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ABSTRACT

This thesis discusses the results from the iimgiti-source and mukstreamerhree
dimensional multichannel seismic experiment conducted over-@ceigh ridge
environmentPrestack time migration was applied to the dataset resulting in the most
detailed reflection images of a spreading center and its flanks to date. The keygroduct
from this work are maps of crustal velocities, crustal thickness, and Moho transition zone
(MTZ) reflectioncharacter foa section of the fastpreading East Pacific Rise (EPR)

from9 A3 Rt 6 6 9 Aekcluding the areBom9 AN@ @ 9 A4 2 6 Natawkrer e n o
collected Moho reflections were imaged within ~92% of the study afde derived

average crustal thickness and average crustal velocity for the investigated “gg@&m

are 5920+£320 m and 6320+£290 m/s, respectively. The average crustalgbicknes

little from Pacific to Cocos plate suggesting mostly uniform crustal produictithe last

~180 Ka.

Detailed analysis of the crustal thickness and MTZ reflection character showsethat
third-order segmentation is governed by melt extractiocgsses within the uppermost
mantle while the fourttorder ridge segmentation arises from ntauppercrustal
processeslhis analysisalso suggests thabththe mechanism of lowearustal accretion
andthe volume of melt delivered to the crusty along the investigated section of the
EPR.More efficient mantle melt extraction is inferratlatitudes from3 2 6 N t o
9°5 1 . JAwvihNyreater proportion of the lower crust accreted from the AML than for the
rest of the study areharger volume of melt igelivered to the crustom9 A 3 Rto5 6
9°400 Nhan to the investigated crust further noAhsome locations, the Moho
reflections are for the first time unambiguously imaged below the AML away from any
ridge discontinuity suggesting that the Moho is fedhat zero age at least at some
sections of the spreading centdrke first study of thenelt contenof mid-crustaloff-

axis magmalenses (OAML), doneusing amplitude variation with offset technique
calibrated for a magmatic plumbing system, shows tiestet magma bodies contain O to
20% melt. This suggests that OAMLSs likelyontribute little to theverallcrustal

formation.

Xi



LIST OF ABBREVIATIONS AND SYMBOLS USED

AML

AST

AVO

bsf

CIG

CMP

EPR

ESP

GPS

LIFT

LvZ

MAR

MBA

MCS

MLVZ

MOR

MTZ

MVA

NMO

OAML

OBS

0OSC

Axial magma lens

Axial summit trough
Amplitude variationwith offset
below seafloor

Common image ather
Common midpoint

East Pacific Rise
Expanding spreadrpfile
Global positioning gstem
Leading Intelligent Filter Technology
low-velocity zone
Mid-Atlantic Ridge

Martle Bouguer anomaly
Multichannel seismic
Mantle lowvelocity zone
Mid-ocean ridge

Moho transition zone
Migration velocity analysis
Normal moveout

Off-axis magma lens
Oceanbottom seisrameter

Overlapping spreading center

Xii



PreSTM
RMO
RMS
SIN
TWTT
Vp

Vs
Vrms

to

Prestack time migration
Residual moveout
rootmeansquares
signalto-noise

Two-way traveltime
Compressional wave velocity
Shear wave velocity
Root-meansquare velocity
Normaltincidence tweway traveltime
Density

Angle of incidence

Migration aperture

Xiii



ACKNOWLEDGEMENTS

This dissertationvould not have been possible withdle guidancesupport and

expertise of several people whomwaduld liketo express my deepest appreciatiare.

First andforemost,| wish to express mgincere thanks to my supervisor Mladen R.

Ne di mforhiscbntinuousmentorship, support, and encouragement over theiast
years. He understood the difficulties, was supportive, and was optimistic for getting the
solutions. Thank you Mladen for yw patience, understanding, asupport during my

PhD study.

Special thanks to my committee members, Keith Louden, Matthew Salisbury, and Pablo
Canales, for their encouragement towards the end of my dissertation. Thdok you
reading my dissertation, discussing the problems, and providing important insights into

this work.

| was on board of the cruise MGL0812 for collecting these data used in this dissertation. |

am thankful to the chief scientists of this cruise, JohntéduSuzanne Carbotte, Pablo

Canales, Ml aden Nedimovii, and all my frie
Mi | ena Marjanovii, and Kori Newman, for sh
cruise.

| would like to thank @ryl MichaelsorRotemundfor her feedbacks on my manuscripts

and John Thibodedor assisting with the technicelsues in the lab.

Many thanks to the external examiner, Andy Calvert, for reviewing this dissertation, his

comments, and questions.

Xiv



CHAPTER 1 INTRODUCTION

1.1 Oceanic Crust

The oceanic crust covers nearly 60% of t
along theglobal midocean ridges (MOR4)y a complex combination of magmatic,

tectonic and hydrothermal procesddewever, we do not have a thorough untarding

of the oceanic crust accretion processes. The MOR plate boundaries provide an important
window into understanding the dynamicscafistal formation and the kinematics of plate

tectonics that are of fundamental importance in marine Earth sciences.

Marine ismology has been the primary source of our knowledge about the structure of
the oceanic crust at MORBased on the compilation of seismic refraction gdatastly

from two-ship experimentdt was shown byraitt[1963] that the seismic structuof the
oceanic crust is simple comprising two igneous layers, layer 2 and |aljee [Byer 2

was further subdivided into upper part 2A and lower parb@&d on theompilation of
sonobouy refraction dafiloutz and Ewingl976].This early view of tk oceanic crust

as a small number of homogenous layers was replaced by structural models obtained
from synthetic modeling of ocean bottom seismogresnserded by ocean bottom
seismometerfOBSS) [e.g.Spudich and Orcutt,980]. In these models, layer 2ais

region in which velocity increases rapidly with depth, in particular in the lower part of
layer 2A, and layer 3 is a regionmibregradual velocity increase with depth [e.g.,
Kennett and Orcujtl976] Comparisons with ophiolites and laboratory measergs on
dredged rocks and drill core samples have been used to interpret the seismic velocity
structure of the oceanic crust in terms of crustal lithology. [Eox et al.,1973;

Christensen and Salisbuty®75,Spudich and Orcuttl980].A generalized \8w of the

he



oceanic crust has emerged from these comparisotisis view,the extrusive sequence

and the underlying sheeted dike complex of an oghiabllectively make up the upper

oceanic crust and correspond to layers 2A and 2B, respectiasgigr 2Awith P-wave

velocities <~2.5 km/s is associated with basaltic pillow lavas, and layer 2B with seismic

P-wave velocities of ~5% km/s corresponds with some or the entire sheeted dike

complex. The likely petrology of layer 3 withwave velocity 6.37.2 km/s is similar to

values measured for gabbroic rock sampwistensen and Salisbuy975 Houtz
1976;Karson,1998].The Mohorovi | il Discontinuity ( Mol
seismic layer 3 and, in most cases, represents a rapid increase frororlcstadr

velocities to upper mantle velocities.

1.2 Crustal Accretion

In the early 1970s, to explain the seismic structure of the crust a large-statedmolten

body or aimagma chambér wi t h cross sectional width of
below MORswas suggested which melt accumulates and undergoes differentiation

prior to eruptiorfCann,1974] This modelwas appaling in that it could provida

relatively simple explanation for the stratigraphy of the oceanic crust inferred from

seismic stuks and phiolite complexesin this modeljntrusion anceruption from the

chambercan producextrusive pillow lavas and dikes thfe upper crustfreezingof the

margins of the chamber can foammiddle layer of isotropic gabbro, and a thick, basal

unit of layered gabbro and ultramafics can accumulate at the bottom of the chamber

[Sinton and Detrick1992]

The search for such a large axial magma chamber (AMC) at the East Pacific Rise (EPR)

bet ween 8U306N and 10UN us i negtio2pofilinguahdt i ¢ h an



OBS refraction work resulted in discovery of an axial low velocity zone (LVZ) and a

bright mid-crustal seismic reflector beneath the ridge axis which was interpreted as the
roof of an AMC Prcutt et al., 1975;Herron et al.,1978; 198)] (Figurel.1). This

important discovery initiated about two decades of intensive research that has seen many
seismic experiments including seismic reflection, refraction and tomography conducted

along, across and adjent to the EPR ridge axis between 16°N and 20°S.

e ey T
e

I —— . AMIC
“#‘; reflection

Figure1.1 One of the first MCS reflection images acrc
the ERR showing an event interpreted as the axial me
lens (AML). Adapted fronHeron et al[1980].

These studies hawggnificantlyimproved ouknowledgeof the structure of the oceanic

crust at a MOR environmerftor example, the results from an extensive 2D MCS study

along and across the EPRbetme 9 A N and 13A306N, where thi
tectonic plates spread apart at half spreading rate of 56 m@a@gvdtte and Macdonald

1992], show that instead of a large AMC, a thin (<50 m),-@-R-wide, uppercrust

axialmagmalens (AML) is locateeneath the seafloor at a depth of1.45 km

3



[Detrick et al, 1987 Kentetal.,1 993] . Sei smic tomography exp
that this AML is underlain by a broad-{km), partially molten region, characterized by

low seismic velocityToomeyet al.,1990;Vera et al.,1990] and high attenuation

[Wilcock et al. 1995] (Figurel1.2). Thesanvestigationgesulted in a fundamental shift

away from the traditional view of large matean magma chambers as thegveed that

a thin, narrow AMLoverlays a thicker, wider crystal mush zone at$pseading ridges.

9928'(disc.) South-North 9°35'(disc.)

