/Vp ratio of
0.54, following Vera et al. [1990]. (2) The uppermost 100-200 m of the seismic layer 2A has been shown to
have very low Vs/Vp ratio (< = 0.43), due to extensive fractures and high porosity [Vera et al., 1990]. We use
Vs/Vp =0.43 for the top 100 m of our models. (3) We define the axial accretion zone as 1.2 to 9 km below the
seafloor and within 4 km of the ridge axis. In this region the Vs-Vp relationship is largely controlled by
temperature and the presence and geometry of partial melt. Rock mechanics experiments show that
incremental changes in Vs and Vp can be related as d In Vs/d In Vp = a [Takei, 2002], where o range from 1.0 to 2.3
depending on the melt geometry. In the starting model we use a = 1.5, which corresponds to the upper bound
of textually equilibrated partially molten rocks [Takei, 2002]. This model gives a lowest Vs of ~2.0 km/s near the
AML. In section 4 we use the compliance data from 9°33'N to determine the best fitting values of a. Then we use
this same value of a throughout the axial accretion zone to fit the complete compliance data set. This
relationship requires a starting “melt-free” value of Vp and Vs. We use Vp=7.2km/s, Vs =3.9 km/s for the crust,
and Vp=28.2km/s, Vs =4.4km/s for the mantle. The starting shear velocity model is shown in Figure 3.

The Vs-Vp relationship of partially molten rock also depends on the frequency of the wave, due to anelastic
effects [Kampfmann and Berckhemer, 1985; McCarthy and Takei, 2011]. We expect Vs at compliance
frequencies (0.005-0.02 Hz) to be lower than Vs at seismic frequencies (~5 Hz). However, the amplitude of this
difference is highly uncertain, and simultaneously interpreting compliance due to elastic and anelastic effects
in a viscoelastic media is beyond the scope of this paper. We therefore incorporate the effects of anelastic
dispersion into the a parameter of the shear velocity model and do not independently consider the
frequency dependence of Vs-Vp relationship within the compliance frequency band.
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Figure 3. Starting velocity model for compliance modeling. (a) Two- ; X
velocity on density.

dimensional starting Vs profile calculated from Vp reference model by
Dunn et al. [2000] using a block-wise Vs-Vp relationship (see text for
details). White horizontal line indicates depth of Moho; black dashed box
indicates axial accretion zone (8 km wide and from 1.2 to 9 km depth), We first use the compliance data at 9°33'N
where Vs-Vp relationship for partially molten rock is used to calculate Vs and a Vp model modified from Dunn et dl.
EdenVs/dIan— 1.5) [Takei, 2092]. Small red dashed bo>f mdlcgtes p055|b!e [2000] to calibrate the Vs-Vp relationship
eep lower crustal low-velocity zone (DLZ). (b) One-dimensional on-axis
and off-axis shear velocity profiles in the starting model. in the axial accretion zone. Then we
search over a set of model parameters

to determine preferred models for each
of the ridge-perpendicular lines (9°48'N, 9°33'N, 9°18'N, and 9°08'N). We modify the thickness and shear
velocities in layer 2A as well as the width and shear velocity in the midcrustal LVZ. The width of the LVZ is
modified by widening or narrowing the LVZ to best fit the data while keeping its relative shape. In addition
to varying the velocity and geometry of the LVZ and AML, we introduce a deep crustal low-velocity zone
(DLZ) (Figure 3) where varying the other parameters cannot satisfactorily fit the compliance data. We vary its
depth, size, and velocity to best fit the compliance data. The shear velocity is assumed to be constant within
the DLZ. We evaluate a large suite of models by calculating the chi-square misfit y* between the model
prediction and the data:

3.3. Model Fitting

23 1y = sytm) o))

N

where i runs over the measurement frequencies, j over the sites, D; is the measured compliance and S;(m) is
the calculated compliance for model m, gj; is the standard deviation of the measurement, and N is the total
number of data. The preferred velocity model for each ridge-perpendicular line is the one that minimizes x>

3)

7=

4, Results

In previous 1-D modeling studies, the higher-frequency compliance peak observed near 14 mHz at sites on
the ridge axis was considered to be the effect of a molten axial magma lens (AML) with near-zero shear
velocity [Crawford et al., 1991]. However, the 1-D approximation significantly underestimates the effect of
lateral variations in structure. At 9°-10°N on the EPR the AML imaged by seismic reflection typically ranges
from 500 to 1000 m wide, with exceptions near the 9°03’ overlapping spreading centers (OSC) [Kent et al.,
1993b]. In order to quantify the effects of a realistic melt lens, we calculated compliance variation due to
AMLs of different widths, thicknesses, and shear velocities. Compliance are calculated from the starting Vs
model constructed using a = 2.0, with an AML at 1.5 km depth. Figure 4 shows that compliance is quite
insensitive to shear velocities in a 100 m tall, 1 km wide melt lens. Furthermore, only when the width of the
lens exceeds 2 km does its low shear velocity appreciably affect the compliance signals. Therefore, the narrow
AML (< =1 km) observed at 9°50'N on the EPR is likely too narrow to be resolved by compliance observations.
This is consistent with the previous 2-D modeling study of lassonov and Crawford [2008]. Based on this
sensitivity study, we conclude that the along-ridge variation of compliance observed at the EPR is mostly due
to variations in the shear velocities within the LVZ beneath the AML, rather than with the velocity and
thickness of the AML.
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models due to a varying wave field.
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0.01 01 o5 ] s To quantify the effects of ocean wave direction, we

calculated compliance induced by ocean waves with
orientations ranging from ridge parallel to ridge
Figure 4. Effects of AML on compliances. (a) On-axis com-  perpendicular (Figure 5). At lower frequencies

pliance from the shear velocity models with a 30 m thick, (f < 10 mHz), where compliance observations are more
1 km wide AML of different shear velocities. AML is located sensitive to lower crust and mantle velocities,

1500 m below seafloor at ridge axis (a=2.0 for converting

Shear velocity in melt lens (km/s)

Vp to Vs, following previous discussions). On-axis compli-
ance data from 9°48 are shown as comparison. (b)
Sensitivity of on-axis compliance at 14 mHz to shear velocity
within the AML, calculated for different AML geometries.
Two dashed horizontal lines mark the range of measured
compliance value at 9°48'N (+ standard deviation).

compliance is highest when the ocean waves propagate
parallel to the ridge and decreases with increasing angle
between the wave direction and the ridge axis (Figure 5).
This is because the LVZ in our model is invariant and

continuous along the ridge axis dimension. Ocean waves

in this direction sense a “wider” LVZ, producing higher
compliance. Compliance over a melt body (Vs=0.01 km/s) is also more sensitive to ocean wave direction than is
compliance of a mush zone (Vs=1km/s). The difference between compliance signals induced by ridge-
parallel and ridge-perpendicular ocean waves at 5 mHz is approximately 10% for a mush zone and 15%
for a melt body. At higher frequencies (f> 15 mHz), compliance is about 5% lower for ridge-parallel
waves than for ridge-perpendicular waves (Figure 5). This is because the low-velocity pillow basalt layer
(layer 2A) is thinnest at the ridge axis; thus, ridge-parallel waves are sensing a thinner 2A layer than do
ridge-perpendicular waves. We did not measure the directional spectrum of the infragravity waves
during the compliance observations due to lack of simultaneous measurements, so we will use the
conservative assumption that the waves propagate along axis, which may bias the middle and lower
crust in the resulting models toward slightly higher shear velocities.

