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Abstract we apply wave equation-based techniques to 2-D seismic data to characterize the nature of
zero-age upper crust at the East Pacific Rise from 9°16' to 9°56'N. The final velocity model reveals a
number of low-velocity anomalies, complex in shape, extending down to ~1 km below the seafloor. We
attribute them to the presence of hydrothermal flow. Depending on their spatial correlation with the
previously identified tectonic discontinuities in bathymetry and presence of venting, we classify them as
downgoing and upgoing pathways, respectively. This distinction is not always clear; within the third-order
discontinuities at 9°20" and 9°37'N, both pathways may be present. The region north of 9°44'N, known for
its magmatic robustness and volcanic activity, is represented by five low-velocity perturbations. Three of
these anomalies are spatially correlated with the fourth-order discontinuities and attributed to the presence
of the on-axis recharge zones. The remaining two anomalies underlie two vent clusters, marked as
hydrothermally active sites after the last documented eruption event. These velocity anomalies can be thus
identified as the up-flow pathways or at least their remnants. By comparing our results to the available
interdisciplinary data sets, we show that the interaction between the tectono-magmatic and hydrothermal
processes is not straightforward due to different timescales at which they operate. However, for developing,
maintaining, and driving vigorous, high-temperature hydrothermal flow, the high crustal permeability and
high thermal regime must coexist in time and space.

1. Introduction

Since the first hydrothermal vent system was identified along the Galapagos spreading center in the late
1970s (Corliss et al, 1979), the number of discovered vent fields has increased exponentially (e.g.,
Baker et al., 2016; Baker & German, 2004; Baker et al.,, 1995; Beaulieu et al., 2013, 2015; Hannington et al.,
2004). Nowadays, the discharge zones of hydrothermal fluids are known to be ubiquitously present along
the mid-ocean ridge (MOR) system, at all spreading rates and within a wide variety of geological settings
(e.g., Baker et al., 2016; Baker & German, 2004; Cannat et al.,, 2004; Wilcock & Delaney, 1996). Regardless of
the geological environment within which the hydrothermal circulation is taking place, the two main govern-
ing factors of hydrothermal circulation are believed to be common: high thermal regime and high crustal per-
meability. However, which one predominates is not well understood.

At fast to intermediate spreading centers the prevailing heat source for establishing hydrothermal circula-
tion is represented by frequently replenished intracrustal reservoirs of melt (Baker, 2009), that is, axial
magma lenses (AMLs). The AMLs have been imaged in seismic data (e.g. Blacic et al, 2004; Carbotte
et al, 2006, 2013, 2000; Detrick et al, 1987, 1993, 2002; Hooft et al, 1997; Jacobs et al., 2007;
Marjanovi¢ et al, 2014; Vera et al, 1990), some portions of which were inferred to be highly molten
(e.g., Canales et al., 2006; Collier & Singh, 1997; Marjanovic¢ et al,, 2015; Singh et al., 1998; Xu et al,, 2014).
Although some of the studies argued for spatial correlation between melt-rich AML and incidence of
vigorous venting (Canales et al., 2006; Singh et al., 1999), more extensive MOR-wide study showed no
consistent relationship (Baker, 2009).

While identified vent orifices provide a good hint about the location of the upgoing pathways of discharging
fluid, little is known whereabouts the seawater penetrates the crust and establishes the downgoing pathway.
High permeability zones, generally represented by faults, and/or zones of interconnected cracks and fissures
that hydrothermal fluids use as pathways for circulating within the crust, are challenging for seismic imaging
and have not been mapped in seismic data collected at fast-spreading centers.

One of the best places to study hydrothermal systems along the MOR:s is the East Pacific Rise (EPR) 9°50'N.
Early visual and acoustic imaging of the seafloor (Haymon et al., 1991) and plume mapping (Baker et al.,
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1994) showed the presence of hydrothermal vents concentrated within 9°50'N region. It was also within this
area that a complete volcanic cycle was documented, demarcated by two submarine volcanic eruptions that
happened in 1991-1992 (Haymon et al.,, 1993; Rubin et al., 1994) and 2005-2006 (Tolstoy et al., 2006),
witnessing high magma budget in the EPR’s lithosphere. This dynamic portion of the MOR system was also
a focus site for full suite of continuous and interconnected studies focused on topics ranging from
“magma to microbe” (Fornari et al,, 2012). They included examination of biological communities, volcanic,
magmatic, tectonic and hydrothermal activity, and their chemical imprints on the rocks and fluids expelled
within the region (e.g., Fornari et al., 2012; Goss et al,, 2010; Kelley et al., 2002; Lutz et al., 2008; Nooner
et al,, 2014; Soule et al, 2007; Tolstoy et al., 2008; Toomey et al.,, 2007; Von Damm, 2004; Von Damm &
Lilley, 2004; White et al., 2006; Yiicel & Luther, 2013).

In 2008, a multichannel seismic (MCS) survey, including the collection of the along-axis swath, was conducted
in this area (e.g., Mutter et al., 2009). The analysis of the along-axis data indicated the presence of a fine-scale
AML segmentation linked to the seafloor morphology (Carbotte et al., 2013, 2015). In addition, it has been
shown that some of the AML segments are highly molten (Marjanovic et al., 2015; Xu et al., 2014). To further
explore and characterize zero-age upper crust along the EPR, we apply elastic 2-D wave-equation based tech-
niques (wave equation tomography and waveform inversion) to redatumed axis-centered seismic profile
spanning the region between ~9°16’' and 9°56’N. The redatuming technique (Harding et al., 2007) was first
extensively tested on synthetic data sets and then applied to real data. These data were then subject to a
wave equation-based tomography to obtain information on large-scale to midscale velocity variations. This
result also provides a starting velocity model that is used as an input to the elastic waveform inversion for
further estimation of fine-scale velocity changes. Several low-velocity anomalies are identified within the
2-D velocity model, with the most complex ones located within the eruption area. Their distribution suggests
that at least one part of the hydrothermal circulation is taking place along the ridge axis plane.