AVp (km/s)

0.95

0.55

Depth (km)

0.15

-0.25

-0.65

-1.05

-1.45

Depth (km)

0.05
0.04
0.03
0.02
0.01
0.00

Depth (km)

Distance (km)

Figure1.2 P-wave velocity perturbatioandseismicattenuation (Q) structuresomputed
from seismic tomograpb imaging of the EPR axial structure at 9°3@Nere wo fourth-
order ridge discontinuities (disogcur at abouté and 4 knfrom the ridge axifToomey €
al., 1990,Wilcock et al.1991].(a) Along-axis Rwave velocity perturbationl km west of
the idge axis. (b) Acrosa xi s vel ocity pert ur baThe alars
represent departures from the initial velocity model; positive differences are faster tr
average, negative slower than average; 0.2 km/s contour in{gjvAtrossaxis seismic
attenuation@™). The largst velocity anomaly is2 kmwide, and it is <41.5 km thick.
The model shows the region of high attenuation in theamidtthatextends to lower crus
Adapted fromSolomon and Toomejt,992].



During the same two decades, intermedggteeading ridges such as Juan de Fuca (half
spreading rate 30 mm/yiRR[ddihough,1984]) and siw-spreading ridges such as Mid
Atlantic Ridge (half spreading rate 10 mm/kigng et al.[1992]) were detailed using
seismic experiments [e.dlorton et al.,1987;Rohr et al, 1988;Purdy and Detrick,
1986;Louden et al.1986]. Seismic reflection pritdés across the Endeavor segment of
the northern Juan de Fuca ridge have revealed &m=-Wide bright reflector at-3 km
depth below the seaflooRphr et al, 1988] that is substantially deer than the AML
mapped at EPRn the slowspreading MidAtlantic Ridge (MAR), geophysical evidence
for a steadystate mid crustal AML similar to the EPR was not found [€grdy and
Detrick, 1986;Detrick et al.,1990]. HoweverCalvert[1995] published images of a
small AML on a 2D MCS reflection profile collectalong the MAR in one of the most
magnatically robust and hydrothermally active areas of this ridge (south of the Kane
Fracture zone at 23A1506N) suggesting that,

AML.

Based on thengsence of an AML and on the aef structural studies of ophiolites, new
numerical crustal accretion models were tested. The obtained results indicated that the
lower oceanic crust can be formed by partial crystallization of the AML followed by
ductile flow downward from this melt lsfie.g.,Phipps Morgan and Chet993;

Henstock et al.1993;Chen and Phipps Morgari994. This model is known as the
gabbraglacier model Figure 1.3). At about the same tim8houten and Denhah995]
suggested a dualll model of accretion. In this atdel the lower crust accretes from two
melt lenses, one at the dike/gabbro transition and the other at Miginog( 1.®). The

appearance of an alternative model was not surprising because field studies of ophiolites



were suggesting that the accretion psxis likely more complex than what the gabbro
glacier model suggests. For examfdeudier et al[1996] observed striking structural

and petrological differences between the lower layered unit and upper foliated gabbros in
the Oman ophiolite and questied the gabbrglacier model of crustal accretion.
FurthermoreKelemen et al[1997] showed that the lower, layered gabbros were
compositionally identical to gabbro sills in the Moho transition zone (MTZ). However,

the dualsill model did not appear sufently robust because it requires crystallization of
about 50% of the crustal mass at the base of the crust, where heat removal by conduction
and hydrothermal convection may not be efficiéglgmen and Aharanpt998]. Thus,
various research groups poged emplacement of sills near the Moho and within the

lower crust, as well as just below the dike/gabbro transilibase observations and
hypotheses, together with the resultgloémical modelingfelemen and Aharanpv

1998] led to the sheeted sills d@ of crustal formation, in which the lower crust forms

by crystallization in sills at a variety of depths, from the dike/gabbro transition to the base
of the crustltigure 1.8). During the last decade, a hybrid model of crustal accretion has
also been mposed [e.gMaclennan et al.2004] in which the lower third of the lower

crust is crystallized in situ, and the top third of the lower crust is made via the gabbro
glacier model. The middle third forms in a transition between these two mechanisms.
Geophysical evidence for some form of the sheeted sills model has recently been
provided by seafloor compliance measureme@ta\vford and Webk2002], wideangle

OBS tomographyunn et al. 2001], and MCS reflection imagin§ledimomvi et al,

2005;Canales eal., 2009]. These observations provide critical support for the



hypothesis that the crust is accreted from multiple magma bodies, and that the volcanic

systems on spreading centers have a complex plumbing system.

Crust
Crust

Moho e Moho

/(C_) T \ Legend
Extrusives
= Dikes
2
U
Melt sills -
Primary melt flow «
faehe - Secondary melt flow —
Cumulate flow «—

9 _/

Figurel.3 Schematic crustal accretion models. a) Galgaicier model [e.gNicolas et al,
1988] where the lower crust is formed by gravitational settling of cumulates from the AML
Dualsill model of crustal accretior[g.,Schouten and Denharh995] in which the crust is
formed by a combination of crystallizati
from the two sills forms the gabbroic lower crust. c) Stigetmodel of crystallization [e.g.,
Kelemen eal. 1997]. In this model, most or even all of the lower crust is formed in situ.
Modified fromDurant[2011].

The size and internal propesiée.g., amount of melt) of the AML has been the subject of
several investigations [e.(/gera et al.. 1990;Husseneder et al1996 Collier and Singh

1997;Canales et al.2006 Xu, 2013. These studies shows that the AML is thin (<100



m) [Husseneder «l., 1996, and it contains a variable amount of melt along the ridge
axis.Qualitative assessment of the melt content of the AML has been performed at a

regional scale by analysis of 2D pardfset stacks [e.gSingh et al 1998;Xu, 2012].
Thismehod, applied to the swath 3D MCS data c
and 10A6N at the EPR, showed that the AML
and mush zones.

From applying 1D waveform inversion to higésolution swath 3@t the EPR beveen

9°3 0 6 N &\nXai[2a12)] showed thahe AML is ~1640 m thickat these two

locations The measured-RndSwave velocity at ~atAbéatedd N, an
to the presence @&-100%, and-40-45%, respectively Xu, 2012] when compared with
theoretically compute#iashinShtrikmanboundg Hashin and Shtrikmarl963] that are

the upper and lower bounds for the effective elastic moduli of a multiphase material.

1.3 Crustal Thickness

The average thickness of the oceanic crust away from anormatpass is 6.81.6 km

for all spreading rates [e.dRaitt, 1963]. Compilations of more recent and more detailed
seismic measurements and rare earth element inversions show that the crust formed at
slow-spreading ridges (half spreading rate <20 mndigflays much greaten-situ

thickness variability than therust formed at the fasjpreading ridges (half spreading rate
>30 mm/yr)[White et al. 1992]. For example, the results from a seismic refraction study
along ~100 km of the median valley of the MARUrdy and Detrick1986] show that

the crust is thickest in the segment center (~7 km), and it is thinnest (~3 km) at the
segment ends. On the other hand, at the-stetlied portion of the fast spreading EPR

from 8A5006N to 9 A50 @&sdred flore interpratirgyMahb refte¢tionc k n e s



times observed on 2D MCS profiles varies by 2.6 Barfh and Mutter 1996]. These
seismic constraints on the oceanic crustal thickness are mostly formed by analysis of
wide-angle OBS and neaffset MCS data, in picular from the information that Moho
reflections and crustal/mantle refractions contain. The accuracy of the seismic
measurements of crustal thickness is high because the transition from the crust to the
uppermost mantle, the Moho Discontinuity or th&&/is in most cases relatively sharp,
occurring within only a few 10s to a few 100s of meters [Bgudier and Nicolas1995;

Jousselin and Nicola000].

The longwavelength (>50 kmyariations in seismically measured thicknetthe crust
formedatthe MAR are consistent with the gravityeasurements [e.qRurdy and

Detrick, 1986;Morris and Detrick 1991]performedalongthis spreading center

suggesting that the bulk of the crustal thickness variations seem to be linked to the melt
extraction proesses occurring within the axial accretionary zéxdeng-axis gravity

profiles atthe MAR show large gradients of mantle Bouguer anomaly (MBA) [&ig.,

et al.,1990].

By contrast, athefastspreading EPR the MBA baelatively small variations [e.g.,
Madsen et al.1990]. Based on these observatiohs) and Phipps Morgafil992]
proposed that the melt extraction processes occurring in the upper araptlanelike
(3D) beneath a slow spreading ridge but more dlilee{2D) beneath a fast spreading
ridge. This 3D pattern of mantle upwelling at stepreading ridges requires enhanced
melting at the center of each ridge segment and less melting at ends resulting in the

observed pattern of crustal thickness variationbesglow-spreading ridges.



Theresults from a recent widgngle OBS study atfastpr eadi ng -FOANR ( 8 A3 06
show alongaxis crustal thickness variationg2-2.7 kmwith the thinnest crust (5.3 km)

at one segment end and the thickest crust{:BXm) at about the segment center

[Canales et al.2003]. From this studyzanales et al[2003] showedl) thatthe

suggested sheéke pattern of mantle upwelling that results in uniform crustal thickness

at fastspreading ridges ignlikely, and 2)the crustal thickness measurements avelal

proxy for magmatic segmentation at fapreading ridesat least for the firstand

secondorder ridge segments

Imaging the Moho reflection in the axial region of the spreading ridges, however, is
challenging even at the fast spreading centetsatigecharacterized by smooth

topography [e.gHerron et al, 1980;Detrick et la, 1987;Kent et al., 1994;Barth and

Mutter, 1996]. So far only one stud$ihgh et al.200§ claims to have imaged the Moho
reflection below the ridge axis, acrossthe EPR t he east ern | i mb of
overlapping spreading center (OSEigure 1.4. But the interpreted Moho reflection in

this environment could be associated witlge propagatin over a preexisting Moho

[Singh et al.2006]. As a result, the crustalitkness of the axial accretionary zone,

which is important in that it provides insight into the thermomechanical processes of

MORs [e.g.Buck and Su1989], is not well constrained.

