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Abstract We use 3-D multichannel seismic data to form partial angle P wave stacks and apply
amplitude variation with angle (AVA) crossplotting to assess melt content and melt distribution within
two large midcrustal off-axis magma lenses (OAMLs) found along the East Pacific Rise from 9°37.50N to
9°570N. The signal envelope of the partial angle stacks suggests that both OAMLs are partially molten
with higher average melt content and more uniform melt distribution in the southern OAML than in the
northern OAML. For AVA crossplotting, the OAMLs are subdivided into seven ~1 km2 analysis windows.
The AVA crossplotting results indicate that the OAMLs contain a smaller amount of melt than the
axial magma lens (AML). For both OAMLs, a higher melt fraction is detected within analysis windows
located close to the ridge axis than within the most distant windows. The highest average melt
concentration is interpreted for the central sections of the OAMLs. The overall low OAML melt content
could be indicative of melt lost due to recent off-axis eruptions, drainage to the AML, or limited mantle
melt supply. Based on the results of this and earlier bathymetric, morphological, geochemical, and
geophysical investigations, we propose that the melt-poor OAML state is largely the result of limited melt
supply from the underlying mantle source reservoir with smaller contribution attributed to melt leakage
to the AML. We hypothesize that the investigated OAMLs have a longer period of melt replenishment,
lower eruption recurrence rates, and lower eruption volumes than the AML, though some could be single
intrusion events.

1. Introduction

Crustal accretion at intermediate-to-fast spreading mid-ocean ridges is believed to occur in a narrow axial
zone [e.g., Herron et al., 1978; Detrick et al., 1987]. This accretion zone is characterized by a thin (<~100 m),
elongated midcrustal magma body known as the axial magma lens (AML) that sits atop of a ~ 5–10 km wide
low-velocity zone with interstitial melt that extends to the base of the crust and uppermost mantle [e.g., Vera
et al., 1990; Hussenoeder et al., 1996; Dunn et al., 2000]. Additional vertically stacked subaxial magma lenses in
the lower crust [Canales et al., 2009;Marjanović et al., 2014] and the Moho transition zone (MTZ) [Aghaei et al.,
2014] have been imaged within the axial low-velocity zone and are believed to also contribute to axial crustal
accretion. However, in addition to on-axis magmatism, there is a growing body of evidence for off-axis mag-
matism related to magma ascent at mid-ocean ridges and therefore continuation of crustal accretion away
from the narrow axial zone [e.g., Perfit et al., 1994; Goldstein et al., 1994; Crawford and Webb, 2002; Sims
et al., 2003; Nedimović et al., 2005; Durant and Toomey, 2009; Canales et al., 2012]. For example, Durant and
Toomey [2009] attributed their observations of Pwave diffractions, seismic attenuation, and P-to-S wave con-
verted phases about 20 km east of the East Pacific Rise (EPR) axis at 9°200N to the presence of a melt lens
about 2 km beneath the seafloor that is underlain by low-velocity, high attenuation crust. Results from sea-
floor compliance measurements at the EPR show low-velocity partial melt zones in the lower crust extending
into the uppermost mantle, from ~4.5 to ~6.5 km below seafloor (bsf), 10 km east of the ridge axis at 9°480N,
andMTZmelt sills (~9 km bsf) about 2.5 km east of the ridge axis at 9°080N [Crawford and Webb, 2002]. On the
EPR ridge flanks at 9°300–9°320N and 9°480–9°520N, petrological studies identify anomalously young basalts
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up to ~4 km from the ridge axis [e.g., Goldstein et al., 1994; Perfit et al., 1994; Sims et al., 2003], suggesting off-
axis volcanism.

The most direct evidence for off-axis magmatism has come from the results of a high-resolution 3-D multi-
channel seismic (MCS) reflection survey conducted between 9°37.50N and 9°570N on the EPR that show
images of a network of lower crust to midcrust reflectors at distances from 1–2 to 10–15 km away from
the ridge axis [Canales et al., 2012; Aghaei et al., 2014; Han et al., 2014]. These off-axis seismic reflectors are
interpreted as magma lenses based on the reversed polarity of the reflection events relative to the seafloor
and the Moho. Additional support for this interpretation comes from ocean bottom seismometer recordings
that show strong attenuation of seismic waves propagating through the lower crust in the area where reflec-
tion events with reversed polarity are imaged [Canales et al., 2012]. Themelt content and distribution of these
off-axis magma lenses (OAMLs) have not been determined, yet such constraints have the potential to shed
light on the dynamics of off-axis magmatism and its relationship with on-axis magmatism [e.g., Forsyth, 1992].

The possibility of determining melt content of midcrustal axial magma bodies has been investigated at sev-
eral point locations along the EPR and the Juan de Fuca Ridge by using 2-D MCS data and applying forward
waveform modeling [Hussenoeder et al., 1996] and waveform inversion [Collier and Singh, 1997, 1998; Singh
et al., 1998; Canales et al., 2006; Xu et al., 2014] of common midpoint gathers. The application of these meth-
ods provided a quantitative measure of the in situ melt content of the AML. Also applied in 2-D [e.g., Singh
et al., 1998; Canales et al., 2006; Xu et al., 2014] was partial offset stacking of the P-to-S converted AML
reflected waves that convert back to Pwaves at the seafloor and in 3-D [Singh et al., 2006] partial offset stack-
ing of the P-to-P AML reflected waves. The P-S-P 2-D and P-P 3-D partial offset stacks provide qualitative esti-
mates of along-axis variations in melt content of the AML. More recently, the applicability of the amplitude
variation with angle of incidence (AVA) crossplotting technique [Castagna et al., 1998] for determining spatial
variations in melt content of the AML was investigated by Marjanović et al. [2015] using 2-D MCS data col-
lected along the EPR from 9°29.80N to 9°58.40N. This study shows that AVA crossplotting can be successfully
applied to a crystalline rock environment and can provide information about along-axis variations in melt
content of the AML. The obtained results are in agreement with those obtained by the P-S-P converted phase
partial offset stacking and 1-D waveform inversion applied to the same data set by Xu et al. [2014]. It is nota-
ble that while a single 1-D waveform inversion may still provide superior constraints on the melt content of a
magma lens at any chosen point, the advantage of the AVA crossplotting approach is that it can be efficiently
applied in 3-D to large sections or even the whole magma lens.

In this paper, the melt content and distribution within two large midcrustal OAMLs found along the northern
EPR from 9°37.50N to 9°570N is assessed from partial angle Pwave stacks and the AVA crossplotting technique
applied to 3-D MCS data. The AVA crossplotting results provide an estimate of the average melt content of
the OAMLs, while the P wave partial angle stacks provide constraints on the distribution of melt within the
OAMLs. This is both the first magma reservoir melt content study targeting OAMLs and the first investigation
that applies the AVA crossplotting technique to 3-D MCS data from a crystalline rock environment.

2. Data and Study Area

The data used in this study were collected on R/V Marcus G. Langseth during cruise MGL0812 in summer of
2008 across a 37 km long section of the fast-spreading EPR between 9°37.50N and 9°570N (Figure 1). The sur-
vey extends on both ridge flanks out to ~15 km away from the ridge axis (full fold imaging to ~12 km) or to
~180 kyr old crust assuming constant full spreading rate of 11 cm/yr for the Brunhes interval [Carbotte and
Macdonald, 1992]. Two areas of 3-D coverage, separated by a 3.3 km gap, were acquired. The northern area
covers ~714 km2 and is located between 9°420N and 9°570N. The smaller, southern area covers ~100 km2 and
is located from 9°37.50N to 9°400N. Details on data acquisition are given inMutter et al. [2009] and Aghaei et al.
[2014]. The geometry of the survey yields common midpoint bins that are 37.5 m wide and 6.25 m long in
along-ridge axis and cross-ridge axis directions, respectively.