2, Background
2.1. Geological Setting

Our study area encompasses a portion of the EPR that extends between the Siqueiros Transform Fault (TF) in
the south and the Clipperton TF in the north (Figure 1a), which has been the focus of many interdisciplinary
studies since the early stage of the MOR exploration (Herron et al., 1978, 1980; Menard, 1960; Orcutt et al.,
1976). This segment of the ridge axis is further divided into two second-order segments, the southern and
northern one, separated by a prominent Overlapping Spreading Center (OSC) at 9°03'N, where the two limbs
of the EPR are offset by 8 km, and overlapped by 27 km (Sempere & Macdonald, 1986). In addition to this
second-order OSC, within the present-day EPR axis zone, both side-scan sonar data (Macdonald et al,
1992) and recent high-resolution bathymetric mapping of the seafloor (White et al.,, 2006) identified addi-
tional but smaller OSCs or third-order discontinuities. Within these third-order segments, smaller changes
in ridge axis orientation and/or changes in the character of the axial summit through (AST) are also observed
(Carbotte et al., 2013, 2015; White et al., 2006). They are defined as fourth-order discontinuities with a life span
of about several hundreds to thousand years (Carbotte et al., 2013; Langmuir et al., 1986; Macdonald et al.,
1988; White et al., 2002, 2006). Spatially, these finer-scale (third- and fourth-order) morphotectonic disconti-
nuities are well correlated with the prominent changes in the recorded reflection signal from the AML, that is,
fine-scale magmatic segmentation, which suggests their genetic relationship (Carbotte et al., 2013, 2015;
Kent et al., 1993). The area extending between 9°46’ and 9°56'N, underlain by three well-defined AML seg-
ments (Carbotte et al, 2013), coincides with the region of two documented eruptions in 1991-1992
(Haymon et al., 1993) and 2005-2006 (Figure 1b) (Tolstoy et al., 2006). It represents one of the most volcani-
cally active zones along the MOR system, if we exclude the portions of direct ridge-hot spot interaction, for
example, Axial Segment along the Juan de Fuca Ridge, influenced by the Cobb hot spot (e.g., Chadwick
et al,, 2005; Wilcock et al., 2016). In addition, an abundance of hydrothermal venting activity has been taking
place in this area (Figure 1b) (Fornari et al., 2004, 2012; Haymon et al., 1991; Haymon & White, 2004; Sohn et al.,
1998, 1999). Different types of hydrothermal discharge zones were identified (e.g., Fornari et al.,, 2004;
Haymon et al.,, 1991, 1993; Von Damm, 2000). Along the floor of the AST or along the AST's walls number
of high-temperature vents/vent clusters (including black, gray and white smokers) has been mapped. In addi-
tion, these high-temperature, focused vent sites are almost always accompanied by a number of diffuse flow
sites created by shallow subsurface seawater circulation with a mildly heated (up to 100°C) emanating fluids
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Figure 1. Location of seismic lines acquired during the MGL0812 expedition aboard R/V M. G. Langseth. (a) The regional,
gray-shaded seafloor bathymetry map with the globe inset is a composite map derived from the global multiresolution
topography database (Ryan et al., 2009) and multibeam sonar data acquired during the cruise (gridded at 50 m); the
Siqueiros and Clipperton transform faults, and the OSC at 9°03'N are indicated. (b) The multibeam sonar data are used for
the local map, encompassing the extent of the 2-D seismic line (portion of the axis2r1) used in this study. The remaining
symbols are indicated in the legend.
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(Bemis et al.,, 2012; Delaney et al., 1992; Rona & Tivett, 1992; Schultz et al., 1992; Von Damm & Lilley, 2004). It
has been shown that the temperature and chemistry of the egressing fluid vary significantly between the
neighboring chimneys (e.g., Fornari et al., 2004; Scheirer et al., 2006; Von Damm, 2000, 2004). Furthermore,
fluid properties emanated from a single chimney may vary through time: new vents can appear, and the
existing ones disappear, due to magmatic cycling. For instance, following the 2005-2006 eruption, several
high-temperature vents became extinct (M, Q, Choo Choo, and Tubeworm Pillar) and new vents sites
appeared (Hobbit Hole, Tamtown, Crab Spa, etc.) (Fornari et al., 2012; Von Damm, 2006). During the poster-
uption dives, the activity of two clusters centered at ~9°47’'N and 9°50.3'N was examined with the hydrother-
mal activity within the northern one being more prominent. The inventory of all known active vent sites after
the last documented eruption is provided in Table S1 in the supporting information. A more recent study,
conducted in 2011 using continuous tows of sensors sensitive to hydrothermal tracers (Baker et al., 2016),
portrays the most complete representation available of the recent hydrothermal activity along the EPR.
This study, conducted 3 years after the eruption event, shows that the vigorous hydrothermal discharge
has been established between ~9°37’N and 9°44’N, with a small gap (~2 km) between 9°41" and 42'N. In addi-
tion, it shows no presence of venting within the region extending between 9°44’ and 9°48’, which was active
within the posteruption setting and was represented by the vent cluster centered at 9°47'N (Fornari et al.,,
2012; Von Damm, 2006). In contrast, the cluster centered at 9°50.3'N still exhibits the most prominent
high-temperature hydrothermal activity. The observed differences in hydrothermal activity depicted in
earlier studies (e.g., Fornari et al,, 2012; Haymon et al.,, 1991) and recent detailed observations (Baker et al.,
2016) can be explained by temporal variation and constant changes in the dynamics of the along-axis
hydrothermal system(s); they can also be the result of scarcity in sampling of the hydrothermal activity by
the earlier studies.

Along with the discovery of the vents, the most incredible forms of life have been revealed, including tube
warm communities, colonies of clams, crabs, gastropods, and variety of microorganisms (Kelley et al., 2002;
Shank et al., 1998), and may tell us a story of the onset of life (Weiss et al., 2016). Their existence is highly
controlled by volcanic and hydrothermal habitats at MOR within which they thrive.

2.2. Hydrothermal Circulation From Numerical Modeling and Microseismicity

Most of our knowledge on hydrothermal circulation along spreading centers is based on analytical and
numerical modeling studies (Coumou et al., 2006; Coumou, Driesner, Geiger, et al., 2009; Coumou,
Driesner, Weis, et al.,, 2009; Coumou et al., 2008; Fontaine et al., 2011, 2014; Germanovich et al., 2000;
Hasenclever et al,, 2014; Liu & Lowell, 2009; Lowell & Germanovich, 1994; Lowell & Yao, 2002; Lowell et al.,
2013; Rosenberg et al., 1993; Schoofs & Hansen, 2000; Wilcock, 1998). A majority of these models used the
EPR as a prototype due to the availability of interconnected, interdisciplinary studies and known hydrother-
mal activity. Initially, based on the available thermal and geochemical models (Dunn et al., 2000; Johnson
et al,, 1993; Lowell & Yao, 2002), ridge-parallel inward facing faults in the vicinity of the ridge axis were pro-
posed as the ideal environments for seawater to enter the crust and establish cross axis loop of hydrothermal
circulation (e.g., Bonatti, 1975; Kelley et al.,, 2002; Lister, 1977; Lowell et al., 1995; Wolery & Sleep, 1976).
However, the microearthquakes recorded in 2003-2004 revealed a zone of thermal cracking in a vertical,
pipe-like cluster on the ridge axis, interpreted as a downgoing pathway for the hydrothermal circulation
(Tolstoy et al., 2008; Waldhauser & Tolstoy, 2011). This observation indicated that the fluid recharge zone is
located at the ridge axis and that the hydrothermal circulation cell is aligned with the ridge axial plane.
Based on a 3-D numerical simulation study, Coumou et al. (2008) suggested that convection cells are orga-
nized into up-flow channels directly beneath vents orifices surrounded by narrow zones of focused and rela-
tively warm downflow. A recent high-resolution, 3-D whole-crustal modeling study proposed the existence of
a shallow on-axis and deep off-axis flows that merge above the AML, to build vent sites on the ridge axis
(Hasenclever et al.,, 2014).

3. Methods

3.1. Data Acquisition
During R/V Marcus G. Langseth expedition MGL0812 conducted in 2008, a swath of seismic reflection data

spanning the innermost portion of the EPR axis from the Siqueiros to Clipperton TF was acquired
(Figure 1a). The data were recorded using four 6 km long solid streamers, each containing 468 channels
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spaced at 12.5 m. The seismic source was produced by two tuned air gun arrays spaced at 75 m. Each of the
air gun strings contained nine air guns, with a total volume of 1,650 in?, firing at a 75 m space interval. The
arrays were firing in an alternating mode, which for a given four-streamer geometry resulted in a swath of
seismic data composed of eight 2-D seismic lines spaced at 37.5 m. For the 2-D inversion work, we extract
shot lines from line axis2r1 (Figure 1b) recorded along the streamer 2 (Figure S2), which samples the inner-
most zone of the AST (Carbotte et al., 2013; Marjanovic et al,, 2015). Moreover, the data recorded along this
streamer exhibit the highest signal-to-noise ratio (Marjanovic et al., 2015). By using composite line recorded
along a single cable in alternating shooting mode, we reduce the shot interval to 37.5 m. For the axis2r1, the
gun array was deployed at 7.5 m depth, so were the receivers along the streamer. Details considering parti-
cular effects of the acquisition geometry on waveform modeling are provided in section 3.2.2.