There is a growing body of evidence showing that the crustal acceetMd@®Rs is not

limited to the axial neovolcanic zone. These studies include: a) anomalously young basalt
samples identified at ~4 km away from the
and 9 /Gblds@iNet & 1998;Sims et al.2003]; b) formatiorof nearaxis

seamounts 5 to 15 km from the ridge axis at fast spreading ridge$Sfeeg.et al.1993];
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c) detection of anomalously lown&ave velocities in the lower crust at ~10 km off axis at

9 A 4 s@awford and Webf2002] and inthe MTZ at ~22kmf f axi s at 12A5(
[Garmany 1989]; d) identification of an offixis Rwave LVZ at ~20 km from the ridge

axi s at DuradtAt2l02009]; €) discovery of a network of crustal-affis

magma | enses (OAMLs) beCanateeatal20@A376N and 9

Propagating Eagtey, fimb

Figure1l.4 Images of Moho below the AML on the eastern limb o
the OSC at 9 AADBpdudo3d suwey desdnileed by
Singh et al[2006].

The source of the offixis magmatism is not yet fully understood. Melt accumulation at
the base of a thermal boundary and its ascent to the ridge flanks through a leaky
permeability barrierdohn and Sim2005], or rapid magmatic ascent ditgétom the
mantle to the upper crust through high permeability chanKelz [and Weather)y2012]

are some of the suggested origins for theagf6 magmatism.
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1.4 Ridge Segmentation

After the advent of highesolution multibeam swath mapping systems imthed 8 0 6 s ,
became apparent that the spreading centers between transform faults are segmented by
additional types of nonigid discontinuities [Macdonald et al.1988]. Crustal thickness
variations were used to explain the source and origin of this sé¢atioerof the

spreading centers [e.duin et al, 1990].

The high resolution images of the EPR between 5°N and 25°N resulting from the use of
SeaMarc Il and Sea Beam sonar systems show that the plate boundary in this area is
segmented at a variety of teorpl and spatial scales [e.iylacdonald et al.1988]. Fine

scale (average spacing of 8 km) analysis of the seaflooctawmpositions between
5A3006N t o 14 A3Gdghuir@ttal[1086]esho’ faR thi® portion of the

EPR is also petrologicallyegmented at spatial scales much smaller than the known
largescale segmentation that occurs at OSCs and transform faults. The combined result
of theMacdonald et al[1988; 1991JandLangmuir et al[1986] studies was a new

hierarchy of physical segmentat of MORs. On fasspreading ridges, firgirder

discontinuities (transform faults) persist for >5%y@ars, partition the ridge axis at

intervals of 60+300km, and offset the ridge axis by >30 km. Seconder

discontinuities are OSCs that partititre tridge axis on the scale of +9D km, persist
of the order of 0.5x1( years and offset the ridge axis b@ km. Thirdorder

discontinuities are small OSCs,£3Dkm in length, offset the ridge axis by €%m,

and last for 1810° years. The finesscale (148 km) segmentation of the ridge axis is

represented by small (<1 km) nomerlapping bends or changes in strike %1y of the
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axial summit trough (AST) that last for 200" years and are known as deviation from
axial linearity (deval). The fat- and seconarder discontinuities result in what is often
referred to as largscale segmentation and the thiathd fourthorder discontinuities

result in smakscale segmentation of MORs.

Langmuir et al[1986] proposed that the source of petrolaggmentation at various

spatial scales may reflect different scales of melt supply from different depth levels of the
upwelling mantleMacdonald et al[1988] proposed that firsirder segmentation reflects
astenospheric upwelling, with the secoadd thrd-order segmentations manifesting

melt segregation events. Unlikangmuir et al[1986], who suggested mantivel

processes as the origin of foudhder segmentatiodMjacdonald et al[1988] suggested

that pinching and swelling of the AMLs cause tbewrder segmentation. From major

and minor analysis of glass samples at the EPR between 13°N and52&td, et al.

[1991] drew similar conclusions taangmuir et al[1986] andVlacdonald et al[1988],
namely that the identifieslecond and thirdordersegment boundaries correspond to
processes occurring in the mantle. Howe@anton et al[1991] suggest that not all the
fourth-order segment boundaries are also geochemical boundaries. Some of the fourth
order discontinuities mark termination of fisser@ptions indicating upper crustal origin
[Sinton et al 1991]. The results from probingasecand der EPR segment
546N usi +hagtom ARSO imagmg system showed that the alsinigze axial
hydrothermal activity in this area correlatesll with the fourthorder tectonic
segmentationHaymon et al.1991]. This led these investigators to propose that the

origin of the fourthorder segmentation is also within the upper crust and is related to

diking processes.
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More recent higtresolution shipboard multibeam data collected over tlurder tectonic
segments at the sout her Whit€e?d 2000], anchaclo§sA3 06 S
the northern EPR Whieetral.2008 @=Rablished aadistihdioh N [
between thirdand fouth-order segments. More pillowed flows and lava domes were

found near the thirdrder segment ends, and more sheet flows were found irottaied

segment centers. This suggests that effusion rate is highest orthendsegment centers

and lowest at segent ends, which is consistent with the idea that thicter segments

are individual volcanic segments controlled by the AlWhite et al, 2002]. Fourth

order segments did not show the consistent mittdend reduction in effusion rate and

were suggesteto be controlled by diking in the upper crust similaBioton et ab s

[1991] andHaymon et ab EL991] interpretations.

Controlled source seismic studies of the crust and upper mantle were employed to image
ridge structures at depth and try to resdive ambiguity of the origin of smadtale

segmentation. Vertical injection of mantle melt into the crust near the fordén

segment center was postulatedTimpmey et al[1991] based on the results of a seismic
tomography study conducted overatoew r der segment in the EPR
and 9 A3 5\@aMe veldtities of e middle to uppercrust in this study showed

relatively lower velocity at the segments ends compared with the segment Teoteey

et al.,1990] Figurel.2). Usingthe same dataset ®bomey et al1990], tomographic

i mages of the | ower crust and uppeordermant| e
discontinuities were provided yunn et al[2000]. The results from this study showed

that alongaxis variation in velocity structure of the lower crust and upper mantle

correlates with the morphologic segmentation. In this view, the origin of the fouén

14



segmentation is related to the dynamics of melt generation and transportdroraritie

rather than to the tectonic activity. Additionally, a causal relationship betweerotted

segmentation and variations in mantle melt delivery was inferred based on the results of a

more recent tomographic study that directly imaged the upaetlenbetween 9°N and
10°N. These results show correlation between the location ofdrdet segments and

mantle LVZs Toomey et al2007].

However, the results of an extensive 2D
were interpreted to show thtiere is linkage between fourtiider tectonic segmentation
and upper crustal magma plumbing syst&arpotte et al.2000], which is similar to the
inference made byacdonald et al[1988]. The AML reflector in this latitude range was
segmented at a seatomparable with fourtbrder discontinuitiesGarbotte et al.2000].

The casual relationship between roidistal magma reservoir and srrsthle

segmentation at the EPR was further testedrafysisof high-resolutionseismic images

of the AML from the Siqueiros to Clipperton Transfosasingmodern swath 3D MCS

data [Carbotte et al.2013]. This study showed that the crustal magma body is partitioned
into segments-45 km long coinciding with the fourtbrder ridge segmentation. This
confirms the linlage between fourtbrder tectonic segmentation and upper crustal
magma plumbing system suggesteddaybotte et al[2000]. Disruption of the magma

lens was also observed Barbotte et al[2013] study at thirebrder segment boundaries.

1.5 Objectives

The fismic investigations conducted along and across the global MOR have
significantly increased our knowledge of the processes of crustal and lithospheric
formation and evolution at MORs. In particular, the 2D MCS studies at thstoe#td
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portion of the ghbal MOR between“™N to 10N of the EPR (Figure 1.5) have detailed

the structure of the shallow crust and the midcrustal magma reservoirs beneath the EPR.
Still poorly understood, however, is the structure of the magmatic system within the
lowermost cruséind the uppermost mantle. Consequently, the nature of mantle melting,

melt extraction and its delivery to the crust are not yet thoroughly understood.

While first- and seconarder ridge segmentsave been carefully investigated and are
thought to be wélunderstoodfacdonald et al.1984, 1988]the nature and origin of

smaltscale third- and fourthorderridge segmerdtion are still largely debated

The Moho reflection is not imaged in the vicinity (~£3 km) of the ridge axis. As a result,
the age oMoho formation, and the distance from the axis at which the crust reached its

full thickness are not yet known.

The geometry and the physical properties of the AML have been the subject of several
studies. However, the melt content of the OAMLSs, theitabution to formation of the

lower crust, and their connectivity to the AML are not known.