The investigated portion of the EPR has experienced two well-documented volcanic eruptions in 1991–1992
[e.g., Haymon et al., 1993] and 2005–2006 [e.g., Tolstoy et al., 2006; Soule et al., 2007] and has been the subject of
numerous geologic, geomorphic, geophysical, and hydrothermal surveys making it the most comprehensively
investigated section of the global mid-ocean ridge system. The axial zone of the EPR in this area is also themost
densely and the most frequently sampled portion of any mid-ocean ridge [e.g., Perfit and Chadwick, 1998;
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Smith et al., 2001;Goss et al., 2010]. In addition to the axial zone, off-axis lavas have been sampled at several locations
[e.g., Perfit et al., 1994; Sims et al., 2003]. From 9°480N to 9°520N, the off-axis lavas sampled to ~4 km from the axis
on both flanks have U-series model ages that appear to be younger than those predicted by steady state
spreading rate models [Sims et al., 2003]. Similarly, anomalously young ages for most samples collected ~4 km
away from the axial summit trough (AST) at 9°310N have been determined by means of 238U-230Th and
235U-231Pa dating techniques [Goldstein et al., 1994]. These results suggest that a portion of the lavas were
erupted outside the axial neovolcanic zone generally considered to be ~3 km wide [e.g., Macdonald, 1998;
Carbotte et al., 1997].

A bright reflection originating from the midcrustal AML and interpreted to mark the top of the axial low-
velocity zone has been identified in the study area by earlier 2-D MCS experiments [e.g., Herron et al., 1980;
Detrick et al., 1987; Harding et al., 1993; Kent et al., 1993] and is clearly imaged with the 3-D MCS data
[Canales et al., 2012; Aghaei et al., 2014; Han et al. 2014] used in this study. This bright reflection is visible
beneath most of the axis of the EPR between Siqueiros and Clipperton transform faults and lies at an

Figure 1. Ship track for cruise MGL0812 shownwith thin white lines superimposed over the EPR bathymetry (color background) between 9°34.50N and 10°N latitude.
Dotted black lines indicate the surface trace of the three inlines extracted from the 3-D migrated volume and shown in Figures 2 and 3. These inlines cross the
two large midcrustal OAMLs. Red, yellow, and blue dashed rectangles outline seismic analysis windows 1, 2, and 3, respectively, within midcrustal OAML Zones A, B,
and C investigated in this study. Axial summit trough (AST) is as interpreted by Soule et al. [2007]. Extent of 2005–2006 eruption is from Soule et al. [2009].
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average depth of 1.6 km below seafloor (bsf) [Carbotte et al., 2013]. The width of the AML reflector varies from
~0.5 to ~2.0 km [Canales et al., 2012; Aghaei et al., 2014]. Vertically stacked subaxial melt lenses are also
imaged in the lower crust using along-axis swath-3-D MCS data also acquired during the 2008 survey
[Marjanović et al., 2014].

The thickness and melt content of the AML have been quantitatively constrained at 9°390N [Hussenoeder
et al., 1996] with waveform modeling and at 9°39.30N, 9°480N [Collier and Singh, 1997, 1998], 9°42.80N, and
9°49.10N [Xu et al., 2014] using 1-D waveform inversion. The results show that the AML is from 30 to 80m thick
with melt content that varies from <40% to >80%. Relative variations in the AML melt content have also
been constrained within the investigated section of the EPR by using the along axis swath-3-D MCS data col-
lected from the Siqueiros to the Clipperton transforms. This was done by applying AVA crossplotting analysis
technique and P wave and P-S-P converted wave partial offset stacking [Marjanović, et al., 2015; Xu et al.,
2014]. From 2-D partial offset stacking of a subset of the swath 3-D MCS data from 9°300N to 10°N, Xu et al.
[2014] interpreted four prominent 2–4 km long melt-rich AML zones spaced 5–10 km from each other.
Detailed AVA results from Marjanović et al. [2015] show that the three AML segments underlying the
2005–2006 eruption lava flow (~9°450N to 9°560N) have variable melt content on an even finer scale with
25% of their total length interpreted as solid to mushy, 37% percent as mostly molten, and 38% as
highly molten.

Intracrustal OAMLs of variable shape, surface area, and depth (midcrust and lower crust) have also been iden-
tified within the study area (Figure 1) [Canales et al., 2012; Aghaei et al., 2014; Han et al., 2014] using the same
3-D MCS data analyzed in this work. Two prominent midcrustal OAMLs are observed to the east of the ridge
axis on the Cocos plate. The first one, centered at ~9°380N, is imaged at an average two-way traveltime (TWTT)
of ~0.75 s bsf and extends from ~1.2 km to ~5.9 km away from the ridge axis. The detailed structure of this
OAML is discussed in Han et al. [2014]. The second midcrustal OAML is located between ~9°520N and ~9°560N
and imaged at ~0.75 s TWTT bsf, with its western (closer to the ridge axis) portion found at shorter (0.7 s) and
its eastern portion found at longer (0.8 s) TWTTs. This OAML is the focus of the Canales et al. [2012] study.

The lower crustal OAMLs are spatially smaller, more abundant, and have a broader range of TWTTs. Four
lower crustal OAMLs are found east of the ridge axis. The OAML at ~9°52.50N is present at ~7.5 km east of the
ridge axis at ~1.35 s TWTT bsf. Two deeper OAMLs are found at ~9°480N and centered ~1.5 km from the ridge
axis at 1.8 s TWTT bsf. The shallowest OAML is found at TWTT of ~1.3 s bsf and is located below the large
southern midcrustal OAML from ~2.5 km to ~5.0 km away from the ridge axis. Six lower crustal OAMLs are
found west of the ridge axis. Two of these OAMLs between ~9°520N and 9°530N are centered ~5 km
and ~3.5 km from the ridge axis at 1.22 and 1.75 s TWTT bsf, respectively. The OAML centered at ~12 km
from the ridge axis at ~9°410N appears at ~1.64 s TWTT bsf. The spatial extent of the smaller OAML
~4 km farther west is not fully determined due to limited data coverage. Two southernmost OAMLs on
the western flank with an average TWTT of ~1.4 s bsf are found ~8 and ~10 km from the ridge axis between
~9°37.50N and 9°390N.

3. Data Preparation for AVA Analysis

The preprocessing sequence applied for the AVA analysis was focused on preserving the relative amplitudes
of the seismic data while retaining the broadest possible signal frequency band. Additionally, because AVA
equations are derived for a horizontally stratified Earth, AVA analysis is carried out on common image gathers
(CIGs) rather than on common midpoint gathers [Yilmaz, 2001]. The chosen prestack data preprocessing for
AVA analysis included 1-D bandpass filtering, 2-D filtering using the LIFT approach [Choo et al., 2004], offset-
dependent spherical divergence correction, surface-consistent amplitude balancing, and trace editing. The
LIFT method, which is a robust amplitude-preserving approach for noise removal, is recommended when
the target of processing is rock property estimation. After prestack data preparation, 3-D Kirchhoff prestack
time migration was applied to the data. The migration aperture was 2.5 km in both the inline and the cross-
line directions. During the Kirchhoff summation, the amplitudes were multiplied by true amplitude weights
using the procedure of Peles et al. [2001] to recover the true reflection amplitudes. The computed weight
function corrects for the geometrical spreading effects during migration assuming straight ray approxima-
tion. To minimize the effect on amplitudes due to limitations of the straight ray approximation, a single
weight function was applied to the entire date set and detailed migration velocity analysis was carried out.
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The resultant prestack time migration gathers or CIGs were analyzed after applying LIFT to remove the noise
masking OAML and Moho reflection events.