We limit the region of our study between ~9°16’ and 9°56’N (Figure 1b). The southern boundary, 9°16'N, is
chosen as the northernmost limit of the 9°03' OSC, which represents the zone of important topographic
variations. The northern boundary is defined at 9°56'N as the location of a change in orientation of the
along-axis seismic line for about 4° in the counterclockwise sense (Figure 1a).

3.2. Data Processing

3.2.1. Seismic Data Processing

We follow the seismic data processing approach of Aghaei et al. (2014), which was previously tested on the
EPR data set collected across the ridge axis during the MGL0812 survey (Aghaei, 2013). We first apply a band-
pass filter with cutoff frequencies 1-6-200-220 Hz to denoise the data and conduct trace editing to exclude
bad channels; the edited channels are reconstructed by interpolation. Furthermore, we also reconstruct a few
missing shots by interpolation of the neighboring shots. The interpolation procedure is valid on the assump-
tion that there is no important variation in the seafloor, which was checked for all the regions for which the
recreation of the shots was required. The next step included the application of a 2-D filter using the Lift
techniques developed by Choo et al. (2004). The Lift approach is based on subdividing the data into
frequency bands and then applying a series of filters. The tests showed that the dominant noise for the
EPR data lies below 15 Hz (Aghaei, 2013). Thus, the data were subdivided into low- (0-14-16 Hz), middle-
(14-16-20-25 Hz), and high- (20-25-200-220 Hz) frequency bands. An F-K filter is applied in the low-
frequency band within the Lift. In addition, we apply a surface consistent amplitude balancing that accounts
for weak channels that are not results of geology and low-pass filter with a corner frequency of 25-30 Hz. After
filtering, we apply top (~1 s above the seafloor) and bottom (at 6 s) mutes. The data are also tapered both in the
time and offset domain using a Tukey window taper to minimize edge effects for extrapolation that follows.

To account for the difference between the real 3-D data and generated 2-D synthetic in the forward modeling
stage, in the inversion process we also apply 3-D to 2-D correction (Pica et al., 1990). This correction consists of
amplitude scaling by vt and convolution of the data by 1/+/t. We apply these corrections prior to extrapolation
process for two reasons: (1) we use 2-D Green function for extrapolation (i.e., 2-D is assumed) and (2) as
almost the entire water column (3.2 s) is eliminated, the scaling factor as a function of time is different in
the extrapolated data.

3.2.2. Kirchhoff Wave Equation Redatuming

Wave equation redatuming is defined as upward or downward continuation of the seismic data when rede-
fining reference surface on which shots and receivers are located (Berryhill, 1979). In the literature, different
terminology has been used to describe it: downward continuation (Ghosal et al., 2014; Wang et al,
2014; Yilmaz, 2001), wave equation extrapolation (Shtivelman & Canning, 1988), Synthetic Ocean Bottom
Experiment (Arnulf et al, 2011; Harding et al., 2007; Henig et al., 2012), or wave equation datuming
(Berryhill, 1979, 1984). Hereinafter, we will refer to the method as wave equation redatuming. In the past
several years, the wave equation redatuming came into focus as the need to better understand deep marine
subsurface (Arnulf et al,, 2011, 2012; Arnulf, Harding, Kent, et al., 2014; Arnulf, Harding, Singh, et al., 2014;
Ghosal et al.,, 2014; Harding et al.,, 2007; Henig et al., 2012; Wang et al., 2014). There are several reasons behind
the application of the wave equation redatuming on the data set collected along the EPR. First, it facilitates
the inversion process by not only collapsing seafloor diffractions and thus improving the imaging quality but
also bringing refraction arrivals to near virtual source-receiver offsets, in order to deepen sensitivity (Arnulf
et al, 2011). Second, by removing most of the water column from the calculation we reduce the computa-
tional time by approximately 50%.
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For the EPR along-axis data redatuming, we use standard 2-D time domain Kirchhoff integral approach in two
passes (Berryhill, 1979, 1984; Harding et al., 2007). Within the first pass the receiver wavefields for all shot
gathers are redatumed from 7.5 m below sea surface (nominal receivers depth) to ~2,394 m (or 3.2 s) below
the sea surface, that is, an arbitrary surface close to the almost flat seafloor, which we define as a redatuming
depth (Figure S1). However, during the first pass of wave equation redatuming application, some geometry
manipulation is needed due to particular survey geometry of the chosen seismic line (i.e., a 2-D line extracted
from 3-D acquisition setting). The data used in this study combine records from a single streamer (here strea-
mer 2) that was 75 m away from the ship’s axis to its starboard side (Figure S2). The alternating gun arrays and
position of the streamer 2 resulted in different source-receiver distance for odd shot numbers (203.5 m for the
nearest offset) and source-receiver distance for even shot numbers (229.5 m for the nearest offset). These
differences in odd and even shot locations could potentially produce artifacts when the shots are combined
in the redatumed data. To overcome the problem and make use of all recorded shots, within the first pass we
redatum even and odd shot gathers separately using the same redatuming parameter that defines a horizon-
tal distance between a given source and nearest virtual receiver, here 200 m. As a result all redatumed shot
gathers follow the same geometry, and the shot spacing is kept at 37.5 m. It has to be mention that the
described approach is valid upon the assumption of negligible topography variation across the ridge axis
for half of the given air gun arrays separation (i.e., 37.5 m). After the first pass and prior to resorting the data
into receiver gathers, we apply a band-pass filter (4-6-20-25 Hz). This is followed by the second pass within
which shot wavefields for all virtual receiver gathers are redatumed to the redatuming depth level without
any geometry modifications (Figure S1b). Finally, we resample the data from 2 ms to 1 ms sampling rate
(required by the inversion scheme), with the application of antialiasing filter, and resort the data into
shot gathers.

3.2.3. Synthetic Tests on Wave Equation Redatuming

Previous studies using the wave equation redatuming technique (e.g., Arnulf et al,, 2011; Ghosal et al., 2014;
Wang et al,, 2014) pointed out that far offsets in the extrapolated data were unreliable and hence were not
used in the inversion. However, their estimate of the offset limits was ad hoc. In order to quantitatively define
source-receiver offset limits, we conducted a synthetic test using a 1-D velocity model from Vera et al. (1990).
First, we compute synthetic shot gathers using the 1-D expanded spread profile (ESP) velocity function, ESP5,
mimicking the MGL0812 survey geometry (including the modeled source addressed in section 3.3.4). We then
perform wave equation redatuming, following the same steps as for the real EPR data set (Figure 2a), exclud-
ing some sophisticated data processing steps such as Lift. Second, we compute synthetic shot gathers for
source and receiver arrays at a depth of 2,394 m (Figure 2b). We quantitatively compare traces from these syn-
thetic tests and conclude that for the given velocity model only the data ranging between ~2 and 4 km offset.
Within this offset range, which we use for further analyses, the phase and amplitudes of the first arrival match
well, and there are no artifacts introduced by the application of the wave equation redatuming (Figure 2c).