Based on the above unknowns, the questions that are aimed to be answered in this

dissertation are as follows:
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Figure 1.5 Ship track for cruise MGL0812 is shown with thin white lines superimposed over the
EPR bathymetry (color background) data collected during the MGL0812 survey (EM120 gridded
at 50 m). The data from the area outlined with red square weckim this study for 3D

processing. The blue and green filled rectangles show the a@imddfourthorder discontinuity

zones in the study area, respectivéihjte et al. 2006;Carbotte et al.2013]. The location of
selected earlier seismic experimectsiducted in the area is also shown: psBBAVICS

reflection (dotted squar&gnt et al. 2000]), 2D MCS reflection (solid lineetrick et al,

1987]); the UNDERSHOOWide-angel seismic experiment (dashed linEsdmey et al.1998]),
midpoint location 8ESP5 (on the ridge axis) and ESR(~10 km offaxis) (white squared/era

et al.,1990]). Hydrothermal vent locations shown with red stars are ftaymon et al[1991].

Axial summit trough (AST) shown with thin black line is as interprete&dyle etl. [2007].

Extent of 200582006 eruption shown withlackpolygon is fromSoule et al[2009].
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1.

3.

What is the mode of crustal accretion in the study area and does it vary spatially?
While most researchers today agree that the ridge magmatic systems dexcomp
and that the lower oceanic crust is formed from multiple magma bodies, what the
contribution of various magma bodies is to lower crustal accretion and how it
changsin space and time remain open questions. Geophysical fingemgfrints
crustal accretiomodesmay be established lmietailingthe local crustal

thickness, AML geometry, and MTZ character #inlling themwith thelocal

style of crustal accretion predicted by modeling and/or suggested by geochemical
studies;

Can detailed crustal thickness afi@Z character measurements be used to infer
smallscale segmentation at fesgireading ridges? The body of work on ridge
segmentation summarized in Section 1.4 indicates that the origin and nature of
smalktscale, third and fourthorder ridge segmentatias still not fully

understood. As such, the location and order of some of thesozé ridge
discontinuities remains challenging to determine and is debated. Detailed
mapping of MTZ character and crustal thickness at a scale and resolution
comparable temallscale segmentation may provide complementary information
on the processes that govern srsaklle segmentation. Moreover, it may help
delineate location and order of these segments discontinuities;

What is the age of Moho formation and are the atukickness and MTZ seismic
signature symmetric or asymmetric across the ridge axis? The Moho formation
age, an important parameter for understanding crustal accretion, is not known.

Moho reflection is generally not imaged in the immeglitinity of theridge
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axis (~#3 km) but it is not understood if this is a) due to the Moho not being
formed at the same time as much of the crust or b) because the imaging
methodology used so far for academic investigations of the ridges is inadequate
for imaging in ares of large lateral velocity variations and high signal
attenuation. Crustal accretion is thought to be symmetric and any asymmetricity
of the crustal thickness and MTZ character on the two ridge flanks may indicate
variations inearly crustal and MTZ evalion;

4. What is the melt content of the OAMLSs, what is their contribution to the overall
crustal thickness, and are the reidistal AML and OAMLS connected?
Computing the melt content of the OAMLs and the fraction of the crustal
thickness produced from theA®ILs may help constrain the volume of melt
extracted from the mantle in the -@fkis region and shed light on the dynamics of
off-axis magmatism that is largely debated. It is generally agreed that the sources
of on- and offaxis magmatism are largely sepi@d. However, the most likely
way to conclusively determine the spatial relationship between theromstal
AML and the OAMLs is through detailed 3D MCS imaging, as carried out for

this thesis work.

Based on the above questions, the objectives oPthid thesis are:

1. Investigatehe average crustal velociéyd crustal thicknesdong and across the
ridge axis and their relationship to ridge segmentatiwit lens distribution, style

of crustal accretiorgrustal age, bathymetry, and magmatism
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2. Detailthe MTZreflectioncharacter along and across the ridge axis and its
relationship to ridge segmentationelt lens distribution, style of crustal
accretiongcrustal age, bathymetry, and magmatism

3. Examinethe meltcontent ofOAMLs and their spatial relaitnship with the AML

1.6 Methodology
To achieve the objectives listed above, | have analyzed the 3D MCS data collected in
2008 onboardR/VMarcus G. Langsetduring cruise MGL0812 carried out over the EPR
from 9A37. Biguretl.§ The AcHuirel Natagis a result of the first high
resolution multisource and mukstreamer 3D MCS experiment conducted over a MOR
environment [Mutter et al. 2009]. Covering an area of almost 1000?kand summing up
to ~5 TB of data, this dataset is massive from thepeet/e of pure academic research.
For data analysis, | applied the following methods to the data:
1. Standard 3D Kirchhoff poststack that is detailed in Appendix A and in section
2.3,
2. Stateof the-art 3D Kirchhoff prestack migration processing that islaxed in
Appendix B and section 3.3,
3. The AVO analysis of the OAMLSs that is explained in Appendix C and section

4.3.

1.7 Dissertation Outline

The remainder of this Ph.D. thesis consists of chapters 2 to 5 and appendices A to C.
Chapter 2 s e nQrusttithiekmess fand Moho character from poststaggrated 3D

MCS data collected overthefastpr eadi ng EPR f r olmthiOchaptero N t o
| presenthe results of the MCS data analysis of the larger, northern 3D box. These
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results provide a windowto the 3D architecture of the young oceanic crust at a fast
spreading MOR at a scale and resolution that was not previously possible. The
interpretation, centered on detailing the crustal thickness and the MTZ reflection
character and establishing linkagasith smaHlscaleridge segmentatioand style of

crustal accretiorprovides, within the reference frame of existing geophysical,
geochemical, and morphological data, a new perspective on these MOR processes. For
producing the posstack migrated 3D redtction volume, | applied the processing

sequence detailed in appendix A. | then picked the igneous basement and Moho
reflection, interpolated in 3D existing OBS velocity profiles, computed the local crustal
thickness, and examined the Moho reflection atterao map the type of the MTZhis

chapter is in preparation for submission to@eochemistry, Geophysics, Geosystems
Chapter 3 s e nTthe Hadt Badific Rise crust and Moho transition zone from
X37.506°Bl7608: 9Resul t s f raotm opnr eosft a3dBlereMd Smed anti ago
present and interpret the results of applying 3D Kirchhoff prestack time migration
(PreSTM) to the full 3D MCS dataset that includes both the northern and the southern 3D
volume. This is the first time a 3D PreSTM has beenieghpo a MOR dataset. This time
consuming and computationally demanding process has yielded the most comprehensive
reflection images and average crustal velocity for this intensely investigated portion of
the EPR and MOR environment in general. Improvadi extended detailed information

on the crustal thickness and MTZ character is presented for ~836f kine EPR
betweerD°37.5 N 15 & 0&cluding a 3.&m-wide gap fron®°406 N 142D Nbhe

results of this chapter shed new light on thegomg debat of the Moho formation age,

and provide additional information on segmentation and crustal accretion hypothesized in

21



Chapter 2This chapter is in preparation for submission toGeechemistry, Geophysics,
Geosystems
Chapter4i s ent i t | e dizafioA & Wo larpeaniccaustal ®AMLs at the EPR
fromP3 7. 56B406NH09 I n this chapter | present th
crossplot technique to determine the melt content eduaf magma bodies quantitatively
usingthe HashirShtrikman bouds A background trend is required to interpret tasults
of AVO crossplottingn the framework suggested Bastayna et al.[199]. | show that
using the Hashi$htrikman boundand the recent results for the amount of melt
determired for the AML from D waveform inversionsq{u, 2012] a background trend
can be estimated@he qualitative melt assessmentbé r j a [2@l3] fod the AML is
examined in the new interpretation framework and the amount of melt at the OAMLs is
compared with the one at the AMAIso examined in this chapter is the spatial
relationship between the OAMLs and the AML.
Chapter5 entitled AConclusions and future wor k
summary of all research contributions presented in chapters 2, 3 and 4, addgeohst
of recommendations for future work directions.
Appendix A e n f(Thrgedineedsioiiial (3D) seismic data acquisition and processing
details theacquisiton parameters for the MGL0812 survey, 3D geometry definition for
processing the data, ptaskdata processingnd poststackiigration and image
conditioning.
Appendix Be n t i 3DIKiecdhoffiprestack time migratiansummarizes the kinematics
of the Kirchhoff 3D PreSTM applied to the 3D MCS data, and explains the processing

steps applied tthe common image gathers (CIGs) that are the products of migration.
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Appendix Ce n t i @vendesv ofiAVO theorg provides the theoretical background for

the AVO equations and details the crossplot technique
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CHAPTER?2  CRUSTAL THICKNESS AN D MOHO
CHARACTER FROM P OSTSTACK-MIGRATED
3D MCS DATA COLLECTE D OVER THE FAST-
SPREADING EASTPACIFI C Rl SE FROM 9¢4:
TO 9e576N

This chapter has been submitted for publication to Geochent&dgphysics,
Geosystems journaind is presently under review.

Omid Aghaei is the prinpal researcher arttie correspondinguthor of the article. He

conducted the research as part of his PhD. Thus, while he received supervision and
guidancefom hi s supervi sor [hecarriddlow theswork, Rrote Ne d i ma
the article, and commurated with the editor of the journal. Minor grammatical and

content changes have been made to integrate the article within this dissertation.