4.2, Calibrating the Vs-Vp Relationship

We first determine the best fitting Vs-Vp relationship for the axial accretion zone using compliance measured
at 9°33'N. A series of Vs models are generated using the starting Vp model and different a (a =d In Vs/d In Vp);
then the optimal value of a is chosen to minimize the )(2 misfit between the predicted compliance and the
data, as a function of both frequency and distance from the ridge axis. Figure 6 compares on-axis compliance
data at 9°33'N with synthetic compliance calculated from five different Vs models corresponding to

a=1, 1.5, 1.8, 2.0 and 2.2 (Figure 6b). Since « is the ratio of the fractional change between Vp and Vs,
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Figure 5. On-axis compliance (solid curves) calculated from 3-D models with melt lens (red) or mush zone (blue) as a func-
tion of angle between ocean wave direction and the ridge axis. 0° corresponds to ridge-parallel wave, and 90° corresponds
to ridge-perpendicular wave. Properties of low-velocity bodies: melt lens: 3 km wide, 700 m tall, Vs =0.01 km/s and mush
zone (blue): 3 km wide, 2 km tall, Vs=1km/s. Melt and mush zones are both continuous along axis. Top of both bodies
are located 4 km below seafloor. (a) 0.005 Hz, (b) 0.008 Hz, (c) 0.01 Hz, and (d) 0.015 Hz. Thin dashed flat lines are direction-
averaged compliance for each frequency. Model dimension: 100 km (wide) x 100 km (tall) x 30 km (along axis).

changing o will have a larger effect on Vs where the Vp anomaly is larger, i.e,, within the LVZ. Changing Vs in the
LVZ (1.5-4 km below seafloor) mostly affects compliances at frequencies above 10 mHz (Figure 2). Therefore,
we calculate the misfit of each model both (1) over all frequencies and (2) over the higher-frequency band
(11-18 mHz) (Table 1), and we choose the o that minimizes both. Assuming a constant Vs/Vp ratio («=1) or the
commonly assumed a = 1.5 significantly underestimates on-axis compliances, especially between 11 and 18 mHz
(2, ais = 74.6and 23.9, respectively). The compliance in this frequency range requires a lower shear velocity
within the LVZ (1.5-4 km below seafloor) and therefore a higher value of a. A model with a=2.0 has the
lowest total misfit over all frequencies (y° = 3.2). In the high-frequency band (11-18 mHz), models with a = 1.8
and o= 2.0 both have low total misfit (y*=2.2 for .= 1.8 and y*=2.6 for a = 2.0), but the on-axis misfit for the
a=1.8 model (;*=6.6) is significantly higher than that of the & = 2.0 model (;? = 3.2). Therefore, we use a=2.0
to relate Vp and Vs throughout this paper. This model indicates a lowest LVZ shear velocity of approximately
1.5 km/s beneath the AML. Four different Vs-Vp relationships used in the modeling are illustrated in Figure 6c¢.
For the same reduction in Vp, Vs reduction will be larger for partially molten crust and mantle (red and green
curves, respectively) than for normal, melt-free crust and mantle (blue straight line). We note here again that
this relationship was obtained using frequencies 2-3 orders of magnitude lower than active source seismic
frequencies. Due to anelastic dispersion effects, the shear velocities at active source seismic frequencies near
5 Hz should be slightly higher than those indicated by compliance measurements.

We note that although the starting Vp model and a proper Vs-Vp relationship fit high-frequency compliance
data reasonably well (;? < 3), these models all underestimate compliance below 10 mHz, which are mostly
controlled by lower crustal velocities.

4.3. Deep Low Velocity Zone at 9°48'N

Compliance measurements near EPR 9°48'N show a broadband peak near 14 mHz and a lower frequency
peak at 8 mHz (Figure 7). The higher-frequency peak near 14 mHz can be fit by adjusting the Vs-Vp
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Figure 6. Using compliance to calibrate Vs-Vp relationships. (a) On-axis
compliance data at 9°33'N (red solid circles) and compliance prediction
(solid and dashed curves) of five models with different a (e =dInVs/dinVp,
see text for details). Vertical thin lines indicate frequency range
(0.011-0.018 Hz) used to evaluate model misfit and to select proper value of
a. Solid blue curve corresponds to a =2, the preferred value. (b) On-axis 1-D
Vs profiles of using same Vp profile but different a. Horizontal line marks the
Moho. (c) Vs-Vp relationship used to calculate shear velocities from com-
pressional velocity models. Blue: constant Vs/Vp ratio applied to off-axis
crust and mantle, following Vera et al. [1990]; purple: top 200 m of layer 2A,
red: Vs-Vp relationship for partially molten rocks applied to axial middle and
lower crust (<4 km from the ridge, between 1.2 km deep and the Moho),
according to Takei [2002]. Green: same Vs-Vp relationship as red but for
mantle partial melt zone, (<4 km from the ridge, 6-9 km deep).

relationship so that the shear velocity is
lower in the shallow LVZ. The lower
frequency compliance peak near 8 mHz,
on the other hand, is less sensitive to
the shallow LVZ. Matching the low-
frequency compliances requires lower
shear velocities in the deep lower crust
and uppermost mantle (4-9 km below
seafloor). We tested a large suite of
velocity models to find the shear velocity
structure that best reproduces the
compliance signatures observed in the
data. In order to prevent unnecessary
extra structure, when searching for a
“best fitting” model, we started with a
model without a DLZ, then we reduced
the remaining compliance misfit by
adding DLZs of various geometries and
constant velocities. Because the shear
velocity anomaly in the lower crust
requires near-solidus temperatures, we
assume that the DLZ boundary roughly
follows an isotherm. Throughout this
paper, we use a DLZ geometry that is
widest at the base and narrows toward
the top. We note that the blocky shape
of the DLZ in our models should not be
interpreted as a precise description of
the anomaly.