For LIFT, which was simplified so as not to include the signal-add-back step, the CIGs were first divided into
low-frequency (0–8–15 Hz) and high-frequency (15–22–200–220 Hz) trapezoidal bands. A residual midfre-
quency (8–15–15–22 Hz) range was obtained by subtracting the low- and high-frequency components from
the full spectrum. Division into three frequency bands is applied to separate the data into components with
different signal-to-noise ratios and different types of noise. This allows for both optimal signal preservation
and noise suppression through application of filtering sequences that are tailored for specific frequency
bands. An FX filter was applied to the low-frequency band followed by a median filter applied to the data
in all frequency bands. All the individual frequency bands were summed at the end to give the processed
CIGs that were used for AVA analysis.

Figure 2. Single inlines crossing OAML Zones (a) A and (d) B extracted from the 3-D migrated volume are shown with sample CIGs (b and e) from these inlines and
the (c and f) corresponding plots of the angle of incidence. Inlines 2224 and 2128 (Figures 2a and 2d) together with crossline 5120, where the AML, midcrustal OAML,
and Moho reflections are shown with white arrows. The green dashed line at crossline 4552 in Figure 2a marks the location of the CIG shown in Figure 2b, while
the one at crossline 4288 in Figure 2d marks the location of the CIG shown in Figure 2e. The dashed red, yellow, and blue rectangles in Figure 2d show the individual
AVA analysis windows 1, 2, and 3, respectively. A single red rectangle indicates the only analysis window in Figure 2a. (c and f) The maximum offset is limited to 3 km,
and the later arriving part of the midcrustal OAML reflection is marked with dashed red lines.
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The targets chosen in this work for the AVA analysis were centered on the midcrustal OAMLs because the P
waves reflecting from them exhibit high signal-to-noise ratio, which is not the case for most of the deeper
lower crustal OAMLs. The midcrustal OAML events from the prestack time migrated reflection volume with
high signal-to-noise ratio are shown in Figures 2a, 2d, and 3a for each of the investigated Zones A, B and C
respectively (see Figure 1 for location). Also shown in Figures 2 and 3 are examples of moveout-corrected
CIG gathers from Zones A, B and C (2b, 2e, and 3b, respectively), together with the corresponding reflection
angles of incidence (2c, 2f, and 3c, respectively) for the targeted OAML events.

4. AVA Analysis
4.1. Background

Phase change from solid to fluid has a profound effect on elastic wave velocity, in particular on the velocity of
S waves [Anderson and Spetzler, 1970; Mavko, 1980; Carlson, 2001], therefore strongly affecting the AVA pat-
tern of P waves reflected from a crustal magma lens. Shown in Figure 4 are the AVA patterns of reflected P
waves from the tops of partially molten (Vp = 3.0 km/s, Vs = 2.0 km/s, and ρ = 2700 kg/m3) and fully molten
(Vp = 2.9 km/s, Vs = 0, and ρ = 2700 kg/m3) magma lenses [Murase and McBirney, 1973]. Background gabbro
velocity (Vp = 7.0 km/s; Vs = 3.75 km/s) and density (ρ = 2900 kg/m3) are from Iturrino et al. [1991]. These AVA
signatures show that the change in amplitude with increasing angle of incidence of the Pwave reflected off a
magma lens varies significantly as a function of its melt content, which suggests that the AVA analysis can
provide some insight on the melt content of OAMLs [e.g., Singh et al., 1998].

In this work, we take advantage of the strong change in the Pwave AVA signature of a magma lens as a func-
tion of melt content (Figure 4) and apply two complementary analysis methods, partial angle stacking and
AVA crossplotting, to assess the melt content of the midcrustal OAMLs in Zones A, B, and C shown in
Figure 1. In the partial angle P wave stacking method, limited angle stacks are created, displayed, and ana-
lyzed. The information obtained by this method is only qualitative but is insightful [e.g., Carlson, 2001].
Unlike some of the earlier melt content studies targeting the AML [e.g., Singh et al., 1998; Canales et al.,
2006], including those across our study area [Xu et al., 2014; Marjanović et al., 2015], we do not make use
of the P-S-P converted waves reflected from OAMLs because they are not present or are too weak to confi-
dently identify in the partial angle stack sections.

Knott-Zoeppritz equations [Zoeppritz, 1919] fully describe the amplitude versus incidence angle behavior
of reflected and transmitted elastic waves that arise at a contact between two isotropic homogenous elastic
half spaces due to an impinging plane wave and therefore provide a theoretical framework for AVA

Figure 3. (a) Inline 1429 from OAML Zone C is shown with a sample CIG at (b) crossline 4163 and (c) its corresponding plot of the angle of incidence. All other infor-
mation is the same as in Figure 2.
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investigations. These equations are governed by the elastic parameters defining the first (overlaying)
medium: Vp1, Vs1, and ρ1, and those defining the second (underlying) medium: Vp2, Vs2, and ρ2 where Vp, Vs,
and ρ denote compressional wave velocity, shear wave velocity, and density, respectively. However, due to
their complexity, Knott-Zoeppritz equations have seen little direct use [e.g., Yilmaz, 2001], and linearizing
equations [e.g., Aki and Richards, 1980] are routinely implemented instead [Marjanović et al., 2015].

For angles of incidence smaller than 30°, Shuey [1985] showed that the P wave reflection coefficient R can be
approximated by

R θð Þ ¼ Aþ B sin2 θð Þ: (1)

In this equation, θ is the angle of incidence, and A and B are called seismic attributes. The reflection-
coefficient or AVA intercept (A) is the acoustic term and is a measure of the normal incidence reflection ampli-
tude, while the reflection-coefficient or AVA gradient (B) is related to the average Poisson’s ratio of the upper
layer and lower layer [Castagna and Swan, 1997] and is therefore a function of both P and S wave velocities.

The range of angle of incidence used for AVA analysis in this study was limited to 30° because the Shuey
[1985] approximation to the Zoeppritz equations is only valid for angles of incidence of less than 30°. The
angles of incidence were computed using the 3-D velocity model developed during the migration velocity
analysis (Figures 2 and 3).

4.2. P Wave Partial Angle Stacking

Partial angle stacks provide a robust and quick way of evaluating AVA responses and identifying anomalous
regions along a given horizon [e.g., Bacon et al., 2007]. In this method, partial stack volumes for a chosen
range of the angle of incidence, or in the earlier studies partial source-receiver offset range, are produced
and inspected visually. Partial angle stack amplitudes are, just like those for full-offset stacks, normalized
by the number of contributions to each sample.