2.1 Abstract

We computed crustal thickness (5+200 m) and mapped Moho reflection character

using 3D multichannel sainic data covering 658 km2 of the fagreading East Pacific

Ri se (EPR)9 ef5r706nN.9 eMlozhéo r ef |l ecti ons are 1 mag
area. The average crustal thickness for study area quadrants varies little suggesting

uniform crustal productioin the last ~180 Ka. However, individual crustal thickness
measurements differ by as much as 1.75 km indicating that mantle upwelling is not 2D.
Third-order, but not fourtforder ridge discontinuities are associated with changes in the

Moho reflection clracter and/or neaaxis crustal thickness. This suggests that the-third

order segmentation is governed by melt distribution processes within the uppermost

mantle while the fourttorder ridge segmentation arises from ntauppercrustal

processes. In thilight, we assign fourtbrder ridge discontinuity status to the debated

ridge segment boundamryleat sth¢dsds. &GN -~-dred 1t. I
segment boundary that was previously interpreted as a fordén discontinuity at

9e51. 5e6bNB 6ON. 9The new seismic results al so s

crustal accretion varies along the investigated section of the EPR but that the volume of

24



melt delivered to the crust is mostly uniform. More efficient mantle melt extraction is
inferred within the southern half of our survey area with greater proportion of the lower
crust accreted from the AML than that for the northern half. This doutlorth variation

in the crustal accretion style may be caused by interaction between the nedsdour

the ridge and the Lamont seamounts.

2.2 Introduction

The structure of the oceanic crust formézhg the global miebcean ridge (MOR
systemis simple compared with the continental cresg[,Raitt 195. However the
nature of mantle melting, melkeaction, and melt delivery to tleeusthas been a
subject of considerable research over the past three desatiestill investigatedTo
address theutstandingjuestios related tarustal accretion, a number adntrolled
source seismiexperimeng have been conducted along and acrosEdlsePacific Rise
(EPR from the mid1970s to miell990s[e.qg.,Orcutt et al., 1975 Herron et al.,198Q
Detrick et al., 1987 Kent et al. 1993. These studies imagedmid-crustal reflection that
was interpretedb originate from ahin magmeasill (<50 m) here referred to as the axial
magma lens (AML The AML s detectedeneathmuchof the ridge axignd sits atop
the roof ofa broader lowvelocity volume (510 km wide) extending to the base of the
crust and ito the uppermost mantfe.g.,Vera et al.,199Q Dunn et al.,200Q. The
discovery of the AML led téhedevelopment of the gabbiglacier models for crustal
formation at fast spreading ridgesg.,Phipps Morgan and Chel®93 Henstock et al.,
1993 Chen and Phipps Morgar,996 Quick and Delinger1993. In these models,
magmais fed directly from the mantle to tvIL where partialcrystallization occurs.

Theupper crust is formed by dike injection and lava extrusion, whil&ther crust is
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formed bydownward flow ofthe crystallineesidue due to gravitational forcédore
recentophiolite studiege.g.,Boudier et al. 1996 suggesthatmagmacan also
accumulaten-axisat lowercrust levels anavithin the Moho transition zone (MTZ)
leading to thedualsill, multiple magma lens and hybrid crustal accretion hypotheses
[e.g.,Shouten and Denham995;Kelemen et al.1997 Madennan et al.2004] In these
models, which are supported by tomograpeafloor compliangeandmultichannel
seismic (MCS) smidies[e.g.,Dunn and Toomey997 Crawford et al.2002 Ne di mo v i |
et al.,2005 Canales et al.2009, gabbrocrystallizationalsooccurs within the lower
crust and a substantial amount of the lower crust is formeun

The MOR system ipartitionedinto distinctmorphologicalsegments over a variety of
spatial and temporal scales.§.,Macdonald et al 198§. First and seconarder(large
scale)ridge segmentdounded by transform faults and overlapping spreading centers
(OSCs)respectively, have been carefully investigated and are thought to be well
understood [e.gMacdonald et al.1984, 1988L.angmuir et al198§. Firstorder

segments extend for 600+300 km auetsist for >5x1Dyears. Secondrder segments

extend forl4(+90 km and persist fd.5-5x1@ years. Howeverhe nature and origin of

smadl-scale third- (5030 km) and fourthorder(14+8 km)ridge segmerd, whichare

proposed to last for £a.0° and 16-10° years respectively [e.gMacdonald 1998], is

still largely debated_angmuir et al[1986], based on a study of lava compositions, a
Macdonald et al[1988], based on highesolution multibeam swath mapping and

acoustic imaging, drew similar conclusions altbetsource of the thirdrder ridge
segmentation ascribing it to melt extraction processes in the upwelling mantle. However,

the twostudies disagree about the origin of fountider ridge segmentation. Unlike
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Langmuir et al[1986] who suggested mantkevel processes as the origin of fourth

order segmentatiodlacdonald et al[1988] suggested that pinching and swelling of the
AMLs causes fourtlorder segmentation. From major and minor analysis of glass
samplesSinton et al[1991] drew similar conclusions taangmuir et al[1986] and
Macdonald et al[1988] that the thirebrder segment boundaries correspond to processes
occuring in the mantle. Howeveginton et al[1991] suggest that some of the fourth

order segment boundaries are not geochemical boundaries but mark termination of fissure
eruptions indicating upper crustal origin. Li&nton et al[1991] but based on thstudy

of alongstrike axial hydrothermal activitydaymon et al[1991] propose that the origin

of the fourthorder segmentation is within the upper crust and related to diking processes.
Results from more recent highsolution shipboard multibeam studi®sWhite et al.

[2002] suggest that the thiatder segmentation is controlled by the AML while the
fourth-order segmentation seems to be controlled by diking in the upper crust, as
proposed bysinton et al[1991] andHaymon et al[1991].

Controlled sotce seismic studies of the crust and upper mantle were employed to image
ridge structures at depth and address the ambiguity of the origin ofsrala

segmentation. Results from tomography studies doriauloy et al[2000] andToomey

et al.[2007] indicate that the origin of both thirdnd fourthorder segmentation is

related to the dynamics of melt generation and transport from the mantle rather than to
the tectonic activity, in agreement witangmuir et al[1986]. However, from

interpretation of 2IMCS dataCarbotte et al[2000] show that there is linkage between
fourth-order tectonic segmentation and upper crustal magma plumbing syzebofte

et al.,2000], which is similar to the inference madeNdgcdonald et al[1988]. The
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causal relatiortgp between migtrustal magma reservoir and srsthle segmentation
was further tested bgnalysisof hightresolution reflectionmages othe AML from
Siqueiros to Clipperton Transforasingmodern swath 3D MCS dat€érbotte et al.,
2013]. This study stwed that the crustal magma body is partitioned into segmeifis 5
km long coinciding with the fourtorder ridge segmentation further confirming the
linkage between fourtbrder tectonic segmentation and upper crustal magma plumbing

system.

Here we hypdiesize that MTZ character and crustal thickness reflect the style of crustal
accretion, and that the mode of accretion can vary along axis possibly from ore small
scale ridge segment to another. All of the multiple magma body accretion models call for
magna sills within the MTZ suggesting a thicker and more complex-cnasttle

transition than that associated with the gakdiexier model. If the melt extraction
processes in the upwelling mantle are at the origin of the scall ridge segmentation,

as poposed by most authors for the tholer and by some for the fourtinder

segmentation, then it is possible that the variations in the melt delivery between adjacent
segments are also reflected in variations in the MTZ character and crustal thickness. To
test this, we carry out a detailed analysis of the crustal thickness and the MTZ character
along the BRPR f@ndenthiKSanadyds, we ustateof-the-art 3D MCS
dataset acquired in summer 2008R Langsettand coverings58 knf [Mutter et al.,
2009].This is the first full, mulisource and mukstreamer 3D MCS dataset collected

over a MOR environment. Examination of the fornmégh-resolution 3D reflection cube
providesnewconstraints and insights on the crustal thickness;duaderidge

segmentation, and style of crustal accretion along this section of the EPR.
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2.3 Study Area

Located in the Pacific Ocean ab®0 km southwest of Mexico, the study area covers
the fastspreading EPR (11 cm/yr full rat€drbotte and Macdonald,997) betveen

9 e 42 06Ne amahe2d). Inthe eastvest directionthe survey extends on both
ridge flanks out to about 10 km away from the ridge axis, or to crustal agé8@Ka as
the spreading rate did nchargeduring the last 6.73Ma[Carbotte and Macdonald,

1993.

The study area represents a part of the second ordesé&gPhenthat isbounded to the
south by the OSC at ~9e036N and to the
~ 1 0 e 1Mncédbhald et al.1984, 1992, which are second and first order ridge
discontinuities respectivelywithin the study area, a third order discontinuity is
identified ex-9AB 8D Nghteketag2®q6]9as wedl as a number of
smaller discontinuitiesimcudi ng o8 A4&806N9AKWAOG has been
as a third or fourthrorder offset YWhite et al.2002; 2006]. Other fourtbrder

di scontinuities have been Hagneomdtl, 199led a't
White et al.2002; 2006 Haymon and White2004;Carbotte et al.2013. White et al.

[2006] provide an alternative location of the foudtfdler discontinuity centered at

9e51. 50 N (Fgure2d) 53 6 N

An axial midcrustal magméens is identified along thehole length of th&PR from the
OSC at 93'N to theClipperton transformsuggesting that the whole area is an active
magmatic system [e.g{ent et al. 1993] Nevertheless third-order discontinuity at

9 e 3 7Sinith ef al.2007]], just south of the study aresppears tonarka magmatic and
hydrothermal boundary
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Figure2.1 Ship track for cruise MGL0812 is shown using thin white lines superimposed over the
EPR bathymetry (col or backgr oDashkedboborttinesshen 9e 36
extent of the area of 3D MCS coverage analyzed for this study. Three open black squares show
the location of the CMP pergathers presentedfigure2.3. Dotted lines show the surface trace

of in-lines am crosslines from the 3D migrated stack presente8igure2.4. Solid lines are

OBS profiles are from the 1997 UNDERSHOOT experim&onbmey et al.1997].