The best fitting model for 9°48'N has a
midcrustal LVZ from 1.5 to 4 km below
seafloor, with a minimum velocity of
1.5 km/s just beneath the AML. The
width of the LVZ is approximately

5-7 km, consistent with the LVZ width
imaged by seismic tomography at 9°50'N
[Canales et al., 2012] and 9°33'N [Dunn
et al., 2000]. In addition to the shallow
LVZ, the compliance data also indicate a

DLZ from 4 km to 7 km below the seafloor, extending into the top of mantle (Figure 8). Figure 7 compares the
on-axis compliance measurements and predicted compliances using several models, including the starting
model. The model misfits are summarized in Table 2. Compliance calculated using the starting model (model 1,

Table 1. Misfit Xz of Velocity Models With Different Value of o for 9°33'N Data®

X 2total X 2on axis X 2total X 2total
a (5-18 mHz) (11-18 mHz) (11-18 mHz) (5-10 mHz)
1.0 18.8 74.6 12.7 253
1.5 79 239 4.2 12.3
1.8 3.6 6.6 22 4.5
20 32 3.2 2.6 39
22 39 7.7 4.7 26

3See text for details, o = dInVs/dInVp [Takei, 2002] is used to calculate Vs from reference Vp model. All models use same

Vp and density model. A a=1.5 starting model is shown in Figure 3.
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Figure 7. Compliance measurements at 9°48'N and calculated forward compliance from different models. (a) Compliance
as a function of frequency at ridge axis. (b) Compliance as a function of distance from the ridge crest at 8 mHz, which is
sensitive to lower crustal shear velocities (Figure 2). Red circle: measurements prior to 2007 with error bars; dashed blue
curve: model 1, starting model derived from P wave velocity model by Dunn et al. [2000]; dash-dotted black curve: model 2,
after calibration Vs-Vp relationship using a =2.0; solid green curve: preferred model (model 3), similar to model 2 but with a
deep low-velocity zone (DLZ) in the lower crust, 4-7 km below the seafloor with an shear velocity of 1.5 km/s. Shear wave
velocity profiles with depth for each model are shown in Figure 8a. See Table 1 for detailed summary of each model.

a=1.5) is too low to fit the data at nearly all frequencies, both on and off axis (on-axis y* = 19.4, overall

;(2 =7.3). After adjusting the shear velocities using a calibrated Vs-Vp relationship (« = 2.0), model 2 (without a
DLZ) has much lower misfit in the high-frequency range (y*>=2.6, f> 10 mHz) but predicted that compliances
at lower frequencies are still too low to explain the data (on-axis x> = 5.3, low-frequency overall y*=4.0).
Figure S1 in the supporting information shows a comparison of calculated compliance between DLZs of
different shear velocities. The best fitting model (model 3) adds a 3 km tall DLZ that is 4 km wide near its base
and which has a Vs of 1.5 km/s (Vp=4.5 km/s).

Previous compliance studies have suggested that a Moho-level pure melt lens, one that is deeper and
perhaps larger than the AML, may exist at EPR 9°48'N and can explain the anomalous compliance peak
[Crawford et al., 1999]. However, we show that due to the limited resolving power of compliance to
subwavelength features, even a 2 km wide, 300 m thick melt lens located just below the Moho at 6 km depth
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Figure 8. (a) One-dimensional shear velocity profile of models calculated in Figure 7. Dashed blue curve: (model 1) reference
Vs model derived from Vp model by Dunn et al. [2000], using a starting value of o = 1.5; dash-dotted black curve (model 2):
Vs model calculated using a =2.0, with lower shear velocity in the midcrust than the reference model; solid green curve
(model 3): our preferred model with a deep low-velocity zone (DLZ), 4-7 km below the seafloor; red curve: off-axis velocity
profile for old, off-axis crust at 50 km from the ridge; crustal thickness is 6 km. (b) Preferred 2-D Vs model (model 3) for EPR
9°48'N suggested by compliance modeling, with DLZ beneath the ridge crest.

ZHA ET AL

©2014. American Geophysical Union. All Rights Reserved. 10



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2014JB011131

Table 2. Compliance Misfit )(2 of Different Velocity Models for 9°48'N Data®

2 2 2
X on axis Xlow X high
Model ootal (0-0.5km) (5-10 mHz) (11-18 mHz)
1 73 19.4 11.6 44
2 3.2 5.3 4.0 26
3 26 1.7 20 29

@Model 1: starting model converted using symmetric reference Vp model, a = 1.5; model 2: model after calibration of
Vpp/Vs relation, a = 2.0; model 3: modified from model 2 by adding a 4 km wide, 3 km tall deep low-velocity zone (DLZ) of
Vs=1.5km/s at 4km depth. x4, is calculated from all measurements 5-18 mHz and within 10 km from ridge axis.

will have negligible effect on the on-axis compliance (Figure S1). No melt bodies of similar or larger scale have
been reported by seismic reflection studies. Therefore, we conclude that the observed compliance anomaly
cannot be solely explained by a single Moho-level melt lens.

Although the geometry of the DLZ is an over simplification, this model provides an estimate of the average
effective shear modulus over a 2-5 km thick region at compliance frequencies (5-20 mHz). The shear velocity
in the DLZ is approximately 30%-60% lower than the velocity inferred from the starting model, which
increases from 3 km/s at 4 km depth to 4 km/s at 7 km depth using the relationship between Vp and Vs
described above. The deep DLZ and the shallow LVZ (Figure 8) do not need to be separated by a high-velocity
region. We inserted a discrete DLZ into the starting model in order to minimize the number of model
parameters, but a model with smooth shear velocity transition from the LVZ to the DLZ may fit the
compliance data as well. The calculation of 2-D smoothed models from the compliance data will be the
subject of future studies.

In the higher-frequency range (>11 mHz), compliance measurements at various frequencies are
asymmetric with respect to the ridge. Compliance measured from 3 to 7 km east of the ridge are lower
than compliance measured at similar distances to the west, suggesting a higher upper crustal velocity
to the east of the ridge. This asymmetry can be accounted for by increasing the shear velocity in
the upper 100m by 0.8 km/s at distances from 3 to 7 km east of the ridge. This is likely a result of
thinner layer 2A.

Our estimates of shear velocity are based on the assumption that the forcing ocean wave propagates along
axis and that the DLZ is continuous along the axis. As discussed in section 4.1, this assumption gives a
conservative estimate of the shear velocity anomaly in the LVZ and DLZ, if they are relatively continuous
along axis. The LVZ beneath this well-studied section of EPR has been shown to be relatively continuous both
in the uppermost mantle and beneath the AML over tens of kilometers [Dunn et al., 2000], suggesting that a
continuous LVZ is a reasonable simplification.