3.3. Wave Equation Inversion-Based Techniques

The wave equation inversion techniques applied here are wave equation tomography and waveform inver-
sion, both of which use the same modeling algorithm, a staggered grid elastic finite-difference scheme
(fourth order in space and second order in time) in time domain (Levander, 1988; Shipp & Singh, 2002).
The algorithm aims at minimizing the misfit function, defined as the difference between real and synthetic
data. While the wave equation tomography method provides intermediate to long wavelength information
(the first Fresnel zone is typically equal or greater than three dominant wavelengths), the waveform inversion
provides finer-scale velocity information (Wang et al., 2014).

3.3.1. Wave Equation Tomography

The most traditional approach for obtaining starting velocity model for 2-D waveform inversion has been
through ray-based traveltime tomography that retrieves compressional wave velocity model by inverting
first-arrival traveltimes (e.g., Arnulf et al., 2012; Brenders & Pratt, 2007; Ghosal et al., 2014; Pratt & Goulty,
1991; Shipp & Singh, 2002; Treister & Huber, 2016). However, there are several limitations of the ray traveltime
tomography approach. First, ray theory cannot account geology for complex finite-frequency wave propaga-
tion and complicated geological structures. Also, it does not provide good constraints on low-velocity zones as
transmitted waves are deflected from it and thus preferentially sampling surrounding high-velocity zone
(Vasco et al., 1995). Furthermore, it relies on a high-frequency approximation and ignores finite-frequency
Fresnel zone (Tromp et al., 2005). It also assumes that the source wavelet is not distorted and seismic events
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Figure 2. Shot gathers extracted from 2-D synthetic seismic lines that: (a) mimic the survey geometry of the MGL0812
experiment with applied wave equation redatuming; the first refraction arrival is marked in red dashed line; (b) synthetic
ocean bottom cable (OBC) survey, that is, use the survey geometry as if the data were collected at the redatumed level; the
first refraction arrival is indicated in dashed blue line. (c) Traces extracted from the synthetic shot gathers shown in
Figures 2a (in red) and 2b (in blue), spanning different source-receiver offsets. Locations of the traces shown in each panel
are marked in the corresponding shot gathers in dashed white lines.

are completely characterized by traveltimes, conditions that commonly are not met (Woodward, 1992).
Furthermore, one requires the picking of arrival times, which can be time consuming and tedious. To
overcome the above issues, a wave equation based tomography was proposed (Luo & Schuster, 1991;
Woodward, 1992). Here we use the implementation of Wang et al. (2014). In the wave equation tomography,
the synthetic data are cross correlated with real data, providing appropriate delay time between observed
and synthetic data within the previously identified window. We run wave equation tomography on
carefully extracted refracted arrival from redatumed shots to retrieve long and middle wavelength
structures and obtain best-possible starting velocity model for waveform inversion that can alleviate the
cycle-skipping problem (synthetic phases arrive within half of dominant frequency of the observed phases)
and assure convergence to a global minimum. It has to be mentioned that although the wave equation
tomography does not require cumbersome traveltime picking, for the EPR data the window has to be
defined and tailored to encompass the first refraction arrival and preferably exclude all other events.

3.3.2. Waveform Inversion

With the exponential increase in computational power, the collection of longer offset and lower frequency
data sets, the interest in conducting waveform inversion has augmented since the theoretical foundations
of the method were laid out (Lailly, 1983; Mora, 1987; Tarantola, 1984; 1986). A review and an extensive bib-
liography on different approaches to the inverse problem are provided by Virieux and Operto (2009) and will
not be discussed further.

Here we use gradient method (Levander, 1988; Shipp & Singh, 2002) by cross correlating the forward wave-
field and back-propagated wavefield residual from virtual receivers. We start with a model obtained from
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Figure 3. Shot gather extracted from the 2-D seismic line at ~9°53'N after apply-
ing processing flow outlined in the text. Black arrows show first refraction event;
dashed vertical line shows the offset at which the refraction event emerges
(~2,975 m); red arrows mark the presence of the AML reflector.

wave equation tomography and define residual data (misfit) as the
difference between the observed and synthetic data using given velo-
city model. A step length is found by minimizing the misfit based on
gradient direction (Pica et al., 1990). To minimize computational cost,
we use conjugate gradient rather than the steepest descent. The
process is repeated until the misfit function reaches some constant
value (the variation between iterations is less than 1%) and residuals
are reduced.

3.3.3. Model(s) Parameterization

The two wave equation-based inversion approaches share the same
geometry for the inversion. The size of the model is 6,818 x 333 grid
points starting from the redatumed level. The grid spacing is 12.5 m
(in horizontal distance and depth), and time step increment is 1 ms.
The absorbing surface boundaries are used within the models. On both
sides of the models, ~6 km is padded to account for the edge effects.
For the inversion 490 shots, with 150 m shot spacing, are used to
reduce computational cost. We do not invert for shear velocity (Vs)
and density, but rather derive them from compressional velocity (Vp)
using relationships from Castagna et al. (1985) and Fliedner et al.,

(1998), and Gardner et al., (1974), respectively. For the wave equation tomography, we test three different

Vp starting models obtained from different 1-D ESP profiles (Vera et al,

1990) (Figure S3a) extended to

2-D. We examine smoothed (1) a 1-D ESP5 model function obtained at 9°34.4’'N on the ridge axis; (2) a 1-D
ESP8 obtained at point location 9°35’'N at ~2.5 km east of the ridge axis; and (3) a 1-D velocity function that
combines the two above. A 375 m (horizontal) and 62.5 m (vertical) Gaussian smoothing for calculating
gradient is applied to obtain smooth final velocity model after 99 iterations. Our preferred final wave equa-
tion tomography model is used as the starting model for the waveform inversion. During the waveform
inversion we reduce the horizontal smoothing to 125 m. While the wave equation tomography inversion is
performed within the predefined window designed to encompass refraction arrival, for the waveform inver-
sion we extend the window for additional 200 ms.
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Figure 4. (a) Shot gather shown in Figure 3 after application of wave equation redatuming. For better visibility, every
twentieth trace is displayed. The red arrow marks the presence of the AML reflection at near offset; the dashed rhom-
boid indicates the window within which cross correlation between observed and calculated data is done during wave
equation tomography. Comparison of observed data (in red) and synthetically calculated data (in black) resulting from the
(b) first iteration within wave equation tomography using starting velocity model shown in Figure 6a) and (c) final result
after 99 iterations within wave equation tomography (the final velocity model is shown in Figure 6b). For better visibility,
the traces are shown at every 50 m source-receiver offset.
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Figure 5. (a) Shot gather after the application of wave equation redatuming extracted from ~9°52'N. For better visibility,
every twentieth trace is shown. The red arrows mark the presence of the AML reflector; dashed lines indicate the top
and bottom mute used to define a portion of the data for which waveform inversion is done. Note that portion of the AML
wide-angle reflection signal falls within thus defined mutes. Comparison of observed data (in red) and synthetically
calculated data (black) resulting from (b) the first iteration using waveform inversion technique, the final velocity model
obtained from wave equation tomography is used as the starting velocity for the waveform inversion (Figure 6b), and (c)
the 50th iteration using waveform inversion (the final velocity model is shown in Figure 7b). Note that the satisfactory
match in traveltime and phase is already obtained using wave equation tomography. For visibility, the traces are shown at
every 50 m of source-receiver offset.