Identifying the range of angle of incidence for creating partial stacks that best show the AVA character is
important. Analysis of Figure 4, taking into account that Shuey’s [1985] approximation is valid for angles up
to 30°, indicates that the optimal range of angle of incidence for creating near-normal stacks is from 0° to
~20° and for midangle stacks from ~20° to 30°. This is in agreement with incidence angle ranges used for
investigations of sedimentary interfaces for petroleum exploration [e.g., Foster et al., 2010] and what was used
for the first AVA study of an AML presented in Marjanović et al. [2015]. We use these predetermined optimal
ranges of angle of incidence (0°–20° and 20°–30°) to produce near-normal and midangle Pwave partial angle
stacks for the targeted Zones A to C of the two investigated midcrustal OAMLs.

Figure 4. Two schematic OAML interface models with crustal gabbro background and associated reflection coefficients
plotted as a function of the angle of incidence. (a) In the first model, mush is assumed within the OAML. (b) In the sec-
ondmodel, pure melt is assumed to fill the OAML. (c) Reflection coefficient of reflected Pwave from gabbro/mush interface
for angle of incidence from 0° to 50°. (d) Reflection coefficient of reflected P wave from gabbro/melt interface for angle of
incidence from 0° to 50°.
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4.3. AVA Crossplotting

For AVA crossplotting, the seismic attributes A and B need to be calculated first. This calculation is done on all
CIGs belonging to selected portions of the 3-D seismic volume, with the event of interest (in this case the
OAML reflection) flattened. For each CIG, A and B are calculated via a least squares inversion of equation (1)
(Shuey approximation) for every sample within the chosen analysis time window.

Castagna et al. [1998] have shown that crossplotting A and B facilitates AVA interpretation. In this interpreta-
tion framework, each (A, B) pair maps into a point in the A-B plane delineating a pattern dependent on the
AVA behavior characterizing the interface under consideration. Depending on the distribution pattern of
the (A, B) pairs in the A-B plane, four AVA classes (I, II, III, or IV) have been defined. The AVA classes I, II, and
III were originally proposed for gas sands by Rutherford and Williams [1989] and later extended by
Castagna and Smith [1994] to include class IV.

For brine-saturated clastic rocks interbedded with shale, there is a well-defined relationship between A and B
known as the “background” trend in the AVA crossplot plane [Castagna and Swan, 1997]. This relationship was
developed based on the work by Gardner et al. [1974] who showed that there generally is an approximately
linear relationship between P wave velocity and density, and later Castagna et al. [1985] who demonstrated
that there is a similar (linear) relationship between P and S wave velocities in brine-saturated sandstone and
shale. In a given time window, deviations from this background trend are indicative of hydrocarbons or unu-
sual lithologies. Developing background trends in the A-B plane for other interface lithologies is critically
important because it provides an extended framework for interpretation of the computed AVA attributes.

The relationship between A and B, assuming arbitrarily large velocity contrasts and negligible density
changes along a reflecting interface, can be expressed as follows [Foster et al., 2010]:

B ¼ 1� 8γ2
� �

A� 4γΔγ 1� Δγð Þ þ 1� 2γð ÞO A2
� �

(2)

where γ ¼ Vsh i
Vph i ¼

VS1þVS2
VP1þVP2

and Δγ ¼ ΔVs
Vsh i � ΔVp

Vph i (neglecting second-order terms).

For small perturbations in elastic properties at a reflecting interface, Foster et al. [2010] showed that the above
relation can further be simplified to

B ¼ 1� 8
Vs

Vp

� �2
 !

A (3)

In this equation, Vp and Vs are the average P wave and S wave velocities of the two media Vp1þVp2

2 and Vs1þVs2
2

� �
.

This equation implies that lines of constant Vp

Vs
pass through the origin. Furthermore, the slope of the pre-

dicted background trend depends only on the background Vp

Vs
ratio. As Vp

Vs
increases, the slope of the back-

ground trend becomes more positive, or the trend rotates counterclockwise for the AVA intercepts (A)
plotted along the x axis [Castagna et al., 1998]. In their AVA investigation of the AML in the same area of
the EPR, Marjanović et al. [2015] observed that the data point clouds for this geologically similar target
are centered on the origin. This validates the assumption given in equation (3) and allows for interpretation
of A-B crossplots in the framework of a simple linear relationship.

Various constant ratios of Vp over Vs can be used to define the background trends. However, the relation
between elastic parameters as a function of melt percentage in gabbroic rocks is complex [Caricchi et al.,
2009], and extracting background trends in the intercept-gradient plane is not straightforward. We use the

Hashin and Shtrikman [1963] bounds to calculate the Vp

Vs
background trends needed to provide an interpre-

tational framework for the AVA crossplots. These background trends allow us to interpret the results from
the AVA crossplotting technique in terms of the OAML melt content, which is a step forward in quantifying
magma melt content from the work carried out by Marjanović et al. [2015]. The Hashin and Shtrikman
[1963] bounds provide constrains on the upper and lower velocity limits for varying fractions of melt.
However, it is important to note that the Hashin and Shtrikman [1963] is a theoretically derived relation-
ship and, as such, has limitations. This relationship assumes isotropic media, was tested experimentally
only on a single two-phase alloy (tungsten carbide–cobalt), and requires in situ knowledge of material
velocities when completely solidified and molten.
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Following Xu et al. [2014], we con-
sider the maximum bound to corre-
spond to an end-member model of
unconnected melt inclusions in a
solid host, where Vp = 6.2 km/s,
Vs = 3.0 km/s, and ρ = 2800 kg/m3,
and the minimum bound to repre-
sent the opposite end-member
model of unconnected crystals in a
molten host, where Vp = 2.9 km/s,
Vs = 0 km/s, and ρ = 2700 kg/m3.
Figure 5b shows the P and S wave
velocities computed for different
melt percentages following the
Hashin and Shtrikman [1963] relation
for the physical properties (bulk
and shear moduli, Figure 5a) of a
two-phase material. We assume gab-
bro with elastic parameters of
Vp = 7.0 km/s, Vs = 3.75 km/s, and
ρ = 2900 kg/m3 [Iturrino et al., 1991]
for the background medium.

Figure 5c shows the ratio of the aver-
age Pwave velocities (Vp) to the aver-
age of S wave velocities (Vs) of the
upper and lower layer computed
from the Hashin-Shtrikman bounds.
The average ratio is significantly
affected by melt percentage. To
define the background trends for a
range of melt percentages, we use

the average Vp

Vs
ratio for the upper

Hashin-Shtrikman bound in Figure 5
c and compute the mean of this ratio
for melt-percentage intervals of 20%
across the full melt range of 0 to
100%. This results in the five back-
ground trends shown in Figure 5d.
We use the upper Hashin-Shtrikman
bounds because they are in better
agreement with the existing esti-
mates for Vp and Vs [Vera et al.,
1990; Kent et al., 1993; Singh et al.,
1998; Xu et al., 2014]. This is particu-
larly true for low to moderate melt
content, for which the Vs = 0 km/s
predicted by the lower Hashin-
Shtrikman bounds is highly unlikely.
Moreover, the background trends
computed using the lower Hashin-
Shtrikman bounds would fall in
quadrants I and III [Rutherford and
Williams, 1989], which is at odds

Figure 5. A framework for interpreting AVA crossplot results and estimating
melt percentage using the Hashin-Shtrikman bounds. (a) Bulk and shear
moduli upper and lower bounds as a function of melt fraction computed for
a two-phase material for unconnected melt inclusions in a solid host (upper
bounds) and unconnected crystals in a molten host (lower bounds). (b) P and
S wave velocities calculated using the lower and upper bounds of elastic
properties for melt and crystals given in Figure 5a. (c) Assuming that the
background medium is gabbro, the mean Vp/Vs ratio is computed from the
lower velocity bounds (dashed white line) and the upper velocity bounds
(solid white line). Color background in Figure 5c shows melt-percentage
ranges used for computation of background trends presented in Figure 5d
using corresponding colors. (d) The background trends were computed from
the mean Vp/Vs for the upper bound curve for each 20% melt-percentage
range. The AVA quadrants are also annotated in Figure 5d.
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with the amplitude decrease with increasing angle of incidence predicted in Figure 4 and AVA pattern IV
[Castagna and Smith, 1994].