4.4. Temporal Changes of Compliance Measurements and Inferred Structures Near 9°48’'N From
1994 to 2007

During 2005-2006, the EPR near 9°48'N erupted a thick layer of lava onto the seafloor along 18 km of the rise
axis [Soule et al., 2007]. On-axis compliance measurements at 9°48'N in 2007 experiment showed a decrease
in compliance at nearly all measured frequencies compared to the previous measurements (1994 and 1999),
with the largest decrease between 7 and 14 mHz (Figure 9a). Compared to the large decrease of compliance
from 1999 to 2007, differences between the 1994 and 1999 on-axis measurements are nearly negligible,
except for a small decrease near 8 mHz. This result indicates an increase in crustal shear velocities between
1999 and 2007. An increase of shear velocity could occur in the AML, LVZ, or the DLZ. But our sensitivity study
earlier this section showed that changes of shear velocity in the AML are not likely to significantly affect the
compliance signal (Figure 4). Even if Vs in a 100 m tall, 1 km wide AML increases from 0.01 km/s to 1.5 km/s,
the change of compliance is only 2% at 14 mHz, much less than the observed 20% decrease in the data. We
modeled the observed decrease of on-axis compliance as simply as possible by changing the shear velocities
in the LVZ and DLZ. We searched for the models that best fit the posteruption compliance data using the
same procedure as described in section 2 while keeping the same upper crustal velocity model. The best
fitting posteruption model includes higher velocities in both the LVZ and DLZ (Figure 9). In the LVZ, shear
velocities increase by up to 0.6 km/s (the minimum shear velocity increases from 1.5 km/s to 2.1 km/s). The
presence of a DLZ is still preferred, giving a slightly lower overall misfit (y*=2.50) than a model without the
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Figure 9. Comparison of preeruption and posteruption compliance measurements at EPR 9°48'N. (a) On-axis compliance
measurements and uncertainties with model predictions (solid and dash lines). Green solid: preferred model for 1999
data; green dashed: same model as green solid but assuming ridge-perpendicular ocean wave; red solid: preferred model
for 2007 data assuming ridge-parallel ocean wave; red dashed: preferred model for 2007 data assuming ridge perpendicular
ocean wave. (b) Comparison of on-axis velocity profiles corresponding to 1999 and 2007 data. Geometry of DLZ is same as
illustrated in Figure 8.

DLZ (32 = 2.96), but compliance in 2007 is much more sensitive to the LVZ than to the DLZ (Figure $2), so we
cannot determine if there is a change in DLZ velocities after the 2005-2006 eruption.

In section 4.1 we showed that the direction of the forcing infragravity waves can also affect compliance. A
small part of the observed changes in on-axis compliance from 1999 to 2007 could be caused by changes in
the wave direction, but even the most extreme change in wave direction (from purely ridge parallel in 1999
to purely ridge perpendicular in 2007) would only decrease compliance by 3-5%, much less than the
observed ~20% change in compliance (Figure 9a). Furthermore, we have obtained alternate best fit models
for 2007 data assuming either ridge-parallel or ridge-perpendicular wave directions (Figure 9b). The
difference between these two models is also much smaller than their differences with the preeruption model.
Therefore, we conclude that the observed decrease in on-axis compliances can be mainly attributed to the
increase of shear velocities within the axial LVZ.

4.5. Along-Axis Variation of Lower Crustal Velocity Structure

To study the along-axis variation of the melt distribution, we analyzed compliance data from three other
ridge-perpendicular lines, crossing the rise axis at 9°33'N, 9°18'N, and 9°08'N. The latter line is at the northern
end of an overlapping spreading center (OSC) near 9°03'N. We search for the best fitting models for these
lines, following the procedure discussed previously. Because the upper crust structure is different for each
line, we first determine appropriate layer 2A velocities and thicknesses by fitting only the higher-frequency
compliance data then add lower-frequency data to determine best fitting velocities for the LVZ and DLZ. The
DLZ is not added unless it is required to fit the data. Figure 10 shows on-axis compliance measurements
compared to forward calculations (top row), the cross-axis compliance at 10 mHz (middle row), and the
preferred models (bottom row). To facilitate comparison, the compliance data at 9°48'N are shown as grey
circles in the top two row.

4.5.1. Compliance at 9°33'N

Compliances at 9°33'N are quite similar to those at 9°48'N both in terms of frequency dependence and cross-
axis shape (Figure 10a). Compliance at 10 mHz is higher 0.5 km west of the rise axis than at the rise axis
[Crawford and Webb, 2002]. The preferred velocity structure at 9°33'N is also similar to that at 9°48'N, with a
5 km wide LVZ and a DLZ. The lowest shear velocity in the LVZ is approximately 1.5 km/s, but the center of
the LVZ is offset 0.6 km to the west of the ridge crest. This misalignment agrees with previous seismic
tomographic model with the lowest Vp located 0.5-1 km west of the ridge [Dunn et al., 2000]. In the lower
crust, a DLZ is also preferred by the on-axis compliance data. The best fitting model has a 4 km wide, 3 km tall
DLZ, with Vs =2.0 km/s (Vp = 5.2 km/s). This model yields an on-axis compliance misfit of y*=2.80, whereas a
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Figure 10. Compliance measurements and preferred models at different locations along the EPR 9°~10°N (see text for details).
Top row: On-axis compliance (solid circles with error bars) and model predictions (solid curves); Measurement sites
corresponding to red and blue solid circles are shown in red and blue triangles in the bottom row, respectively. At 9°08'N
both the east and west axis measurements are shown. Compliances at 9°48'N are shown in grey circles for comparison.
Middle row: compliances at 10 mHz as a function of distance from ridge axis (red solid circles: data; grey solid circles:
reference compliances at 9°48'N; thin black curves: model predictions). Bottom row: preferred 2-D shear velocity models
for each location. Locations of on-axis compliance site shown in the bottom row are marked as solid triangles. (a) 9°33'N;
(b) 9°18'N; and (c) 9°08'N.

model without a DLZ has y*=7.84. The DLZ shear velocity at 9°33'N is higher than at 9°48'N (2.0 km/s
compared to 1.5 km/s). We will discuss the implication of this along-axis variation of DLZ in section 5.
4.5.2. Compliance at 9°18'N

Compliance at 9°18'N is characterized by a strong asymmetry across the rise axis, especially at high
frequencies (>0.01 Hz). The on-axis compliances at 9°18'N are lower than those at 9°48'N and 9°33'N at all
frequencies, and compliance is higher 3.4 km west of the rise axis than on axis (Figure 10b). The differences
between these two sites (on axis and 3.4 km west) are greatest at the higher frequencies, suggesting

that most of the anomalous high compliance west of the axis is caused by a slower upper crust. Previous
multichannel seismic reflection studies revealed a large AML up to 4.15 km wide near 9°17'N [Kent et al.,
1993a] and a thicker than normal extrusive layer 2A to the west of the wide AML [Harding et al., 1993]. We
suggest that the higher-compliance anomaly to the west of the ridge crest is a result of both the westward
shift of the AML/LVZ with respect to the ridge and a thicker 2A layer. In modeling the 9°18'N data, we use
an AML 4 km wide and centered 1 km west of the axis. Due to the complex asymmetry in the data, we did
not try to fit compliance functions at all the sites. We instead fit only the two measurements closest to the
ridge crest in order to obtain a first-order estimate of the amplitude of the crustal shear velocity anomaly.

In our preferred model for 9°18'N (Figure 10b), the upper 100 m of layer 2A west of the axis is slower than
normal, with a shear velocity of 1.0 km/s compared to 1.4 km/s on the eastern side. In the midcrust, the center
of the LVZ is located 2 km to the west of the axis. Despite a very wide AML imaged, the velocity anomaly in the
LVZ is smaller than that of 9°48'N and 9°33'N, with a relative amplitude of 0.8 and minimum Vs of 1.8 km/s.
Unlike 9°33'N and 9°48'N, a DLZ in the lower crust is not required by the data. This does not exclude the
possibility of a smaller DLZ or one with higher velocities. Because of the decaying resolution of compliance
with depth, a small DLZ near the base of the crust with lateral dimensions less than 1 km can neither be ruled
out nor required in the models.
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4.5.3. Compliance at 9°08'N

The 9°08’'N measurement line crosses the ridge axis at the eastern limb of the 9°03'N overlapping spreading
center (OSC). The eastern limb propagates southward and is currently replacing the western limb as the main
axis of spreading [Macdonald et al., 1988]. In this area the upper crust melt lens beneath the eastern limb was
also imaged to be 3-4 km wide [Kent et al., 2000]. Compliance measurements exhibit a broad, asymmetric
peak at 8-14 mHz: compliance at 10 mHz is highest at the eastern limb axis, rapidly decreasing to the east
(Figure 10c) but slowly decreasing to the west, toward the northern tip of the western axis. West of the
western axis, compliance again drops off rapidly [Crawford and Webb, 2002].