3.3.4. Source Wavelet

A careful estimate of a source wavelet is important in the inversion process. Although far field source signa-
ture for the MGL0812 experiment was not available, we were able to model notional source wavelets for each
of the individual air guns and obtain an estimate of the far-field source wavelet. The notional wavelets for
each gun are calculated using source modeling package Nucleus® (available at Lamont Doherty Earth
Observatory) that requires knowledge of geometry of the gun array used in the survey, type and volume
of each air gun, operating air pressure and the details of the data logger instrument filters, and sound speed
of the water (Sargent et al., 2011). The modeled source signature (Figure S4a) was calculated for the source
arrays geometry valid for the EPR survey, using a linear superposition of the notional signals (Figure S5). As
in the inversion process, we use absorbing surface model, and we do not deghost the data (challenging
for pressure data), but rather add a ghost to the far-field signal (Figure S4b). This signal is further filtered
and used to produce synthetic data that are compared with the recorded data with the same dominant fre-
quency (Figures S4c and S4d).

To evaluate the stability of the modeled source throughout the survey, we compare it with the direct waves
recorded on the first trace extracted from every 100 shots (Figure S6), as the direct waves in the marine envir-
onment are independent of geology. Although the correlation coefficient is satisfactory (>0.85) for all of the
examined shots, differences are observed in the ghost signal, especially for the shots between ~2,300 and
2,800. They are represented by irregular, small peaks, which cannot be explained by modeling. Most probably
they originate from the sea condition characterized by strong swells (5-6 on Beaufort scale) due to the Elida
storm that was passing to the north of the area and was affecting the nominal depth of the streamers (7.5 m).
However, this noise signal has different frequency content, and the most of it was removed by data filtering.

4, Results
4.1. Redatumed Data

In the original shot gathers, the refraction branch from the upper crust is observed as a relatively weak event,
which emerges at ~3,000 m source-receiver (streamer) offset (Figure 3). After data processing and wave
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Figure 6. Velocity profiles: (a) 2-D starting velocity model obtained from 1-D ESP8 velocity function (Figure S3b; Vera et al.,, 1990), hung from the shallowest
bathymetry level. (b) Final velocity model obtained after 99 iterations using wave equation tomography. Location of hydrothermal vents is shown in pink (Fornari
et al., 2012) and blue (Haymon et al., 1991) stars (location of the individual vents is listed in Table S1), while third- and fourth-order tectonic discontinuities, with
latitudes indicated, are shown in gray and purple rectangles, respectively. White dashed line is a 5,000 m/s velocity isoline extracted from the work of Newman et al.
(2010). (c) Horizontal, 1-D velocity profiles extracted at 300 m below the redatumed level (~2,700 m below sea surface) from starting velocity model shown in blue
and final wave equation tomography velocity model shown in red. Location of these velocity profiles is shown in dashed line in Figures 6a and 6b. The anomalies
are numbered for easier identification. The fine-scale, third- and fourth-order tectonic segmentation is shown in gray and purple shaded areas, respectively. The
extent of the eruption area is shown at the bottom of the profile.

equation-based redatuming, the refraction event becomes more prominent and can be tracked from 1,000 m
to about 5,000 m offset (Figures 4a, 5a, and S7a). We do not show the first several hundred meters of the
offset as they are affected by the applied taper. Although the refraction event in the extrapolated shots
spans more than 75% of the offset, our synthetic data modeling (Figure 2) suggests that only offsets
between 2,000 and 4,000 m can be used for further wave equation inversion. It is worth noting that in
some of the redatumed shot gathers signal from wide-angle reflections from the AML becomes very
prominent and is included in the waveform inversion.
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Figure 7. (a) Composite bathymetry map from multibeam sonar data acquired during the cruise and bathymetry data collected by White et al. (2006); the third- and
fourth-order tectonic discontinuity zones are marked in gray and purple rectangles, respectively; the location of the 2-D seismic line is shown in dashed red line, while
the dark blue one outlines the AST (Soule et al., 2009) with the description of AST character and extent given at the bottom of the panel; the white shaded area
shows the extent of the lava flow emplaced during the last documented eruption. (b) Final velocity model obtained after 50 iterations of the waveform inversion.
Location of hydrothermal vents active after the 2005-2006 eruption is shown in pink stars (Fornari et al., 2012). The blue stars indicate locations of the vents extracted
from earlier studies (e.g., Haymon et al., 1991). The yellow, orange, and red rectangles represent interpretation of melt distribution along the EPR from Marjanovic¢
et al. (2015) where yellow represents solidified to mushy, orange mostly molten, and red highly molten portions of the AML segments defined by Carbotte et al.
(2013). The red and blue rectangles at the bottom show signal from ephemeral, oxidation-reduction potential (ORP) and broadly dispersing nephelometric turbidity
units (NTU), respectively, from Baker et al. (2016). While the NTU detects particle-rich, hot (> 100°C), mineral-enriched discharge, the ORP detects particle-poor
venting at all ranges of temperatures. The white arrowheads mark locations of the anomalies outside of the eruption zone. Shaded gray area masks less reliable part
of the velocity model. The area outlined by dashed rectangle is shown in more detail in Figure 8.

4.2, Velocity Model From Wave Equation Tomography

Among the three starting velocity models that we use for wave equation tomography, the model using the
1-D smoothed ESP5 velocity function (Figure S3a) yielded the largest misfit. The misfit after the first iteration
jumps to 160% of the initial misfit due to high nonlinearity. It remains above 100% even after 99 iterations,
suggesting that the initial ESP5 velocity model is not suitable for linearized inversion. The presence of higher
velocities in the upper crust in the ESP5 model may be the hindering factor for the wave equation tomogra-
phy. In contrast, the misfit functions for the remaining two models (smoothed ESP8, and a combination of
ESP8 and ESP5; Figure S3a) after 99 iterations converged to <10% (Figure S8a). In both cases, the resulting
velocity models show very similar velocity variations (Figures S3c and S3d). To choose the preferred model
for the waveform inversion, we compared the observed and calculated data for every 25th shot gather
included in the inversion. We conclude that the inversion obtained using the smoothed ESP8 as the initial
model obtained by extending this function in 2-D (Figure 6a) provides a better fit: the traveltime difference
is reduced from average 88 ms to ~12 ms after 99 iterations of the wave equation tomography (Figure S8b).
The expected maximum penetration depth is between 600 and 800 m (Figure S9).

Although the main purpose of the wave equation tomography is to provide us with the starting velocity
model for further waveform inversion, the results already show some interesting features (Figure 6b). The
most prominent velocity perturbations are observed north of 9°42'N over a region extending ~22 km, repre-
sented as a zone of alternating low and high velocities. The above can be readily observed in the 1-D horizon-
tal velocity profile at 300 m depth below the redatuming level (Figure 6c). At this given depth level, four
anomalies can be identified with velocity > 200 m/s lower than the background velocity. The maximum
width of the anomaly marked by number 3 is ~6 km, while the anomalies marked by 4 and 5 are for
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Figure 8. A close-up view (outlined in Figure 7b) on (a) bathymetry with a plan view of microearthquake locations
(Waldhauser & Tolstoy, 2011) represented by black dots. The symbols are the same as in Figure 7a; (b) the 2-D velocity
profile of the eruption area. The location of microearthquakes that fall within the plane of the 2-D seismic line used in this
study is superimposed; (c) velocity profile with the suggested interpretation of the hydrothermal flow with red arrows
indicating upflow and blue arrows indicating downflow. The remaining symbols are the same as in Figure 7b.