Presence of a thin bed, as is the case with most AMLs and is likely the case with OAMLs, complicates the
interpretation of the crossplots [Ross, 2000]. Marjanović et al. [2015] examine magma lens thin bed tuning
effects on the AVA analysis and conclude that in the absence of needed magma lens thickness constraints,
the interpretation of the AVA behavior between different magma lenses or their parts has to be carried
out in the framework of constant thickness, which means that any AVA signature differences are attributed
to variations in the melt fraction only.

The assumption of a single mirror-like interface giving rise to the reflection response of magma reservoirs, the
assumptions taken to derive the Hashin and Shtrikman [1963] theoretical relationship, and the use of only the
upper Hashin and Shtrikman bound represent the limitations of our approach. These limitations preclude

accurate estimation of uncertainties for the computed Vp

Vs
background trends and indicate that best linear fits

on A and B crossplots are, in terms of magma lens melt content, best interpreted in qualitative terms.
Nevertheless, the results obtained with the presented approach provide first-order constraints on relative
variations in melt content.

5. Results
5.1. P Wave Partial Angle Stacking Results

Signal envelope calculated from stack data is commonly used as a seismic attribute indicative of the seismic
data energy [Taner et al., 1979]. Here we compute signal envelopes of the near-normal stack and midangle
stack volumes corresponding to the midcrustal OAMLs of Zones A, B, and C (Figure 1). The computed signal
envelopes, created using data with angle of incidence ranges from 0° to 20° and from 20° to 30°, respectively,
are shown on sample intersecting inline and crossline pairs for each zone (Figure 6).

Among the three zones, the largest difference between the signal envelope of near-normal stack and midan-
gle stack volumes is found in Zone C (Figures 6e and 6f). The signal envelope on the near-normal stack of
Zone C shows strong amplitude that is focused over a short (~50 ms) two-way traveltime window and quickly
fades away into the background outside this thin zone. For the same range of inlines and crosslines and the
same time window, the signal envelope amplitude is significantly reduced on the midangle stack volume.

The signal envelope of the near-normal stack volume of Zone B (Figure 6c) is significantly larger than the sig-
nal envelope of the midangle stack volume for the same range of inlines and crosslines (Figure 6d). Similar to
Zone C, the strong envelope amplitudes are found in a short (~50 ms) two-way traveltime window, but for
Zone B they appear to weaken more gradually into the background envelope amplitudes.

The signal envelope values of the midangle stack volume of Zone A are smaller than the values for the near-
normal stack in this zone (Figures 6a and 6b) but much less so than even for Zone B. Moreover, the strong
envelope amplitudes are not as sharply focused but are rather found in a longer (~100 ms) two-way travel-
time window and weaken gradually into the background envelope amplitudes.

5.2. AVA Crossplotting Results

The selected CIG areas for AVA crossplotting show high signal-to-noise ratio of the OAML reflections
(Figures 2 and 3). For Zones B and C, the AVA crossplotting was done for three separate space-time analysis
windows to examine melt content variation of the OAMLs as a function of distance away from the ridge axis.
The OAML in Zone A is narrower than the OAMLs in Zones B and C, and the crossplotting was performed only
in one windowwhere the signal-to-noise ratio is comparable to the signal-to-noise ratio of Zones B and C. The
analysis windows in Zones B and C extend for 1250 m in the crossline direction, 900 m in the inline direction,
and 100 ms in the vertical direction. The analysis window of Zone A is the same as Zones B and C except that
it is 600 m wide in the inline direction. The areal size of the analysis windows was chosen to include as much
as possible of the high signal-to-noise ratio OAML reflection response from flatter sections of the OAML
where the signal arrives within the 100 ms time window, which was chosen to encompass all of the OAML
reflection response and minimize noise inclusion. These analysis windows are shown in Figures 1, 2a,
2d, and 3a.
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An example of AVA crossplotting for one of the analysis windows is presented in Figure 7. The crossplotted A
and B values for this and all the other six analyses windows occur dominantly in quadrants II and IV. This result
corresponds to AVA class IV that is characterized by amplitude decrease with increasing angle of incidence.
AVA crossplot values occur in quadrants II and IV because for each positive and negative reflection-amplitude
pair, two A-B pairs are computed: one A-B pair from the positive amplitudes and plotting in quadrant IV, and
the second A-B pair from the negative amplitudes and plotting in quadrant II.

The best fitting A versus B linear trends calculated for the crossplotted data for all analyses windows of Zones
A, B, and C (see Figure 1 for locations) are shown with solid black lines in Figure 8. To facilitate melt content
estimation in each analysis window and interpret the results, the calculated background trends presented in
Figure 5d are projected to the A versus B crossplot plane. The background trends show a counterclockwise

Figure 6. Signal envelopes computed from the near-normal stacks (angle of incidence 0° to 20°) and midangle stacks (20°
to 30°) for the three zones shown in Figure 1. (a, c, e) Signal envelope for the near-normal stack of Zones A, B, and C,
respectively. (b, d, f) Signal envelope for the midangle stack of Zones A, B, and C, respectively. These figures show that the
seismic energy of the OAML reflection in the midangle stacks section is significantly less than that for the corresponding
near-normal stacks. This pattern of the amplitude decrease with increasing angle of incidence was predicted for the
reflected P wave from the top of a gabbro/mush or gabbro/melt lens in Figure 4.
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rotation from melt-poor magma lenses

toward melt-rich magma lenses. The Vp

Vs

ratios were calculated from the slope of
the best fit trend lines using equation (3)
and are listed for all study zones and

analysis windows in Table 1. The Vp

Vs

values range from the minimum value
of 1.37 for the single analysis window
of Zone A to the maximum value of
1.94 in analysis window 1 of Zone C.

6. Discussion

The results from AVA crossplotting indi-
cate that the OAMLs on average contain
a small amount (<20%) of melt.
Geologic possibilities for the low OAML
melt content, comparison between the
OAML and AML melt content, and the
source of melt for the OAMLs are dis-
cussed in the following sections and
are schematically shown in Figure 9.

6.1. Melt Content of Midcrustal OAMLs

The best fitting A versus B linear trends plot between the vertical axis (A = 0) and the 0–20% background
trend (Figure 8) indicating a high crystalline component for the OAMLs. Though P wave partial angle stacks
provide no direct characterization of the investigated OAMLs melt volume, the vertical and lateral transitions
in the amplitude of the signal envelope for the near-angle and midangle stacks (Figure 6), and the difference

Figure 7. Detailed results of AVA crossplotting of intercept (A) and gradi-
ent (B) for window 1 of Zone A. Intercept is calculated from the reflection
signal with the angle of incidence range from 0° to 20°, and gradient is
calculated from the reflection signal with the angle of incidence range
from 20° to 30°. Color indicates the density of data points per designated
unit area represented by the background rectangles. Blue line is the best
linear fit that defines the Vp/Vs ratio for the window 1 of Zone A.