High compliances between the east and west limb axis suggest that both the eastern and western limb
influence this LVZ even though the line is north of the overlap basin. Similar to 9°18'N, compliance data near
9°08'N are highly asymmetric and cannot be fit by a symmetric model. We vary the width, amplitude of
velocity anomaly of the LVZ, and its lateral position relative to the ridge axis in order to find a model that
minimizes compliance misfits for the eastern and western axis only.

The best fit LVZ at 9°08'N is about 13 km wide, more than twice as wide as LVZs at all other locations. The
lowest velocity in the LVZ is approximately 1.65 km/s and lies between the eastern limb and western limb of
the OSC, closer to the eastern limb axis (offset ~1.5 km) (Figure 10c). This is consistent with seismic
tomography studies that place the strongest velocity anomaly west of the eastern limb axis [Bazin et al., 2003;
Tong et al., 2003]. Although an anomalously wide LVZ and AML are suggested beneath the 9°08'N line, a DLZ
is not required by compliance data. This model yield an on-axis misfit of 2 = 0.92, but the overall misfit is still
high (x>=5.71). The greater complexity of crustal structure at 9°18'N and 9°08'N suggests that a full 2-D
compliance inversion technique without prior assumptions of discrete blocks is needed to resolve the finer-
scale structure. The development of such inversion scheme will be investigated in future studies.

5. Discussion
5.1. The DLZ: Implication for Crustal Melt Distribution

Our compliance analysis improves constraints on crustal shear velocities within the EPR 9°-~10°N segment.
Compliance modeling suggests that a DLZ is present in the axial lower crust at 9°48'N and 9°33'N section of
the EPR. The best fitting DLZ velocity is Vs = 1.5 km/s (Vp = 4.5 km/s) at 9°48'N and Vs =2.0 km/s (Vp =5.2 km/s)
at 9°33'N. The DLZs are located at 4-7 km below the seafloor, beneath the bulk of the seismically imaged low-
velocity zone [Dunn et al., 2000; Vera et al., 1990]. Our modeling suggests that the lateral extent of the DLZ is
limited to within 4 km from the ridge axis.

The large velocity anomaly of the DLZ indicates the presence of elevated temperature and partial melt in the
axial lower crust. Assuming a reference compressional velocity of 7.2 km/s for off-axis lower crust at 4-6 depth
[Dunn et al., 2000; Vera et al., 1990], Vp of 4.5 km/s in the DLZ at 9°48'N corresponds to a 37% velocity
reduction. In calculating the temperature effects on Vp, we use dIn Vp/dT =— 14 x 10~ °K~ ', derived by
Dunn et al. [2000] based on Christensen [1979] and Karato [1993] which takes into account anelastic effects.
Assuming a reference off-axis temperature of 300°C at 4 km depth [Henstock et al., 1993] and a maximum
temperature of 1195°C for the liquidus [Sinton and Detrick, 1992], only 34% of the total Vp anomaly

(—0.89 km/s out of —2.7 km/s) in the 9°48'N DLZ (and 44% of the 9°33'N anomaly) can be explained by
elevated temperatures alone.

The remaining velocity anomaly in the DLZ requires the presence of partial melt. Melt can exist in isolated
pockets or in connected films and cracks. The geometry of the melt greatly affects the velocity reduction [Faul
et al.,, 1994]. Melt in isolated spheres and ellipsoids produces much smaller velocity reduction than does melt
in organized films at relaxed state [Hammond and Humphreys, 2000; Schmeling, 1985]. Different melt
geometries also produce different relative fractional decreases of Vs and Vp (d In Vs/d In Vp). Melt in cracks
and films generally yield a higher dIn Vs/d In Vp value than melt in textually equilibrated partially molten
rocks [Takei, 2002]. Therefore, by combining Vs constraints from compliance with Vp constraints from prior
seismic tomography studies, we can better constrain the amount and geometry of melt than can either
method alone. In the axial lower crust (4-6 km) at 9°33'N, the Vs anomaly determined by compliance
(48%-50%) and the Vp anomaly from seismic tomography (11%-25%) [Dunn et al., 2000] yield
dInVs/dInVp=1.9 — 4.5, which exceeds the predicted limit of d In Vs/d In Vp = 1.5 for textually equilibrated
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partially molten rocks [Takei, 2002]. This indicates that melt in the DLZ may be predominantly stored in low
aspect ratio films or cracks instead of isolated ellipsoidal pockets.

We use the results of Hammond and Humphreys [2000] to calculate the melt fraction in the DLZ from Vs
anomalies. In the lower crust at 4 km depth, melt fraction in the DLZ at 9°48'N ranges from 11%-22% for
isolated ellipsoids to 6-9% for film geometry. At 9°33'N, the inferred melt fractions are slightly lower: 7-14%
for ellipsoids and 4-6% for films. This range of melt fractions (4%-14%) is roughly consistent with the
estimates (5%-22%) from seismic tomography study at EPR 9°30'N [Dunn et al., 2000]. Near the base of the
crust at 6 km depth, compliance modeling also suggests a large melt fraction: 7%-24% at 9°48'N and
5%-17% at 9°33'N. At this depth melt fraction estimated by compliance is larger than the estimate (2%-11%)
by seismic tomography [Dunn et al., 2000].

Melts in the DLZ are likely stored in low aspect ratio bodies such as films, cracks, or sills. The elastic effects of
connected sills and films should be equivalent if their dimensions are both smaller than the forcing wavelength
[Hudson, 1981]. The depth of the DLZ approximately corresponds to the lower gabbroic section and the Moho
transition zone at the Oman ophiolite [Kelemen et al., 1997]. Geochemical analysis of this section indicates that
lower layered gabbros may be the remaining solid from which melt was extracted to form the upper crustal
dikes and lavas [Kelemen et al,, 1997; Korenaga and Kelemen, 19971. It has been suggested that the lower crust
at fast spreading ridges consists of multiple meter-scale magma sills, in which some portion of melt crystallizes
in situ [Kelemen et al., 1997; Korenaga and Kelemen, 1997]. Several seismic reflection studies have imaged
off-axis melt lenses near the Moho [Canales et al., 2009; Nedimovic et al., 2005] and in the midcrust [Canales et al.,
2012]. Although we did not directly model the compliance of meter-scale molten sills, a previous 2-D
modeling study by lassonov and Crawford [2008] has shown that multiple low aspect ratio molten sills (Vs ~ 0)
imbedded in a high-velocity lower crust can produce the same compliance anomaly as a region with constant
low velocity. A series of thin, horizontal melt sills could also increase Vp/Vs ratio to up to 3.5 and produce strong
transverse anisotropy [Wang et al., 2012], which can lead to significant Vs reduction but only moderate Vp
reduction due to the different sensitivity of body wave refraction tomography and compliance [Hulme et al.,
2003]. Therefore, the DLZ suggested by compliance modeling, along with the Vp imaged from seismic
tomography, is consistent with the existence of aligned melt sills in the lower crust beneath 9°48'N and 9°33'N.