~2 km narrower. The anomaly marked by number 6 is the widest; it initiates at ~9°50.2'N and extends toward
the end of the profile. In addition, two low-velocity zones are observed around 9°20' (anomaly marked by
number 1) and 9°37'N (number 2). The low-velocity anomaly beneath the 9°20'N is more prominent; it is
~5 km wide and is ~500 m/s lower than the surrounding velocity. The zone beneath the 9°37'N is
narrower (~1 km) with a decrease in velocity ~100 m/s, at 300 m below the redatumed level (Figure 6c¢).

4.3. Velocity Model From Waveform Inversion

We run 50 iterations of the elastic waveform inversion. The plateau of ~45% variance reduction is reached
after ~30 iterations (Figure S8a). The resulting velocity model shows more pronounced low-velocity
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Figure 9. An illustration of processes taking place at the EPR compiling results
on the hydrothermal circulation (this study), presence of the AML, its mag-
matic segmentation (Carbotte et al., 2013), and melt distribution (Marjanovic¢
et al., 2015). The blue and red regions with arrows superimposed indicate the
presence of downgoing and upgoing pathways of a hydrothermal cell (as in
Figure 8c), present within the upper crust. The remaining parts are marked in the
figure.

anomalies (Figure 7b), sharpened due to the additional information
contained in the amplitude and wide-angle reflection arrivals
(Figures 5 and S7). For instance, the anomaly imaged at 9°20'N is similar
in extent to the one imaged by the wave equation tomography but
shows more details, that is, the presence of northward dipping,
channel-like structure. Furthermore, the anomaly ~9°37'N becomes
more significant in the waveform inversion model. It is imaged as a
complex, opposed dipping structure. The northern, southward dipping
feature is represented by ~500 m/s lower velocity than surrounding
area. In contrast, the southern feature one is less prominent; it dips
northward and is represented by velocity that is only about a couple
of 100 s m/s lower than the background. The dip angle is around
~12° for both structures.

The region north of 9°42'N remains the most complex zone in the velo-
city model (Figures 7b and 8b). The evident vertical anomalies (Figure 6
b) present in the wave equation tomography model are reshaped and
represented with more elongated and, in general, southward dipping
features. This is especially visible for the anomaly centered at 9°46'N.

Extending the mute window for additional 200 ms to include signal
from wide-angle reflection in waveform inversion enabled the resol-
ving power to penetrate deeper into the crust and map low-velocity
zone (Figures 7b and S10). The mapped low velocity, for ~500 m/s

lower than the surrounding, we attribute to the presence of the AML. The magnitude of this anomaly might
be underestimated as it is recovered from a limited portion of its wide-angle signal (e.g., Figure 5a).

All the upper crustal anomalies that we discussed are more than 1,000 m wide and are imaged down to about
1,000 m below the seafloor; their dimensions are much larger than the resolution limitation of the waveform
inversion techniques we use (Figure S11).

5. Discussion

In the following subsections, we further describe and discuss the observed upper crustal low-velocity anoma-
lies and roughly estimate the average permeability that we associate with them. Besides the velocity anoma-
lies in the upper crust, we discuss the presence of intracrustal magma lenses (AMLs) and speculate about the
possible existence of conductive layer above the AMLs (Figure 8). Furthermore, based on the geographical
distribution of the low-velocity anomalies observed in the upper crust, we attribute them to hydrothermal
pathways within the frame of the along axis, single-pass hydrothermal cell model (Lowell & Germanovich,
2004). The final interpretation for the eruption area is illustrated in Figure 9.

5.1. Low-Velocity Zones in the Upper Crust

In the wave equation tomography model, we image six vertical anomalies, variable in magnitude and hori-
zontal extent (Figure 6¢). While within the eruption area we clearly image four distinct anomalies (marked
by numbers 3 to 6), an earlier, ray-based tomography study conducted on the same data set, with the similar
redatuming approach, showed the presence of only two low-velocity anomalies comparable in amplitude
and general shape but somewhat wider (Figure 6b) (Newman et al., 2010). It appears that this earlier study,
due to the heavy regularization in the ray-based technique, was not able to resolve the existence of the smal-
ler anomalies, such as the ones marked by numbers 4 and 6 (Figure 6c). Instead, they were imaged as integral
parts of the nearby, bigger anomalies (3 and 5), making them ~1 km wider.

These vertical, relatively simple in shape anomalies revealed by the wave equation tomography are further
modified by application of subsequent waveform inversion (compare Figures 7b and S12). In the final model,
they show more complexity in geometry and variations in their width and magnitude. Some of the anomalies
show channel-like forms (e.g., 9°20’, 9°37, and 9°46’N) with the amplitudes that are for >500 m/s lower than
the background velocity (Figure 7b). The most prominent anomaly is observed ~9°46'N, as southward
dipping channel with the velocity drop ~1,000 m/s. The presence of this structure has been imaged in
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depth-migrated seismic section (Figure S13), confirming its plausibility. A comparable dipping event in
depth-migrated seismic section corresponds to the anomaly north of 9°37'N. It is interesting to note that
although the dipping direction varies, for all of the pipe-like anomalies the dipping angle is approximately
the same (~12°), which could potentially indicate a similar mechanism behind its origin. A propagation of
the tectono-magmatic segments could be one of the components of this mechanism. It is known that the
northern (north of the OSC 9°03'N), second-order segment has exhibited a long-term predominantly south-
ward ridge propagation (Carbotte & Macdonald, 1992). On this global ridge migration, a local propagation of
the higher-order ridge segments may have been superimposed. Such complex propagation mechanism has
been observed elsewhere along the fast-propagating ridge system, for example, the Southern EPR (Cormier &
Macdonald, 1994). The examination of the high-resolution bathymetry along the EPR (White et al., 2006)
shows the presence of small propagating wakes, imaged as discordant features of disturbed seafloor fabric
behind the segment’s tip. The orientation of the imaged features indicates that the higher-order segments
north of 9°46’ and 9°37'N have been predominantly propagating southward, while the segment south of
9°20'N has been propagating northward (Figure S14). The agreement in the sense of propagation and dip
orientation of the velocity anomalies suggests that processes taking place in the upper crust and perhaps
all the way to the AML level could have an important role in the propagation of the higher-order segments.
If correct, it would also imply that these velocity lows are not ephemeral features. However, for further discus-
sion, implications, and rate of propagation, more detailed examination of bathymetry and comparison with
other geophysical data sets (e.g., gravity and magnetics) need to take place.

In contrast to well-developed, channel-shaped anomalies, the region north of 9°48'N is characterized by
geometrically more complex anomalies (Figures 7b and 8b). The irregular forms we observe are most
probably caused by repetitive eruption/diking events within the region (Germanovich et al., 2011; Haymon
et al, 1993; Sohn et al., 1998; Waldhauser & Tolstoy, 2011) that have been reshaping the permeability of
the upper crust within the eruption area.