Hydrothermal vent locations are fradaymon et al[1991] and the Marin&eoscience Data

System. Axial summit trough (AST) is as interpretedSoyle et al[2007]. Extent of 20052006

eruption is fromSoule et al[2009]. Compliance measurements (circles) are f@yawford and
Webb[2002]. Thirdorder segment boundaries ah@an with filled gray rectangles; fourttrder
segment boundaries are shown with open blue rectangles; debatedrttifdurthorder

segment boundaries are shown with dashed blue rectangles. Locations of discontinuities are from
Haymon et al[1991], White et al.[2002; 2006], andcCarbotte et al[2013]. Offaxis magma lens
locations are from this study.

Based on studies performed on lava chemistry, lava age and volcanic morphology, it is
suggested that the ridge north of this discontinuity has recesgly iImore magmatically

robust than its southern counterg&mith et al.2001} This section of the EPR north of
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9 e 3 K ahdracterized by a broad axial crgsstional areashallowerridge axis,
numerousydrothermal ventand thepresence o& mid-crustalaxial magma bodyall of

which are indicative of high magma bud¢@theirer and Macdonald, 993 Macdonald

et al.,1984 Haymon et al.199%, Detrick et al.,1987. Seafloor volcanic miptions of

1991 Haymon et al.1993 and 20052006 [Tolstoy et &, 200§ at fOrdes O 6 N
suggestncreased magma volume/preseincthis region of the EPR where thettest

magma erupts coincident with the shallowest region along the ridge axis which is located

bet ween 9 e 4 8Bahzaand Niul99g.5 0 6 N

2D MCS expeiments conductetfom the early 1980s to the mid 1996&efron et al.,
1980;Detrick et al.,1987;Harding et al.,1993;Kent et al. 1993]over the EPR between
9 e N a nmsultedigmdges of a narrowmid-crustal AML (about0.5 to 1.2km wide
and 1650 m thick [e.g.,Kent et al.1993) that resided.4-1.9 km below the seafloor.
Extreme values d3.25 and 4 km fothewidth of AML arefoundoutside our 3D boxat
~9e356N and ~9 eker é &l.19938. M ghe tcahsition adng/melt
accumulatieshave been identifieffom compliancemeasurementg-{gure2.1) at

9 e 4 8CaMforfl and Webl®003. Intra-crustal offaxis magmalenseqOAMLS) have
alsobeen reported in owtudy areaKigure2.1) [Canaleset al.,2017 usinga subset of
the 3D MCS datanalyzed for this workThe investigators interpréttra-crustal
reflection events amdicative ofpartially moltenOAMLs based orboth MCS and ocean
bottom seismometgOBS) data. The MCS data show revergeldrity for the OAML
events just as they do for the mictustal AMLSs, indicating a negative impedance
contrastThe OBS data show high attenuation of seismic arrivals that travelled through

the crust where OAMLsazur. The OAMLs described byanales et al[2019 and
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foundintheuppec r ust fr om 9eb52. 58.5kmttao7 krd eaSt6fdhdl ar e |
ridge axis at depth of 2.1 to 2.3 km below seafloor (bsf). A deeper OAML, found in the

same area at 4.2 km beladlae igneous basement, has also been describ€drmles et

al. [2013.

Velocity and thickness of seismic layer 2A, the shallowest part of the igneous oceanic

crust, have been determined in the study area and surrounding regions by the same 2D

MCS data usgto study the AML and crust in general [elgarding et al.,1993], but

also from neabottom refraction data [e.dChristeson et al.1992], OBS tomography
[e.g.,Toomey et al.1990;Tian et al.,2000;Sohn et al.2004], and expanding spread

profile (ESP) refraction studie¥gra et al.,1990]. Based on the 1D models derived from

onaxi s ESP experi ment s -waveveloclyof3eagdermhost 9 e 350
(100-200 m) crust is low (<2.5 km/s) and increases rapidly to ~5 km/s at ~500 m below
theseafloor Veraetal.,1 990 ] . The 2D MCS data from 9e4
thickness of layer 2A varies from ~250 m at the ridge axis to >500 m at places away from

the ridge axisHlarding et al.,1993]. Based on this MCS study, the average layer 2A

thickness in our study area and up to a distance of 10 km away from the axis is ~460 m.

The asymmetric crosaxis velocity of layer 2A, with the velocities on the western flank

sl ower than on the eastern f | Hamktal., 2008]. obser
An OBS refraction exper i mebottomsoorcefobncet ed at
al., 2004] further constrains the firgeale seismic structure of layer 2A. This fow

velocity layer (P and Swave velocity of 2.20 km/s and 0.42 km/s, respety), made of

extremely porous lava and basalt breccia, has a thickness that increases systematically
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from ~20 m on the rise axis to ~120 m at a distance of ~1.5 km to the east and ~0.5 km to
the west of the ridge axis.

2D MCS datacollected oveoung o@anic crustontaina prominent reflection event at

about2 s twewaytraveltime(TWTT) below the seafloor that is interpretedi@sMoho

reflection eventé.g.,Stoffa et al.198Q Herron et al.,198Q Barth and Mutter1994.

Seismic modelin@f thiseventshows that the Mohis not a angle discontinuity but

rathera transition zonéMTZ) with bothpositive velocity gradientand varying
thicknesse§Veraetal.1990. Sei smi ¢ profiling carried out
shows that, where the Moho m&gtion response is imaged, the seismic character of Moho
varies from impulsive, shingled, to diffusiji€ent et al., 1994]. This spatial and temporal
variability of the Moho reflection response was interpreted to be caused by a
heterogeneous interface bewwn the crust and the mantle. A similar pattern for the Moho
refl ection response was i dent iBaithedd wi t hi n

Mutter, 1996].

The thickness of the igneous crimtthe8 e 5 0 6 N tamah&s eeerdcomputed by

Barth and Mutter [1996] using 2D MCS datandfor the aredetween Clipperton and

Siqueiros transform faultsy Canales et al[2003]using OBS datalhe computed

thickness based on reflection profiles about 3.5 km @pakta few 1D ESP velocity

models ofVera et al[1990] was mostly done for crust up to ~300 Ka dlde results

show that the crustal thickness variation
km, with the thinnestcrustats. 5 km bet ween ~9e406N and 9et
crust77 . 3 km 1 mmedi ately north of Theltrast OSC be't

gradually thickens to the south between these two locations, and then thins south of
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9¢1®@MR 06N t 08 e BaT@&eNNk oty af this crustal thickness variation was
attributed to layer 3.

The crustal thi cknes s(SiQueitoswaaccQippdtentransfdim and 1
faults respectively), computed by simultaneous inversion of OBS refraction and wide

angle Moho reflection arrivallanales et al.2003], is based on four ridgearallel

profiles evenly distributed on each side of tige axis and two ridgperpendicular

velocity profiles. Two of the ridgparallel profiles are located on ~150 Ka old crust and

the other two velocity profiles are located on ~300 Ka old crust. The-peigeendicular
velocity profi |lebs6 Natar~e8 e~37550 Nk ma nadp a~t9%te. The ¢
thickness between the Siqueiros and Clipperton fracture zones@8&imh. The crust

thickens away from the Siqueiros and Clipperton transforms, to the north and south
respectively, reaching maximum thidssof 737 . 8 km north of the 9e
9¢e1506N, about midway between the transform
seamounts where the crust can be anomalously thick. The thinnest crust (5.3 km) is found
within the Siqueiroos 9er50n6sN,o rtnh.e FOBdSNn r9eeslusl 6t
crustal thickness variation (:138 km) in comparison to the crustal thickness variation

for this same area computed from 2D MCS data (2.3 Baijth and Mutter 1996]. For

the study area investigated in this wdtle mean crustal thickness to crustal age of 300

Ka is ~5.5 km based on the 2D MCS resuitarth and Mutter,1996] and to crustal age

of 225 Ka is ~6.8 km based on the OBS d@&tarales et al.2003].
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2.4 Data

2.4.1 DataAcquisition

In summer of 2008 we conductad 3D MCS survey over the EPR
9e576N onboard R/V Marcus Langseth during
coverage separated by a 3.3 km gap were acquired. The larger, northern area (~714 km2)
that is investigated in this studylecat ed bet ween 9RERgURDINThBEnd 9eb5
area is covered with 94 primary, 11 infill and 10 reshoot sail lines. Sail lines are 24 km

|l ong, separated by 300 m, and -kmdongeg an azim
hydrophone streamers separated by 150 m were towed at a depth of 10 m along sail lines.
Each streamer was composed of 468 receivery groups spaced every 12.5 m, for a

total recording of 1872 channels per shot. Recording time was 10240 ms gohel Isden

was 2 ms. Two seismic sources, each comprised of two linear arrays of nine airguns with

a total volume of 3300 in3 were towed at a depth of 7.5 m. The two sources were fired in

an alternating (flipflop) mode every 37.5 m resulting in eight CMBfles per sail line.

These CMP lines are separated by 37.5 m. The total number of shots fired in the northern
area is 73,737 and total number of data traces recorded is 138,053,664. Shot and receiver
positions were determined with a 1 and <3 m horizaataliracy respectively, through

analysis of global positioning system (GPS), acoustic transponder, and streamer compass
information.