In addition to low aspect ratio melt geometry, anelastic effects may also contribute to the large ratio of Vs and
Vp anomalies suggested by compliance and seismic tomography near 9°33'N, because the compliance
observations are made at much lower frequency than active seismic wave tomography. The axial lower crust
at EPR 9°-10°N has been shown to have strong attenuation [Wilcock et al., 1992]. The apparent velocity of
attenuating partially molten rocks may be more strongly frequency dependent than that of melt-free rocks
[Aki and Richards, 2002; McCarthy et al., 2011]. Therefore, the shear velocities at compliance frequencies
(~0.01 Hz) may be lower than at the frequency of active seismic tomography (~5 Hz). We did not include this
anelastic dispersion effect in building our shear velocity model, as an anelastic correction would require
knowing the amplitude and frequency dependence of Q for rocks with partial melt, an area of much current
uncertainty. The inferred melt fractions should be slightly smaller once this effect is properly accounted for.

5.2. Midcrustal LVZ

Compliance modeling suggests that in the axial midcrust (1.5-4 km deep), the LVZs at 9°48'N and 9°33'N are
5-7 km wide, consistent with active seismic tomography results [Canales et al., 2012; Dunn et al.,, 2000]. The
minimum shear velocity in the LVZ is about 1.5 km/s immediately below the AML. Using a reference off-axis
shear velocity of 3.5 km/s and temperature of 100°C at 1.5 km depth [Henstock et al., 1993], the velocity anomaly
in the LVZ suggests a maximum melt fraction of 5% (film geometry) to 25% (ellipsoid geometry).

We used the Vp model from seismic tomography by Dunn et al. [2000] and the compliance data at 9°33'N to
calibrate the Vs-Vp relationship in the LVZ. The calibration results suggest that d In Vs/d In Vp, the ratio between
fraction changes in Vs and Vp, is close to 2.0 (a range of 1.8-2.2 gives good fit). This has important implications
for the melt storage geometry in the LVZ, since d In Vs/d In Vp =2 suggests that melt pockets likely have low
aspect ratio (<0.01) [Takei, 2002]. The midcrustal LVZ is commonly considered a crystalline mush zone, in which
melt are distributed along grain boundaries [Wilcock et al., 1992]. However, d In Vs/d In Vp = 2 exceeds the range
for textually equilibrated partial melt (1-1.5) [Takei, 2002] and indicate that small cracks and sills may also exist
in the LVZ. The existence of melt lenses within the LVZ has also been suggested by a recent active source seismic
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study that revealed sub-AML reflectors [Marjanovic et al., 2013]. The calibration of the Vs-Vp relationship through
the dIn Vs/dIn Vp ratio proves seafloor compliance to be a useful complimentary tool to seismic tomography
in studying the physical properties of partially molten rocks. A small component of the large d In Vs/d In Vp

value could be attributed to a larger anelastic effect on Vs than for Vp in regions with partial melt because of the
lower frequencies used for compliance observations compared to frequencies used in the P wave tomography.

5.3. Along-Axis Variation of Crustal Melt Distribution and Implications for Melt Delivering Processes

Compliance modeling, combined with seismic reflection and tomography results [Kent et al., 1993a, 1993b;
Toomey et al., 2007], allows a comprehensive assessment of the relationship between melt at different depths
in the crust. A crustal LVZ corresponding to a partial melt zone is present along the ridge axis between 9°48'N
and 9°08'N. The size, asymmetry, and amplitude of its velocity anomaly vary along the ridge, suggesting an
along-axis variation of the melt distribution. The LVZs at 9°48'N and 9°33'N are of same width and melt
fraction, with the lowest shear velocity of 1.5 km/s immediately below the AML. The LVZ at 9°48'N is centered
beneath the ridge axis, while the LVZ at 9°33'N is centered about 0.6 km west of the ridge. Imaged widths of
the AML at these two locations are relatively “normal” (<0.7 km at 9°48'N, 1-1.2 km near 9°33'N) [Kent et al.,
1993a]. The LVZ shifts farther west to the south of the minor discontinuity at 9°18'N. At 9°18'N the LVZ is
centered 2 km west of the ridge axis. The LVZ is highly asymmetric at 9°08'N, near the overlapping spreading
center. The center of the LVZ is located approximately 1.5 km west of the ridge axis, but the low-velocity
region is about twice as wide (13 km) as at 9°48'N, extending to 6-8 km west of the ridge axis. At both 9°18'N
and 9°08'N an anomalously wide AML has been imaged (3.35-4.15 km) [Kent et al., 1993a, 1993b] extending
from 0 to 4 km west of the ridge axis.

Although the LVZ is generally aligned with the AML along the ridge axis, the size and amount of melt in the
LVZ inferred from compliance modeling do not show a systematic correlation with the width of the AML or its
offset from the ridge axis. The LVZ at 9°18'N has the highest minimum shear velocity (Vs ~1.8 km/s) and
probably contains the least amount of melt, whereas the LVZ at 9°08'N is twice as wide and probably contains
the highest total volume of melt along EPR 9°-10°N. Both of these LVZs underlie a wide AML that extends
approximately 4 km west of the ridge axis. Our observation is consistent with the proposed hypothesis that
AML width is controlled by the transport pathway of melt to the axis rather than by the abundance of melt
supply [Kent et al., 1993b].

A deep DLZ, possibly consisting of interconnected melt-filled sills or cracks, exists near the base of the lower
crust at 9°33'N and 9°48'N, where the LVZ is centered close to rise axis and the AML is narrower. In contrast, near
9'08'N and 9°18'N where wider AMLs are imaged and LVZs are further offset from the ridge crest, less melt
appears to accumulate in the lower crust, and no DLZ of size and melt anomaly similar to 9°48'N is detected
(a small DLZ of width < 2 km cannot be detected by compliance nor excluded). Although melts are negatively
buoyant throughout the lower crust, they may be trapped in sills by permeability barriers [Korenaga and
Kelemen, 1998]. The state of tectonic stress may control the existence of these permeability barriers. Near the
0OSC and spreading discontinuity where greater tectonic stress and higher crack density are expected, melt may
penetrate through the crust more easily, and thus, the amount of melt retained in the lower crust is lower.