5.2. Permeability of the Zero-Age Crust

The permeability of the rocks is believed to be the primary controlling factor for the fluid circulation within
MOR hydrothermal systems (Fisher, 1998, 2004). Thus, a significant effort has been put to define permeability
from seismic attributes and obtain further insights on the intensity of hydrothermal convection and geome-
try of the flow. A number of empirical porosity/permeability and velocity relationships have been derived
(e.g., Berge et al., 1992; Carlson, 2010; Carlson & Herrick, 1990; Carlson & Raskin, 1984; Wilkens et al., 1991)
with the most recent compilation focused in particular on the relationship(s) valid for the upper crust formed
at fast to intermediate MOR (Carlson, 2014). Using the relationship from this latest study and average velocity
from our low-velocity anomalies (~4.5 km/s) for porosity, we obtain wide range of values varying from 2.5 to
14%, depending on the fractional area of asperity contact (Af) ranging from 0.003 to 0.09 (depicted in Figure 6
in Carlson, 2014). From thus estimated porosity, permeability is derived from modified Kozen-Carmen model
(Carlson, 2011). By assuming Af~0.05 (Carlson, 2014) and average porosity of ~8%, for permeability within our
low-velocity anomalies we obtain ~107'2 m?, which falls within the range of permeability values commonly
used in modeling of hydrothermal flow (e.g., Fehn et al.,, 1983; Fontaine et al,, 2011; Hasenclever et al,, 2014;
Ribando et al., 1976). Following the same approach, we estimate the permeability of the rock outside of the
inferred hydrothermal pathways and obtain value around 107'® m?2 Our results suggest important perme-
ability variation of the zero-age crust, which is commonly overlooked in the hydrothermal models for the
MOR system (e.g., Hasenclever et al., 2014). A similar order of variation in permeability of the young crust
at 9°50’N was inferred by modeling of crustal stresses using poroelastically triggered earthquakes, with
values ranging from 1072 to 107'** m? (Crone et al,, 2011). The discrepancy between the latter and our esti-
mates most probably originates from assumptions in both approaches. In our case, permeability estimates
are highly affected by uncertainties related to our modeling parameters and their effects on the absolute
values of velocities (2-D modeling of 3-D space, underestimated magnitude of low-velocity anomalies,
assuming isotropic subsurface, just to name a few), along with the uncertainties in empirically derived velo-
city and porosity/permeability relationships (Carlson, 2014).

5.3. Intracrustal Melt

In addition to the upper crustal variations in velocities, we also image a subhorizontal, low-velocity zone at
~1,500 m below the seafloor, visible north of 9°43'N that we attribute to the presence of the AML, a heat
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source for the onset and maintenance of hydrothermal activity (Figures 7b, 8, and S10). The strongest
low-velocity signal is observed around 9°50'N (about 500 m/s lower than the surrounding), where the AML
is defined as mostly molten, with prominent patches of highly molten regions (Marjanovic et al., 2015). It is
also the area of hydrothermal discharge (Baker et al.,, 2016; Fornari et al., 2012), supporting the idea that
permeability and thermal regime are equally important in determining the distribution of vent sites
(Canales et al., 2006; Singh et al., 1999).

Elsewhere, the signal of low-velocity anomaly is weak (<200 m/s) and in places, it is contrasting with the
results from previous studies on melt distribution (Marjanovic et al., 2015; Xu et al., 2014). For instance, while
the AML segment extending between 9°40 and 42'N was characterized as a highly molten region, with bright
reflection and shear velocities dropping to zero (Xu et al., 2014), the 2-D waveform inversion shows only slight
change in velocity (<100 m/s). This observed discrepancy we attribute to the fact that the 2-D inversion was
mainly targeting the refraction event within the midoffsets (for imaging the upper crust), within a limited
time window that was kept constant along the seismic line; thus, any change of the AML reflection signal with
offset and/or its depth was not captured with our 2-D modeling. The above view is supported by comparison
of shots gathers extracted from the two contrasting regions (Figures 5 and S7). In Figure 5 the shot gather is
extracted at the location in the vicinity of 9°52'N where the AML appears as a strong event that can be tracked
up to 3,000 m offset, the portion of which is included by the defined inversion window and translated to
low-velocity anomaly in the waveform inversion model. In contrast, although the shot gather extracted
~9°40'N (Figure S7) shows bright AML reflector, none or a very small portion of the AML reflection signal is
encompassed by the inversion window (the event appears at greater twtt) and thus no information on
the AML was included in our waveform inversion modeling. For further, proper evaluation of the AML
signal the application of emerging techniques, such as reflection-based full-waveform inversion (e.g.,
Gomes & Chazalnoel, 2017) or localized full-waveform inversion (e.g., Yuan et al., 2017), is recommended.
The region south of 9°37'N does not show the presence of the velocity anomaly that could be related to
the AML. This is not surprising, as the reflection signal from the AML in this region is weak (almost absent
in the shot gathers).

Nevertheless, the comparison between results from Marjanovi¢ et al. (2015) (using the same data set as
presented here) and recent hydrothermal activity signal shows relatively good spatial correlation between
magmatically robust portions of the ridge and incidence of venting. The exception is the region extending
between 9°44’ and 9°48'N for which mostly molten AML is present but no venting is reported in the recent
plume study (Baker et al.,, 2016).

5.4. Conductive Layer

A relatively thin (<250 m) conductive layer or hydrothermal root zone is a thermal boundary layer between
two convective systems, the AML below and sheeted dikes complex above (Chenevez & Nicolas, 1997; Gillis &
Roberts, 1999; Nicolas & Boudier, 1991). This layer is characterized by a large temperature gradient of about
800°C: from ~1,200°C at the top AML to 1,400-450°C at the base of the hydrothermally cooled dikes. Its pre-
sence has been proposed by a number of numerical hydrothermal models (e.g., Germanovich et al., 2000;
Lowell & Burnell, 1991) and observations from ophiolites (e.g., Gillis, 2002; Gillis & Roberts, 1999; MacLeod
& Yaouancgq, 2000; Nicolas & Boudier, 2011; Pedersen, 1986). Its existence was confirmed within the cores
extracted from the IODP Hole 1256D in the eastern Pacific Ocean (Nicolas et al., 2008; Wilson et al., 2006)
and at the southern EPR in seismic data using 1-D full waveform-inversion technique (Singh et al., 1999). In
1-D velocity profile it is seen as a rather thin <80 m higher-velocity zone (for ~1 km/s higher than the dike
section above) on top of the AML. In our final model, north of 9°44’'N low-velocity zone, we interpret as
the presence of the AML (Figures 8b and S10), is overlain by 100-150 m thick high velocity layer (~800 m/s
higher than the dike section), which could be interpreted as conductive layer, marking the depth of hydro-
thermal fluid penetration.

5.5. Hydrothermal Pathways Within the Upper Crust

The upper crustal low-velocity/high permeability anomalies from our model we attribute to potential hydro-
thermal pathways (Figures 8c and 9). Based on the shape and magnitude of the anomalies we can only spec-
ulate about the sense of fluid circulation within them. However, spatial correlation with other geological
features, such as the higher-order tectonic discontinuities (Carbotte et al., 2015; White et al., 2006) and
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presence of hydrothermal venting sites (Baker et al., 2016; Fornari et al., 2012), can be used to propose a plau-
sible model of detailed hydrothermal circulation with its upgoing and downgoing flow.

Some of the most prominent low-velocity anomalies seem to be spatially correlated with the two third-order
tectonic discontinuities centered at ~9°20" and 9°37’N (Figures 6b, 6¢, and 7b). In bathymetry, these two loca-
tions appear as the OSCs, with ~3 km long overlapping zone, offset by 0.5-1 km (White et al., 2006). These
morphotectonic features have been undergoing constant tectonic deformation for at least several hundreds
kyr, which corresponds to the longevity of a third-order discontinuity (e.g., Carbotte et al., 2013). As a result
these sites are likely to be fractured and well suited for hydrothermal circulation due to enhanced fracturing.
However, in the vicinity of these discontinuities, except for the few single vent sites, the earlier studies did not
identify the presence of an active hydrothermal venting site (Figure 7b and Table S1) (e.g., Beaulieu et al.,
2013; Haymon et al., 1991).