Figure 8. Vp/Vs ratios for all seven analyses windows of Zones A, B, and C computed from the results of crossplotting intercept (A) and gradient (B) are shown with
solid black lines representing the best linear fits. (a–c) The Vp/Vs ratios for the Zone B analysis windows 1, 2, and 3 which are shown with dashed red, yellow, and
blue rectangles, respectively, in Figures 1 and 2d. (d) The Vp/Vs ratio for the single analysis window in Zone A shown in Figures 1 and 2a with a dashed red rectangle.
(e–g) The Vp/Vs ratios for the Zone C analysis windows 1, 2, and 3 which are shown with dashed red, yellow, and blue rectangles, respectively, in Figures 1 and 3a.
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Table 1. Computed Vp/Vs Ratios, Background Trends, and Melt Content Interpretationa

Analysis Window ↓ Vp/Vs ratio Background Trends Melt content

Zone A 1 1.37 Vp/Vs =1.55 Partially molten/solid to mushyVp/Vs ≤ 2.06

Zone B 1 1.70 Vp/Vs =1.70

2 1.87 Vp/Vs =1.85 Mostly molten2.06<Vp/Vs≤ 2.15

3 1.56 Vp/Vs =2.00

Zone C 1 1.94

2 1.90 Vp/Vs =2.15

3 1.52 Vp/Vs=2.30 Highly moltenVp/Vs> 2.15

Average for all windows/zones 1.72 Vp/Vs=2.50

a(left) Vp/Vs ratios for all seven analyses windows of Zones A, B, and C (see Figure 1 for location) and their averages are
shown together with (right) the background trends and the corresponding interpretation for the amount of melt put
forward by Marjanović et al. [2015], which is shown as color background. The relationships between the background
trends and melt content developed in Marjanović et al. [2015] is empirical in nature (based on available measurements
of Vp, Vs and ρ), as opposed to the one presented in Figure 5 of this work and based on the Hashin and Shtrikman [1963]
theoretically derived relationship.

Figure 9. Schematic fence diagram showing the AML and OAMLs in crustal sections across and along the ridge axis. Color depicts AML and midcrustal OAML melt
content as described in the legend, following the classification of Marjanović et al. [2015]. Subaxial melt lenses (SAMLs), lower crustal OAMLs, and MTZ magma
lenses are shown in light purple, gray, and dark blue, respectively, as their melt content is not known. Possible directions of melt migration are shown with
pink arrows. A thick MTZ is observed in the axial and near axial region in the area where OAMLs are imaged [Aghaei et al., 2014]. This area may also be
characterized by a somewhat wider axial low-velocity zone than observed elsewhere, as shown using shading and dashed brown lines.
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between them, provide insight on the relative melt content and distribution and support the AVA crossplot-
ting results. For example, changes in the envelope amplitude are largest and sharpest for Zone C and weakest
and most gradual for Zone A, both vertically and laterally (Figure 6). This implies that the melt content is on
average most likely largest in Zone C and smallest in Zone A, and that its distribution is most uniform in Zone
C and least uniform in Zone A.

The lowmelt content of the midcrustal OAMLs as determined by the AVA crossplotting may not be surprising
given that the 60 km long section of the AML from 9°300N to 10°N at the EPR is also found to be predomi-
nantly melt poor [Xu et al., 2014]. Marjanović et al. [2015], using a similar AVA crossplotting approach as
the one applied in this work but focused on the central and presumably most melt rich section of the
AML, conclude that only 5–10% of the AML from 9°300N to 10°N is highly molten. In addition, based on the
study by Marjanović et al. [2015], the AML segments at latitudes of the two midcrustal OAMLs evaluated in
this work are estimated to be in a state of crystalline mush.

The most likely possibilities for low melt content of the midcrustal OAMLs include the following: (a) the
OAMLs are drained because of off-axis eruptions that preceded our 2008 survey; (b) the OAMLs are feeding
the on-axis magmatic systems; and (c) the OAMLs have limited mantle melt supply in comparison to the AML.
6.1.1. Low OAML Melt Content Due To Off-Axis Eruptions
Volcanic edifices oriented parallel to the spreading direction, hundreds of meters in diameter, 30–60 m tall,
and extending for 2.4 km from the ridge axis have been observed above the OAMLs in Zone C [Han et al.,
2014]. The total volume of these volcanic edifices is ~5.3% of the total extrusive volume amounting to
~0.3% of the total crustal volume in this area. Based on these volume estimates, Han et al. [2014] conclude
that off-axis eruptions above the OAMLs do not contribute significantly to overall crustal accumulation.
Moreover, the limited diameter of these volcanic edifices indicates that the periodic eruptions from this
midcrustal OAML may be characterized by small lava volume, but in situ seafloor observation is required
to confirm this possibility.

Although there currently is no published bathymetric or morphologic evidence for off-axis eruptions from
the OAMLs in Zones A and B (between 9°520N and 9°570N), anomalously young ages have been found from
studies of basalt samples collected across the EPR to the south from 9°48 to 9°520N consistent with off-axis
eruptions in the past within ~4 km of the spreading center [Sims et al., 2003]. Some investigators suggest that
these young lavas sampled off-axis originate within the AST and have been transported several kilometers
off-axis via surficial and/or subsurface channels [e.g., Haymon et al., 1993; Waters et al., 2011]. However, this
possibility is unlikely for the OAML region because recent submersible dives directly above our Zones A, B,
and C (S. M. White, personal communication, 2016) indicate younger lava than for the surrounding crust con-
sistent with seafloor eruptions fed locally by the underlying OAMLs. No evidence for fresh lavas (<1–2 year
old based on visual observations of lavas erupted on-axis in 2005–06) were found during these dives how-
ever, and the possibility that the lowmelt content of two OAMLs investigated in this study reflects lens deple-
tion due to recent eruptions is unlikely.
6.1.2. Low OAML Melt Content Due To Feeding of On-Axis Magmatic System
Another possible explanation to account for the melt-poor midcrustal OAMLs is that some of the melt
in these magma bodies migrates toward the on-axis magmatic system (Figure 9) [Canales et al., 2012].
Although there is no imaged continuity between the AML and OAML, there are indications of connectivity
between these magma bodies (Figure 3a). The eastern end of the AML is located near the western edge of
the southern midcrustal OAML (Figure 3a) [Han et al., 2014]. Near vertical or steep-angle magma ascent is
expected and may be taking place via highly inclined magma conduits from the western edge of the
OAML toward the eastern end of the AML, but we cannot image such steep conduits due to limitations of
our data and/or imaging methods applied. In Zone B, melt pockets extending from the northern OAML to
the axial low-velocity zone also support some level of connectivity between the axial and off-axis magmatic
systems [Canales et al., 2012].