Crustal LVZs do not always align with the center of the uppermost mantle low-velocity zone (MLVZ) imaged
from seismic tomography [Toomey et al., 2007], which shows along-axis variations rotated at a small angle
from the ridge axis. However, the weakest LVZ at 9°18'N does correspond to the largest offset between the
LVZ and the MLVZ, which is centered about 10 km east of the ridge axis (Figure 2b of Toomey et al. [2007]).
The greater misalignment of mantle source and crustal accretion zone may lead to a less efficient melt
transport and hence a reduced axial melt supply. On the other hand, the MLVZs at 9°48'N and 9°08'N are
centered closer to ridge axis, producing a melt-rich LVZ. Toomey et al. [2007] concluded that the proximity of
mantle melt supply to the ridge axis gives rise to enhanced on-axis magmatism and more hydrothermal
venting. Our compliance results support this hypothesis by showing that LVZ has lower shear velocity thus
more melt where ridge axis is centered above mantle melt source.

In summary, there appear to be two levels of control on melt distribution in the subaxial crust. The amount of
melt entering the crustal accretion zone from the uppermost mantle source may be controlled by the

proximity of the mantle melt source to the ridge axis [Toomey et al., 2007], where increasing offset between
the morphological ridge axis and the focus of melt delivery in the mantle leads to decreasing melt fraction in
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the crust. At the shallower level, the width of the AML, the offset of the LVZ from the axis, and the abundance
of lower crustal melt (DLZ) may be governed by deformation due to the local tectonic stress state and its
effect on permeability. Higher tectonic stress and higher permeability lead to efficient vertical melt transport
and a wider AML, whereas lower stress may give rise to more melt retention in lower crustal sills.

5.4. Temporal Change of Melt Distribution in the Crust at 9°48'N: Implication for the Evolution
of Magmatic System

Our compliance data provide direct geophysical evidence for short-term changes in melt distribution at a fast
spreading ridge system. The on-axis compliances measured in 2007, after the 2005-2006 eruption, are
significantly lower than values measured in 1999 (Figure 9a). Compliance modeling suggests that the
decrease in compliance corresponds to up to 0.6 km/s increase in shear velocities (from 1.5 to 2.1 km/s) in the
LVZ, (Figure 9b), suggesting a decreased amount of melt in the LVZ, implying that melt was extracted from
the LVZ during this period (1999-2007). Using the same method [Hammond and Humphreys, 2000] to
estimate the range of melt fractions, we infer that the maximum melt fraction in the LVZ decreases from
5-25% in 1999 to 2-9% in 2007. Even using the conservative assumption that melts are stored in thin films,
this suggests up to 3% drop in melt fraction at the center of the LVZ (a relative decrease of 60%).

To quantify the change in total melt volume in the LVZ, we calculate the difference in melt fraction between
the 1999 model and the 2007 model at each grid point and integrate the difference over the model to get the
change in total melt volume. We assume a film geometry, which requires the least change of melt fraction
(from 5% to 2%). We do not include possible changes in the DLZ melt fraction since the uncertainty of the
DLZ velocities in the 2007 model is very high. Our calculation yields a melt volume decrease of 22 x 10°m?>
per meter of spreading ridge. If this decrease is constant along the 18 km of EPR ridge where new lava were
documented [Soule et al,, 2007], the total volume of melt decrease is estimated to be 3.93 x 10°m?3, 2 orders
of magnitude larger than the estimated lava extracted from the AML during the 2005-2006 eruption

(4.7 x 10’m3[Soule et al., 2007]). Therefore it is highly possible that the decrease of melt fraction is localized
near the measurement site at 9°48'N. On the other hand, a total volume of 4.7 x 10’m? of melt removed from
the LVZ will only change the melt fraction by a maximum of 0.035% and the shear velocity by 0.007 km/s,
which will have a negligible effect on compliance. Therefore, we conclude that the decrease of melt indicated
by the change of compliance cannot be solely attributed to the extraction due to seafloor eruption. Several
other mechanisms may contribute to the apparent decrease in melt fraction:

1. Melt Migration From LVZ to AML
The dimensions of the AML and the heat output through hydrothermal activities require decadal
melt replenishment of the AML to prevent it from completely freezing [Ramondenc et al., 2006]. Geochemical
analysis of the erupted lava from the 2005-2006 eruption near EPR 9°48'N indicates that the 2005-2006 lavas
represent residual melt from the 1991-1992 magmas mixed with melt within the crust, instead of newly
injected, primitive mantle melt [Goss et al., 2010]. These studies indicate that AML may be replenished from
sources within the crust. We suggest that melt migrating into the AML from the LVZ during the measurement
gap period (1999-2007) may partially account for the decreased melt volume in the LVZ.

Melt may migrate from the LVZ into the AML through two processes: fractional crystallization and
posteruption replenishment. In the first process, magmas stored in the LVZ gradually migrate into the AML
during the repose period leading up to the eruption (1992-2005) [Goss et al., 2010], resulting in a decrease
of melt fraction in the LVZ. The migration of melt through the LVZ could be explained by a filter-pressing
mechanism [Natland and Dick, 2001], in which settling crystals in the LVZ mush squeeze the fractionated
liquids upward into the AML [Mcbirney, 1995]. However, on-axis compliance measurements in 1999 are nearly
identical to measurements made in 1994 (Figure 9), while compliance measured in 2007 exhibit a
significant decrease from 1999. It seems unlikely that the settling of crystals and upward flow of melt through
this mechanism would greatly change rate after 1999 and before the eruption. It is possible, however, that the
LVZ was replenished before 1999 by an episodic melt injection from mantle sources.

A changing melt geometry may contribute to the apparent decrease of melt fraction. It was shown that as
melt fraction decreases, the aspect ratio of melt pockets also change [Faul et al., 1994]. Therefore, if

the melt geometry changes from film to spheroid as the melt fraction decreases, the apparent change of
melt volume will be larger than the actual change.
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In the second process, magma pressure drops in the AML during an eruption as magma is withdrawn to
form the dikes and extrusive lava, creating a pressure gradient between the AML and the underlying

melt reservoir in LVZ [Nooner and Chadwick, 2009]. In the months following an eruption, the magmas stored
in the LVZ could be driven into the AML by this pressure gradient. From continuous monitoring of
seafloor uplift at Axial Seamount on the Juan de Fuca Ridge, Nooner and Chadwick [2009] observed a rapid,
exponential decaying seafloor uplift over the first year after the 1998 eruption. They proposed this
mechanism to explain the rapid seafloor uplift. We suggest that the decrease of melt in the LVZ at the EPR
may be partly caused by porous flow of melt into the AML driven by this posteruption pressure gradient.
This process should occur on similar temporal scales as the rapid seafloor uplift recorded at Axial Seamount.
Recharge of the LVZ would then occur more slowly during the following years. Repeated compliance
measurements following an eruption in the future can help distinguish between these two processes.

We note that, however, the AML thickness would increase by ~360 m if all the melt removed from the LVZ
was transferred to it (assuming a total cross-sectional melt volume of 2.2 x 10°m? and an AML width of
600 m [Kent et al., 1993a]). This is much thicker than any previous estimate of AML thickness at the EPR
[Collier and Singh, 1998; Kent et al., 1990; Xu et al., 2014]. Therefore, melt migration into the AML can only
account for part of the melt removed from the LVZ.