Results from the recent plume study (Baker et al., 2016) denote, in contrast, the presence of hydrothermal dis-
charge spatially correlated with the velocity anomalies we image beneath these two third-order discontinu-
ities (Figure 7b). For the 9°20'N the extent of the velocity anomaly within the upper crust matched well with
the extent of relatively low hydrothermal signal captured ~60 m above the seafloor, indicating the presence
of at least diffusive venting site(s). In contrast, the complex anomaly depicted in our model ~9°37'N is
matched by a stronger hydrothermal signal. The shallow portion of the imaged conflicting dip velocity anom-
aly (Figure 7b) coincides with the prominent peaks in both broadly dispersing, light backscattering and
ephemeral tracers (Baker et al., 2016). This strong spatial correlation suggests that within this area the imaged
low-velocity anomalies are most probably associated with the hydrothermal upflow. However, it needs to be
mentioned that the hydrothermal discharge signal similar in character is captured farther to the north (up to
9°41'N), but no evident perturbation in velocity is observed. This could be due to the fact that both studies are
snapshots of the hydrothermal processes, and that the 3 years of the time lag between the two studies may
have played an important role in the observed differences. Also, our seismic study is an image of the subsur-
face within the 2-D axis-centered plane that does not capture variations in rock properties laterally. The latter
reasoning can also be evoked to explain why no velocity anomaly is observed directly beneath the 9°37'N
OSC that is considered as an ideal place for a downflow to develop.

The region extending between the 9°20'N and 9°37’N third-order discontinuities is characterized by four
fourth-order tectonic discontinuities (Figure S14) (Carbotte et al.,, 2013, 2015) but no prominent velocity
anomalies (Figure 7b). Here the earlier data mapped only a couple of vent edifices, indicating limited hydro-
thermal activity (e.g., Haymon et al,, 1991). The recent, more systematic study by Baker et al. (2016) showed
the presence of plume signal within this region. However, the signal is discontinuous and mainly present in
the oxidation-reduction potential (ORP) tracers (Figure 7b), which suggests that the hydrothermal activity is
represented mostly by diffuse venting with the possible presence of discrete chimneys where the nephelo-
metric turbidity unit (NTU) anomaly appears, for example, the localized region ~9°25.5" and 9°29'N. Both of
these regions are underlaid by moderate velocity anomalies (<200 m/s smaller than the surroundings). It
is important to note that the AML signal within this region is also weak, suggesting low thermal regime
(Carbotte et al., 2013), insufficient for developing focused high-temperature venting.

The most complexities in the velocity model(s) we observe north of ~9°44’N that roughly corresponds to the
area of the last documented eruption (e.g., Tolstoy et al., 2006). Here all three fourth-order tectonic disconti-
nuities (Figure S14) are underlined by a velocity low (Figures 7b and 8). For instance, the discontinuity iden-
tified as the change in the width of the AST at 9°44’N (Figures 7a, 8a, and S14) is underlaid by a geometrically
complex, 3 km wide low-velocity anomaly sitting at ~750 m below the redatumed level (or ~650 m below the
seafloor). The above suggests it as a zone of the hydrothermal recharge. Interestingly, the southern edge of
the discontinuity zone and the region ~1.5 km south of it were indicated as regions with the presence of
hydrothermal discharge (Baker et al., 2016). However, the most of this plume anomaly is not matched by
our velocity model. One of the possible explanation is that the hydrothermal activity has developed after
our seismic survey.

The remaining two discontinuities at 9°48.8'N (change in the AST width) and 9°51.8'N (deviations in ridge axis
lineation; Figure S14) are underlaid by smaller in extent, but similar in amplitude, low-velocity anomalies
(Figure 8b). We interpret them as the locations where hydrothermal recharge is taking place. The view
that this fourth-order tectonic discontinuity could represent the on-axis locations where seawater can
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penetrate the crust was also evoked to interpret the 2003-2004 microearthquakes swarm pattern (Tolstoy
et al., 2008). The origin of the prominent pipe-like cluster of earthquakes at 9°49.25'N was interpreted as a
thermal contraction of the rock when in contact with cold seawater, taking place within the zone of the near-
est fourth-order discontinuity (Waldhauser & Tolstoy, 2011) (Figure 8b). However, detailed mapping of the
seafloor showed that the exact location of the discontinuity is limited to couple of hundreds of meters around
9°48.8'N (Carbotte et al.,, 2013). The latter shows that the cluster is located >1 km to the north of the discon-
tinuity and the low-velocity anomaly, we interpret as the presence of downgoing flow. The northward shift of
the cluster and mismatch with our interpreted downgoing flow could be attributed to the inadequacy of the
1-D velocity function used for locating the microearthquakes (Waldhauser & Tolstoy, 2011). Thus, any further
comparison between our velocity model and microearthquake pattern is not possible.

North of the 9°48.8' discontinuity we observe two velocity lows that are sitting right beneath the vents that
remained active after the 2005-2006 eruption event (Fornari et al., 2012; Von Damm, 2006) and were show-
ing important hydrothermal venting activity in the more recent study (Baker et al., 2016). In particular, the
anomaly centered at 9°50.6'N is matched perfectly with the extremes both in NTU and ORP traces. We
attribute these anomalies to the active upflow pathways.

Finally, the most prominent low-velocity anomaly within the eruption area is centered at 9°46.5'N, located
beneath the southern cluster of vent sites, some of them still active after the 2005-2006 eruption (Fornari
et al., 2012). However, the recent plume data indicate this region devoid of any hydrothermal signal (Baker
et al., 2016). Several explanations mutually inclusive can be offered to explain the observations. It could be
that right after the eruption the pathways were still opened, and thus the vents were confirmed active
(Fornari et al., 2012). However, at some point in time, the pathways became clogged either by mineral preci-
pitation (Fontaine et al., 2001; Lowell et al., 2013) or/and tectonic reorganization of the pathways associated
with the eruption. This perturbation in the upper crustal structure may have occurred after our survey that
took place in 2008, and thus we image the upgoing flow that was active at that time. However, it is also
possible that the timescale of changes in the structure of the upper crust and thus modeled velocities are
much longer than the timescale of changes in hydrothermal processes (Baker, 2009).

6. Conclusions

We present high-resolution 2-D models within which we image prominent low-velocity anomalies that we
attribute to the presence of hydrothermal circulation system signatures within the along-axis plane of the
EPR. The low-velocity anomalies directly beneath venting sites mapped in the seafloor we attribute to the
pathways along which hot, particle-enriched hydrothermal fluids are migrating upward, toward the seafloor.
In contrast, the low-velocity zones imaged within or in the vicinity of known higher-order, morphotectonic
deformations we interpret as ideal locations for the cold water to penetrate the crust and potentially establish
downgoing pathway. Whether a hydrothermal flow will be established through those predefined tectonically
weakened zones on the ridge axis does not depend only on the presence of high crustal permeability but also
on their spatial correlation with the heat source (i.e, AML) and its magmatic robustness (presence of AML
molten portions). Our results strongly suggest that well developed, focused hydrothermal venting is a result
of close synergy between the enhanced tectono-magmatic processes on small spatial scales. Such conditions
are met within the eruption area where three hydrothermal cells are fully developed (two of which have a
common upflow) and display important geometrical complexities.
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