AVA crossplot results in Figure 8 and Table 1 show that the highest average melt concentration, as estimated

from Vp

Vs
ratios of windows 2 for Zones B and C, are within the central sections of the OAMLs. Beyond the

apex region, analysis windows 1, found closer to the ridge axis for both Zones B and C, have greater ratios
than windows 3 that are found farther away from the ridge axis and have the smallest average ratio. This sug-
gests that for the two investigated midcrustal OAMLs, peripheral melt may be preferentially accumulating at
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the edges nearest the ridge axis. Upward migration of the melt from this area toward the shallow central
regions of the concave shaped OAML and potentially the AML is likely considering the buoyancy of melt in
the crust [Canales et al., 2012; Han et al., 2014]. For a quasi-stationary mantle source, we expect the melt to
be intruded from below the western OAML edge as the crust is transported away from the axis resulting in
preferential accumulation of peripheral melt at the edge nearest the ridge axis. Intriguingly, while the esti-
mated melt contents are about the same for analysis windows 2 covering the central portions of Zone B
and Zone C, analysis window 1 of Zone B has less melt than the same analysis window of Zone C. Perhaps,
melts were tapped from this region during the 2005–2006 AML eruption at the EPR (9°460–9°560N) account-
ing for lower melt content in this nearest ridge section of the northern OAML recorded in 2008 by our MCS
survey. However, the volume of the melt that the OAMLs contribute to the AML eruptions is probably not a
significant fraction of the overall melt that erupts at the ridge axis because otherwise lavas formed by AML
and OAML eruptions would not have distinct geochemical signatures.
6.1.3. Low OAML Melt Content Due To Limited Mantle Melt Supply
The most likely primary cause for low melt content of the OAMLs, relative to the AML, is more limited melt
supply from the underlying mantle source reservoir. Based on inferred crustal thickness anomalies associated
with the southern OAML and volume estimates of the volcanic constructs located above this feature, Han
et al. [2014] conclude that the OAML contribution to total crustal thickness is small (~3%). Unlike the AML,
which is believed to be a quasi steady state body, the OAMLs are likely to be ephemeral melt-poor bodies
due to this implied limitedmelt supply from the underlyingmantle source reservoirs. The limitedmelt supply,
combined with potential loss of somemelt due tomigration toward the AML, may also result in a significantly
longer period of melt replenishment for OAMLs throughout their life span in comparison to the AML. This
would lead to partial crystallization at peripheral sections of these lenses due to the long cooling interval
and OAML eruption recurrence rates that are lower than for the AML. However, Canales et al. [2012] estimate
that it would take only 8 to 12 years for an OAML to solidify if intruded into cold and fully solidified crust, tak-
ing into account hydrothermal heat removal, which suggests that some fraction of OAMLs are single melt
intrusion events.

6.2. OAML Versus AML Melt Content Estimates

An additional source contributing to the difference in the estimated OAML melt content from this work and
the AML melt content from Marjanović et al. [2015] is related to the methodology rather than geology. The
work presented here is the first 3-D AVA study of the melt content of a magma lens. Because of the irregular
shape of the investigated OAMLs and the rectangular shape of the chosen AVA analysis window, all windows
cover both central (inner) and peripheral (outer) sections of the investigated OAMLs. The ratio between cen-
tral and peripheral OAML sections is highest for windows 2 of Zones B and C and smallest for window 1 of
Zone A. The computed melt estimate for each analysis window, therefore, represents the average melt con-
tent across an area that includes both central, relatively melt rich, and peripheral sections of an OAML, where
melt content diminishes to 0% at the edges. This is in contrast to the quantitative MCS studies of AML melt
content carried out so far in 1-D [Hussenoeder et al., 1996; Collier and Singh, 1997, 1998; Canales et al., 2006; Xu
et al., 2014] and 2-D [Marjanović et al., 2015], in which melt content estimates were limited only to the central
part of the targeted magma lenses. These central parts of the targeted AMLs were defined by the strongest
reflection response observed, generally arising from the topographic highs of magma lenses that are pre-
sumed to contain the highest fraction of melt. For example, adjacent to our study area, the 2-D analysis of
Marjanović et al. [2015] is centered on the axis parallel common midpoint line following the middle of the
AML that is presumed to straddle the line of maximum AML melt content. Additionally, the data used for
AVA analysis of the AML and the OAML, carried out byMarjanović et al. [2015] and in this work, were collected
along and across the ridge axis, respectively, but possible effects of anisotropy on the results were not taken
into account. As a result, it is not possible to carry out a direct comparison of the estimates of OAML melt
content presented here and the results from the earlier 1-D and 2-D studies of the AML. However, a relative
comparison of the AML and OAML melt content, as determined by the AVA crossplotting study of the AML
[Marjanović et al., 2015] and of the two large midcrustal OAMLs carried out in this work, is possible.

Table 1 lists Vp/Vs ratios for all seven analyses windows of Zones A, B, and C computed from the results of AVA
crossplotting and compares them with the background trends fromMarjanović et al. [2015], which are based
on available measurements of Vp, Vs, and ρ. These authors divide the background trend range in three areas
and interpret them to be indicative of magma lenses that are partially molten, mostly molten, and highly
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molten. Following the interpretation of the background trends put forward by Marjanović et al. [2015], the
OAMLs covered by the analysis windows fall within the family of trends that represents partially molten
(solid to mushy) material. Table 1 also shows the average Vp/Vs ratio for all seven OAML analysis windows
that, as would be expected, also falls within the trend range area thought to be representative of partially
molten magma. The average Vp/Vs ratio for the AML in the study area computed from the results pre-
sented in Marjanović et al. [2015] is 2.07 and falls right at the boundary between trend areas interpreted
as being indicative of partially molten and mostly molten magma. These average Vp/Vs ratios for the AML
and OAMLs, when interpreted using the background trends computed from upper Hashin-Shtrikman
bounds (Figure 5), suggest that on average the investigated OAMLs contain <20% melt and that the
AML contains about 50% melt.

The computed Vp/Vs averages point to the larger average melt content of the AML in the study area than the
average melt content of the two large midcrustal OAMLs at the time (2008) the data were collected. In sup-
port of this result, strong P-S-P converted wave phases have been observed at regions along the axis of the
EPR where the AML contains highest percentage of melt. The converted phases are strongest on the midan-
gle range and are hardly seen on near-angle range. In addition, the stacking velocity of these events is lower
than the stacking velocity for the AML [e.g., Xu et al., 2014]. No such converted phases have been observed in
Zones A, B, and C, further indicating that the midcrustal OAMLs contain less melt than the AML and backing
the results of the AVA crossplotting analysis. However, because the exact melt percentage of the investigated
magma bodies cannot be confidently determined due to the limitations of the developed background
trends, neither can the difference in their melt content be accurately quantified. Moreover, the difference
in the average melt content between the AML and the OAMLs is likely smaller than the results suggest
because the average Vp/Vs ratio, and therefore the interpreted melt content of the AML, may be overesti-
mated by the Marjanović et al. study because this study is 2-D and focused only on the AML apex, as
elaborated earlier.

6.3. Melt Source of the Midcrustal OAMLs

The two most plausible melt-source reservoirs for the investigated OAMLs [Han et al., 2014] are (1) the broad
zone of melt accumulation within and beneath the Moho transition zone (MTZ) that feeds the ridge-axis
magmatic system, and (2) local melt anomalies in the underlying shallow mantle.