2. Feeding Off-Axis Magmatism From Axial LVZ
It is possible that the melt in the LVZ also supplies off-axis magmatism at EPR. Previous studies have provided
geophysical and geochemical evidences for off-axis volcanism at EPR 9°-10°N [Goldstein et al., 1994; Troy
Durant and Toomey, 2009]. Recently, Canales et al. [2012] imaged a network of sills 4-8 km east of the ridge
axis near 9°52'N. The off-axis sill network extends into the axial LVZ, indicating possible interaction between
off-axis magmatic system and the axial melt sources. Although no current melt sills were imaged off axis
9°48'N, melt could migrate to off-axis regions as well as along-axis through preexisting fractures and
pathways, leading to the decrease of melt fraction in the axial LVZ.

3. Decrease of Melt Fraction by Crystallization
In addition to melt being removed from the LVZ into the AML or off-axis magmatic systems, melt can
crystallize within the LVZ, leading to lower melt fraction and increasing velocities. The latent heat from the
crystallization of melt is efficiently transported out of the magmatic system through vigorous hydrothermal
circulation near and above the AML [Morgan and Chen, 1993; Ramondenc et al., 2006]. The rate of melt
supply from the lower crustal and mantle sources may vary temporally, and melt injection may occur
episodically rather than continuously. During period of abundant melt supply, the LVZ may contain a higher
amount of melt, acting like a “buffer” between the AML and mantle source. During a period of reduced melt
supply, the rate of crystallization could be faster than the rate of melt input, resulting in a decreasing amount
of melt in the LVZ. The following scenario may be consistent with the compliance measurements and the
seafloor observations: the EPR near 9°48'N underwent a period of high melt supply prior to 1999, leaving
excess meltin the LVZ. After 1999, melt supply rate decreased, and more melt crystallized than was injected
into the LVZ. Therefore, by 2007, the amount of melt in the LVZ had decreased. More time-dependent
numerical modeling studies are needed to quantify the temporal variability of crustal melt fraction due to
changing rate of supply and to validate this proposed mechanism.

As we discussed in section 4.4, unknown ocean wave directions may introduce some uncertainties to the
estimated velocity change and melt fraction change between 1999 and 2007. Additional uncertainty in the
change of melt fraction comes from the uncertainty (maximum 10%) in the gain for the pressure data used
for the 1994/1999 compliance data. Lower gain values would imply lower compliance values in 1994 and
1999 leading to lower melt fraction estimate in the LVZ before the eruption, reducing the inferred change in
melt volume. Even with this uncertainty, the flattening of the compliance curve (Figure 9) between 1999 and
2007 requires an increase of shear velocities in the LVZ.

5.5. Implications for EPR Crustal Accretion

Our compliance data and modeling provide new constraints on the melt distribution and crustal accretion
mechanism at fast spreading ridges. Of the existing two end-member models, the gabbro glacier model
suggests that the entire oceanic crust section was formed by the crystallization and subsidence of melt at the
shallow AML [Morgan and Chen, 1993; Quick and Denlinger, 1993], while the multisills model suggests that a
substantial portion of the lower layered gabbros may have formed through crystallization of melt in sills
within the lower crust [Boudier et al., 1997; Kelemen et al., 1997; Korenaga and Kelemen, 1998]. Compliance
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modeling indicates that regions of low shear velocity (DLZ) and high melt fraction exist in the lower crust
(4-7 km) beneath at least part of the EPR between 9° and 10°N. Melts in the DLZ are likely stored in low aspect
ratio films or sills. A portion of melt in the DLZ may crystallize in the sills and subsequently move horizontally
away from the ridge, while the remaining melt is transported to either shallower sills or the AML. As the
melt moves upward, new permeability barriers may form on a slope at the crystallization front, guiding the
melt toward a narrower region [Hebert and Montesi, 2011]. As melt volume fraction (porosity) increases, sills
may become smaller and interconnected and transition into a more isotropic crystalline mush. Melt in the
mush zone is then driven upward by negative buoyancy through porous flow, until encountering the
hydrothermal cooling front and accumulating in a shallow AML.

The midcrustal LVZ beneath the AML is probably the largest melt reservoir in the axial crust. A LVZ is present at all
cross sections of compliance measurement sites, but the size and amount of melt in the LVZ vary from place to
place. Recent geochemical analysis of melt inclusion samples at the EPR and the Juan de Fuca Ridge indicates
that the majority of phenocrysts in erupted lavas crystallized at depths corresponding to the AML and the LVZ
[Wanless and Shaw, 2012], but this does not preclude significant crystallization at greater depth, since melts
crystallized in deeper crust are less likely to be entrained into the AML and erupted. Given the observed variability
of the existence of DLZ and the AML width, we suggest that the portion of lower crust formed in situ at the EPR
may vary from place to place. Both the gabbros glacier model and the multisill model could be valid in explaining
the formation of the lower crust at fast-to-intermediate spreading centers. The relative importance of the two
mechanisms may depend on the local crustal stress state and deviation of mantle melt supply from the ridge axis.

6. Conclusion

We have analyzed seafloor compliance measured at 61 sites over four expeditions and a 15 year time span,
using three-dimensional seafloor compliance modeling to estimate the shear velocity structure of the crustand
uppermost mantle at EPR 9°-10°N.

Compliance measurements at 9°48’'N and 9°33'N suggest a deep low-velocity zone (DLZ) in the lower crust,
consistent with a region of high melt fraction. Considering the ratio of Vs anomaly from compliance and Vp
anomaly from seismic tomography, we suggest that the melt in the lower crust may be stored in connected
films or sills rather than in isolated pockets.

Repeated compliance measurements at 9°48'N provide direct evidence that the magmatic tapping system at
the EPR evolves over a less than decadal time scale. The observed temporal changes of compliance at 9°48'N
between prior to and after the 2005-2006 eruption indicate a significant decrease of the melt fraction in the
midcrustal LVZ. The inferred decrease of melt volume significantly exceeds the estimated volume of erupted
lava and dike from the eruption. Mechanisms that can explain the decrease of melt fraction include melt
migration from LVZ to AML, the feeding of off-axis magmatic systems, and crystallization within the LVZ. More
repeated compliance measurements in this area or a continuous monitoring system throughout an eruption
cycle are needed to distinguish between these mechanisms and to further understand the evolution of the
magmatic system in intermediate to fast spreading ridges.

Compliance measurements at four cross-axis lines along the EPR 9°-10°N reveal significant variation of crustal
melt distribution along the ridge. Sizes and shear velocities of crustal LVZ inferred from compliance do not
exhibit a strong correlation with the width of the imaged AML. DLZs seem to exist where AMLs are narrower
and mantle melt zones are centered beneath the ridge. These variations suggest that the amount of lower
crustal melt is likely governed by the crustal stress and permeability, rather than the abundance of mantle melt
supply. Both the gabbro glacier model and the multisill model could be valid in explaining the formation of the
lower crust at fast-to-intermediate spreading centers. The relative importance of the two relies on the crustal
stress state and deviation of mantle melt supply from the ridge axis.
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