The geometry of the survey yields CMP bins that are 37.5 m wide and 6.25 m long in
crossridge-axis and alongidge-axis diections, respectively. To achieve full nominal

fold of 40 traces per CMP bin for the central 16-Wde area about the ridge axis (~451

km2), sail lines included 4 km rein and rurout. Nevertheless, fold distribution deviated
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from the nominal value due streamer feathering, survey gaps caused by marine life,
and technical shutdowns. The average feath
in the survey due to marine life and technical shutdown were minimized with reshoot

lines. Additional detailsdata acquisition are given in Mutter et al. [2009].

2.4.2 DataAnalysis

The survey geometry is developed by using shot and receiver locations to compute true
sourcereceiver offsets and midpoint positions for all seismic data traces. The data traces
are therassigned to nominal 37.5x6.25 m CMP bins. The prestack processing sequence
applied to the data starts with bandpass filterin§-2D0-220 Hz) and frequency

spectrum balancing, both 1D processes, and continues with 2D filtering of shot gathers.
Both filters are used to remove ambient and low frequency tabi@oise. The

frequency spectrum balancing is applied only to the low frequency range from 0 to 14 Hz
to remove a spike with peak frequency between 4 and 6 Hz.

For 2D filtering, we evaluated the effaeness of available algorithms by first

computing a synthetic shot gather in the frequency domain using adifigéeence

solution of the acoustic wave equatidrdtt et al.,1990]. A Rwave velocity and density
model for the EPR is required for thiopess. We used a 1D hybrid velocity model that
includes a) a velocitdepth variation from seafloor to AML from the ESP5 velocity
function of Vera et al. [1990]; b) a linear velocity gradient layer to model layer 3 starting
from 5.5 km/s just below the AMand increasing to 6.5 km/s at the Moho; c) a step
velocity function of 8 km/s to model mantle. This velocity model resulted in both AML
and Moho reflections, which allowed us to test the effectiveness of available 2D filters at

different traveltimes andignatto-noise (S/N) ratios. A minimum phase Keuper wavelet
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with a bandwidth from O to 50 Hz was used as the source function in this test. Pure
ambient and streamer noise recorded during the data acquisition was added to the
modeled shot gather to simwdad typical shot gather for the survey.

Test results on this shot gather show that the LIFT metBibdd et al. 2004], simplified

so as not to include the sigreddback step, removes noise efficiently without taking out
signal. Because much of the dowm lowfrequency cable noise is in 0 to 15 Hz range,

the shot gathers were divided before filtering into-lanwd highfrequency bands, that is

1 to 1615 Hz and 180 to 220 Hz respectively, with an intermediate band represented

by the difference betweehe original data and the low and high frequency bands. In the
simplified LIFT sequence, a frequenasavenumber (FK) filter is applied to the low
frequency band of the data to suppress ambient and streamer noise followed by applying
a 2D median filter tall frequency ranges to suppress amplitude spikes. All frequency
bands are combined after 2D filtering to form fittered shot gatherd~{gure2.2).
Offsetdependent spherical divergence correction to compefsageometrical

spreading, surfaeeonsistent amplitude balancing to normalize abnormally high/low shot
and channel amplitudes, and trace editing follow in the processing sequence. After noise
cleanup and amplitude normalization are completed, Moho tiefheis in most cases still
challenging to identify on individual CMP bin gathers so they need to be combined into
CMP bin supergathers. Although visible on many and strorgpore CMP supergathers
(Figure2.3), the Moho reflection on prestack gathers is not strong enough and continuous
enough for a systematic normal moveout (NMO) velocity analysis. Therefore, three 3D
velocity models were developed for stacking the data by hanging existing 1D velocity

functions fran the seafloor.
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Figure2.2 Noise suppression on shot gathers by application of simplified LIFT method. Top: shot
gather before (a) and after LIFT (b). Bottom: frequeweywenumber spectrum (c) and (d)

corresponding to (a) and (b), respectively. Level of streamer and ambient noise is high as this
shot is recorded when turning onto a sail line.

The stack volumes produced in this way are based on the ESP5 fuletiaref al.,
1990] determined from axial tig the ESP1 functiorVera et al, 1990] determined using

data collected ~10 km off the axis,andcrass i s OBS vel ocity profil

[Canales et al.2012]. Common midpoint bin gathers were then NMO corrected,
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stretched far offset arrivals were radf and these gathers were summed to form stacked
3D image volumes. The maximum offset used in CMP bin gathessdicking the AML

event was ~2.Km and the maximum offset range that resulted in the best overall image
for Moho event was 4.5 km. Stackirtgetfull offset range of CMP bin gathers (~6 km) at
Moho level led to poorer images of the Moho reflection at some locations likely because
the velocity models did not fully flatten this event. The 3D stack volume produced using
the ESP1 velocity functionrpvided the best overall image of all structures, including the
AML, despite the velocities being extracted from-afis data.

Poststack processing included a seafloor multiple mute to reduce migration noise
followed by 3D Kirchhoff poststack time migrafi. The 3D migration velocity model

was produced by hanging from the seafloor the 1D ESP1 velocity functiteratet al.
[1990] and converting it to RMS velocityime-variant bandpass filtering and time

variant balancing were applied to tmégrated stek volume Figure2.4). For imaging the
layer 2A/2B boundary, the prestack processing is identical up to the velocity analysis.
Normal moveout velocities that flatten the retrograde part of 2A refraction are then
chosen and the data are again staclsadg 16003550 m offset range. Stacking velocity

for layer 2A gradually increased from 1580 m/s on the ridge axis to some 100 m/s higher
stacking velocity on the ridge flanks, at the outer edge of the 3D volume.yEneka

3D stack volume was migrated in thelime and crosgine direction andinwanted parts

of the new image volume were zeroed to extract only the layer 2A event.
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Figure2.3 Variations in the Moho réction strength and character on CMP bin supergathers: (a)

Strong impulsive Moho; (b) Moderate strength impulsive Moho; (¢) Moderate strength diffusive

Moho. CMP supergathers for the impulsive Moho were constructed ~7 km from the ridge axis on

the PacificP| at e at (a) 9e426N and (b) 9e486N. CMP s
constructed at ~10 km on the Cocos Plate at ~9
character are defined on the migrated stack volume and that the shingled Mohe same

appearance on CMP supergathers as the impulsive Moho. Where the Moho reflection is weak in

the stacked volume, it is not visible on CMP supergathers. For creating CMP supergathers at

impulsive and shingled Moho areas, CMP bin data around tipet gather and common to 40

inlines and 200 crosslines were combined. This means that CMP bin data from 1250x1500 m area
were presented as one large gather. Number of crosslines used at diffusive area was reduced to 50
because of the more rapid spatiali@aon of the reflection response of a diffusive Moho that

results in negative interference and cancelation of the signal.

2.5 Results

The primary result of this work is a 714 k8D migrated stack volume of the EPR

bet ween 9e426N and O9lgndarecdnsidereth have lsatisfabtorys o me 6
S/N ratio for interpretation because of thficiently high CMP bin fold andven offset
distribution.This 3D image volume allows for detailed mapping of the seafiod MTZ

reflections Figure2.4), which areneeded for the study of the MTZ character and crustal
thickness presented here. To facilitate the discussion, we also pick the layer 2A/2B

boundary and map emand offaxis magma lenses. However, detailed analysiseo

AML, OAMLs and layer 2A are beyond the scope of this work.
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Figure2.4 Seismic images from the 3D migrated stack volume showing reflection responses from
the seafloor, AML, OAMLs and Moho. Also visiin the first second of crustal TWTT and at
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lower amplitudes are low frequency (~5 Hz) reverberations most likely representing the residual
bubble pulse. All three images feature the same -tires$2500) and a different-line which,

from south to nadh, are: (a) 1850; (b) 1990; (c) 2090. Note the remarkable clarity of the Moho
and other recorded reflections, as well as the variation in the Moho reflection response from
impulsive in the south to diffusive in the north:limes are 37.5 m separated CNities in the sail

line (~ENE) direction. Crosbknes, separated 6.25 m, are perpendicular to thaes.

2.5.1 Moho Reflection Response

Moho transition zone reflections are imaged in about 87% of the study area. Where the
Moho reflection response is imageapits strength and character vary spatially both on
CMP bin supergather&igure2.3) and migrated stack images (Figures 2.4 and 2.5). In
terms of the Moho reflection response amplitude, we differentiate in tadwel way

between strong, moderate, weak, and absent Moho. This amplitude differentiation of the
Moho reflection response was designed on and applies to the 3D migrated stack (Figures
2.4 and 2.5), but does not apply to the CMP bin supergatherSi¢eee2.3 caption for

more details). In terms of the Moho reflection response character, we differentiate similar

to Kent et al[1994] between impulsive, shingled, and diffusive.

Thin MTZs are thought to generate thgulsive and shingled Moho reflection responses
[Brocher et al.1985;Collins et al.,1986:N e d i mo v R005]. Bdth tre impuylsive

and shingled Moho types are singlease reflection responses. The difference is that the
impulsive Moho response t®ntinuous and shingled Moho response is broken in smaller
sections that are vertically offset and can overlap. Where the gihgke Moho is
composed of overlapping segments tiesemble roof shingling (e.d=igure2.5),

overlapbetween individual segments can be as large a4600 m.
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Figure2.5 Zoom on the types of Moho reflection responses in the study area: (a) Impulsive; (b)
shingled; (c) diffusive. Orandaes show the Moho reflection arrival picks.