Seismic and compliance studies at the EPR indicate the presence of a broad subcrustal melt reservoir
10–20 kmwide and centered about the ridge axis with 3–11%melt fraction within and beneath the MTZ, pos-
sibly distributed in sills (Figure 9) [Garmany, 1989; Dunn et al., 2000; Crawford and Webb, 2002; Toomey et al.,
2007]. This subcrustal melt reservoir is likely a general feature of intermediate-to-fast spreading centers, with
its melt content being a function of magma supply to the ridge [Canales et al., 2014]. The width of this region
is consistent with the distance over which OAMLs are observed [Canales et al., 2012; Aghaei, 2013; Han et al.,
2014]. Analysis of the 3-D MCS data set used in this work shows that the MTZ reflection character in the area
varies among impulsive, shingled, and diffusive [Aghaei et al., 2014]. Both the impulsive and shingled Moho
types are single-phase reflection responses that are thought to arise from thin MTZs, while thick MTZs
(Figure 9) are believed to generate the diffusive Moho type that is characterized by a multiphase reflection
response [Brocher et al., 1985; Collins et al., 1986; Nedimović et al., 2005]. The cause for the thick MTZ is thought
to be less efficient mantle melt delivery to the ridge axis that leads to some of the melt being trapped and
pooled in lenses within the MTZ (Figure 9) [Aghaei et al., 2014], providing potential reservoirs of melt to sup-
ply crustal OAMLs.

Detailed reflection mapping of the MTZ character in the study area shows that the two large midcrustal
OAMLs are found within regions of dominantly diffusive Moho reflection response, as are the majority of
the lower crustal OAMLs [Aghaei, 2013]. However, the regions with a thick MTZ located from 9°37.50 to
9°400N and from 9°500 to 9°570N cover an area that is much larger than the area covered by the OAMLs.
Moreover, a thick MTZ is imaged on the Pacific plate in regions where no midcrustal OAMLs are imaged
[Aghaei et al., 2014]. These observations suggest that the presence of a subcrustal melt reservoir in the form
of MTZ magma lenses may not be sufficient to form and sustain the midcrustal OAMLs and that local thermal
heterogeneity may be required to facilitate melt migration from the uppermost mantle to the midcrust
(Figure 9). Enriched MORBs, indicating the presence of local mantle heterogeneities, have been sampled on the
EPR 9°–10°N ridge flanks at distances >0.5 km away from the ridge axis [Perfit et al., 1994; Smith et al., 2001;
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Sims et al., 2003;Waters et al., 2011], and their off-axis origin is supported by the OAMLs imaged using seismic
data [Canales et al., 2012; Aghaei, 2013; Han et al., 2014]. The presence of local thermal anomalies has also
been predicted from the thermochemical modeling of Katz and Weatherley [2012] for melt extraction at
mid-ocean ridges. These models suggest that magmatic segregation from a chemically heterogeneous
mantle results in melt pooling and crystallization at the base of the lithosphere. These melt pools may
supply magma to the OAMLs through high-porosity, high-permeability channels or dikes as is inferred
for the axial zone.

Without new detailed geochemical studies, it is not possible to distinguish which of the two discussed most
plausible options for the melt-source reservoir has given rise to the investigated midcrustal OAMLs. However,
there is strong evidence in support of vertical or near vertical melt migration as opposed to lateral transport
from the axial zone. Little or no Moho reflection response is observed directly below the midcrustal OAMLs,
and at some places around them, suggesting that the MTZ is overprinted, most likely because of the upward
melt delivery from the uppermost mantle to the crust. Seismic waves recorded on ocean bottom seism-
ometers and propagating through the lower crust below the northern midcrustal OAMLs show strongly
attenuated amplitudes due to interstitial melt [Canales et al., 2012]. No such attenuation of seismic waves
is observed outside the regions covered by this OAML and within the area covered by the northern 3-D seis-
mic volume. Although there are no seismic attenuation data available for the crust below the southern mid-
crustal OAML, the optimal migration velocity between this large midcrustal and a smaller underlying lower
crustal OAML (Figure 3a) is lower than expected for normal oceanic layer 3 and similar to that in the same
interval for the northern midcrustal OAML [Aghaei, 2013].

7. Conclusions

We use 3-D MCS data to form partial angle Pwave stacks and apply the AVA crossplotting technique to assess
melt content and melt distribution within two large midcrustal OAMLs found along the northern EPR from
9°37.50N to 9°570N. This is the first magma melt content study using high-resolution 3-D MCS data and the
first such investigation targeting OAMLs. The northern OAML is divided into study Zones A and B, while
the southern OAML has one study Zone C. For AVA crossplotting, Zones B and C are both subdivided into
three analysis windows. Each of the seven analyses windows covers an area of ~1 km2.

The obtained results indicate that the investigated OAMLs are in a partially molten state. The spatial transi-
tions in trace envelope of the P wave partial angle stacks, and the difference between them, indicate that
the melt content is on average likely highest in Zone C and lowest in Zone A, and that its distribution is most
uniform in Zone C and least uniform in Zone A. The results of AVA crossplotting show that the two investi-
gated OAMLs on average contain a smaller amount of melt (<20%) than the AML. The section of the northern
OAML covered by the single analysis window of Zone A, which is farther from the ridge axis and deeper than
any other analysis window, appears to have the least melt. Parts of the OAMLs in Zones B and C covered by
analysis windows 1 and located closest to the ridge axis appear to, on average, havemore melt than themore
distant windows 3. The highest combined melt concentration is interpreted for windows 2 of Zones B and C
found in the middle sections of the OAMLs. The reflection volume shows domal shape in the central area of
the OAMLs, which likely allows for greater melt pooling.

The apparent lowmelt content of the investigated midcrustal OAMLs may be indicative of one or a combina-
tion of the following: (1) melt lost due to recent off-axis eruptions preceding our 2008 survey, (2) melt
drainage to the AML, and (3) limited mantle melt supply. The first possibility is unlikely because, although
off-axis eruptions sourced from the OAML have built local volcanic constructs directly above the investigated
OAMLs [e.g., Han et al., 2014], recent dives did not reveal fresh unsedimented volcanics (S. M. White, personal
communication, 2016). While no connectivity is imaged between the midcrustal OAML and the AML, some
melt migration from the midcrustal OAMLs toward the AML is supported by (a) the spatial extent and geo-
metry of the midcrustal OAMLs and the AML, (b) the greater estimated melt content for the OAML sections
toward the ridge axis in comparison to sections farthest away, and (c) the relatively lower melt content of the
northern OAML near axis area found east of the axial region that erupted in 2005–2006.

The likely dominant cause for the melt-poor OAMLs is limited melt supply from the underlying mantle source
reservoir. The lack of significant total crust or layer 2A thickness anomalies associated with these features
[Han et al., 2014] indicates the time-averaged flux of melt to the OAML could be only a fraction of that
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focused to the axial zone. Limited mantle melt supply, combined with some melt migration to the AML, is
expected to result in lower rates of melt replenishment, OAML eruption recurrence rates and volumes that
are lower than for the AML, and low OAML melt content even when replete, in part because of partial crystal-
lization due to a longer cooling period. Some fraction of the OAMLs could also reflect single intrusion events
that rapidly cool and solidify after off-axis intrusion into a relative cool host rock.

A direct comparison between the estimated OAML melt content from this study and the estimates for the
AML melt content presented in earlier studies is not possible. This is because the computations done in this
work were carried out in 3-D and are representative of the average melt content of the OAMLs, which con-
trasts with the 1-D and 2-D studies carried out so far that resulted in estimates of the melt content only for
the central, most melt-rich points or profiles across the targeted AMLs. Nevertheless, the first-order observa-
tions of lower melt content of the investigated midcrustal OAMLs in comparison to the AML, and the nature
of its distribution within these magma lenses, are robust. Further understanding of the AML and OAML melt
content and the relationship between these two types of magma lenses will require collection and analysis of
complementary geochemical and geophysical data sets.
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