This overlap does not represent real structure but rather a migration artifact caused by
using true velocities for migration, which at these depths are high and can cause lateral
smearing. Images produced usieduced migration velocities do not exhibit lateral
smearing. This result was anticipated. Although it is generally agreed that normal faults
at fastspreading ridges are confined to the shallow crust [acdonald,1998], we

would not expect overlaps reflections from the same horizon even if these extensional
faults extended to Moho. Thick MTZs are believed to generate the diffusive Moho type
[Brocher et al.1985;Collins et al.,1986;N e d i mo v R005], avhich is tharacterized

by a multiphase reflection response.

The MTZ reflection strength and character, identified visually and assigned manually to

each trace, including pick uncertainty are summarized for the whole study &igarim
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2.6. Strong Moho reflections are imaged within 39%, moderate within 25%, and weak

within 23% of the study ared{gure2.6a). Spatial distributiolof on- and oftaxis

magma lenses is closely associated with the regions whédemo reflections can be

recognized, which cover some 7% of the study area. The challenge of imaging structures
below or in the vicinity of magma lenses has long been known with only one study

claiming to have imaged Moho refitions beneath the ridge akesg.,Singh et al.,

2006] Areas with magma strongly attenuate and disperse seismic energy to the point that

it still remains unclear at which age the reflection Moho form&ednt et al[1994] and

Barth and Mutte1996] studies of the EPR, Moho wasdaged wihin 1-2 km from the

AML edge. With standard processing sequence apiMetip reflections were not

imaged anywhere below the ridge axis. Howewar,results show thale distance from

the ridge axis at which the Moho reflections become wealkdemsaghpear varies with

|l atitude. From ~9e420N t o 7-09Ne 4t8h.e5 6M\ haon dr effrl
is imageduntil about 450 m from the ridge axis. The Moho reflection gap beneath the
ridge axis increases to ~1080806Mh mr bmom9e¢ 28
to ~9e52.56N on the Pacific plate-aasnd 1250
di stance north of ~9e52. 50N, Moho refl ecti
~5 km away from the axis. The last two areas described, cogerif r om ~9e 5006 N t
~9e530N, show asymmetry between the opposi
ridge axis at which Moho reflections become imageable. The only region away from the

ri dge axis where Moho refl edtbiNono are 56dtN,

where most and where largest-afis melt lenses ancentratedRigure2.6a).
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Impulsive MTZ reflection response is imaged within 41%, shingled within 29%, and
diffusive within 17%of the study eea Figure2.6b). The map irFigure2.6b was formed

by, for the purpose of this study, assuming that if the Moho reflection response is single
phase and c okmithemMaho tym isimpulsivedI2the Moho reflection
responseissingphase and segmented by wvertical off
Moho type is shingled. All multiphase MTZ reflection responses are representatiee of t
diffusive Moho typeFigure2.6c shows the uncertainty in Moho reflection picks. More

than half of the area where Moho reflections are imaged (46% of the study area) has
picks of low uncertainty, with smaller portions represented wittinme and high

uncertainty (24% and 17% of the study area, respectively). We assign 16, 66 and 116 ms
picking error for zones of lowmid- and highuncertainty. Substantial portion of the high
uncertainty picks aredmthe edges of the picked area, wheigration can produce

lateral smearing of the Moho reflection signal.

From ~9e426N to ~9¢e486N on the Pacific Pl a
impulsive singlephase event that dips away from the ridge axis. Reflection strength and

S/N ratio ae high and the Moho reflection is easy to identify. The Moho reflection is
continuous in segments >3 km with small (<150 m) disruptions between M.

reflection picks have lw uncertainty in this latitude range.

From ~9e4806N t o icphedvehn kefleotion charaeter iB @ marked
di fference with the same at southern | atit
Moho reflection changes from a continuous, sifhi@se event to vertically offset and
overlapping discontinuous eventi h s egments O2 km |l ong, whi

shingled Moho.
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Legend
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Strong Moho
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Weak Moho
No picks
)
Shingled Moho
Impulsive Moho
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Low uncertainty
Medium uncertainty
High uncertainty
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Figure2.6 MTZ reflection response maps showing: (a) Moho reflection strength; (b) Moho
reflection type; (c) pick uncertainty. These maps vienmed by analysis of Hines and cross

lines extracted from the 3D migrated stack volume at every 300 m and 150 m, respectively. Thin
black crossing lines in (c) divide the study area into northern Cocos, northern Pacific, southern
Pacific, and souther@ocos quadrants.

At some locations, because of lower S/N ratio and overlapping segments, Moho picks are
of higher (modera)}e uncertainty. Further north on

~9e5606N), seismic character o fphaseeeenttbah o
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multi-phase event, and the reflection strength weakens. The Moho reflection response is

also disrupted dhtervals sometime®L km. This area is characterized by the highest

pick uncertainty. The area from ~9e5606N to
appears to be transitional with the Moho reflection response returning to mostly shingled

and impusive. However, the reflection strength and S/N ratio are variable and pick

uncertainty is mostly high.

Moho reflection amplitudes are weaker and more variable across the ridge axis on the

Cocos plate. The Moho reflection response alternates between dranglénpulsive

from ~9e426N to ~9e526N, with the shingle
~9e426N to ~9¢e43.56N and from ~9e506N to ~
some 6 km away from the axis. Where shingled, Moho reflection strengtbstly lower

and picking uncertainty mostly higher. Fro
large part not traceable, and where they are the MTZ reflection response is diffuse. From

~9e550N to 9e570N, Moho sei sswmetoimgulsiger act er

2.5.2 Crustal Thickness
Figure2.7 shows map®f (a) Moho reflection TWTT (b) seafloor to Moho reflection
TWTT or crustal TWTT(c) velocity at 6 km depth below the seafloor, andc(d}tal

thickness A minimum curvature method was used for creating the gridded maps.
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Figure2.7 Crustal thickness variation in the study area: (a) Moho reflection TWTT map; (b)
Crustal TWTT map; (c) velocity at 6 km degiblow the seafloor; (d) Crustal thickness after
converting smoothed TWTT values to depth using the velocity model shown in (c) and developed
from the OBS profilesRigure2.1). These maps were formed by interpolating and extasipgl

the picked Moho reflection response information for up to 700 m and 350 m between and away
from the data points, respectively.
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These maps cover some 87% of the study area, which corresponds to the percentage of
the area where tHd TZ reflections arémaged Moho TWTTs werepicked manuallyn

great detailpn every other iine (every 75 m) bthe 3D migrated stack volumd&he

first negativebreak ofthe energy reflected from tiMoho was chosen for picking.

Because the airgun array produces a minirptiase wavelet and the marine MCS
acquisition equipment is calibrated so that the first arriving energy on the records has
negative amplitudes, this picking increases the true crustal TWTTs by ~18 ms, which is
equivalent to the delay from the onset of\ang energy to the first negative peak. To
reduce this pickingelated increase in crustal TWTTS, the first negative break for the
seafloor reflection arrival was also picked introducing a similar delay of ~5 ms. The
magnitude of the two delays is diffetdsecause of the different frequency spectrums of
the signal at the top of the igneous basement and at the MTZ (i.e., dominant signal
frequencies of ~50 Hz and ~14 Hz, respectively). When subtracted, the two delays yield
13 ms difference, or ~41 m assumangerage crustal velocity of 6250 m/s. This

systematic error in measured crustal TWTTs was removed.

Figure2.7b shavs that the largest variation of crustal TWTTSs is in the acagss

direction, along the flow lies, and that the smallest variation of TWTTs is in the-axis
parallel direction, along the isochrones, forming what appears to look as striping in the
along axis direction. A smoothed crustal TWTT map was produced by removing the short
wavelength components the spectrum<250 m) from the seafloor TWTT map before
subtracting this map from the Moho TWTT map, which lacks the corresponding short
wavelengths. For smoothing weeda locally weighted polynomial regression filter in a

425m wide and225 mlongwindow across and alongaxis, respectivelyAfter the
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smoothing, the crustal TWTT map still exhibits the same general features with maximum
TWTT variation in the acrosaxis direction of ~200 ms/km and ~100 ms/km in the
direction parallel to the ridge axi

Figure2.8a and Tables 2.1 and 2.2 show results of statistical and error analyses of crustal
TWTT data presented Figure2.7b. The statistical and error analyses weagied out

for the whole study area, excluding an anomalousri®@ide stripe region close to the
Lamont seamount (upper left cornerFigure2.7), as well as for each of the two flanks,

and for the study areawliled (shown irFigure2.6¢) into northern and southern Pacific

and Cocos plate quadranisgure2.8a shows box plots of crustal TWTT. Each box plot
shows the first, secdn(median) and third quartile. For each box plot 99.3% of data
coverage is considered and the maxi mum and
commonly used for defining outliers. The data without outliers for both plates (99.3% of
all crustal TWTTS) fall within a 330 ms time window, with half of the TWTTs (betwe

25" and 7% percentiles) falling within a 90 ms window (Table 2.2). The mean crustal
TWTT varies from 1.86 s on the Pacific plate to 1.91 s on the Cocos plate, with the mean
crustal TWTT of 1.89 s for the entire study area (Table 2.1). Computed standa

deviation and average propagated error vary littleg@@ns) for all plate quadrants and

their combinations. When combined, the northern and southern quadrants show the same
mean TWTT of 1.89 s.

Crustal thicknessHgure2.7d) was computed by depth converting the smoothed Moho
TWTT. The 2D crustal velocities used for depth conversion were developedrales

et al.[2003; 2012] by simultaneous traveltime tomographic inversion of refraction and

wide-angle Moho eflection arrivals recorded on four aparallel and one axis
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perpendicular OBS profile$({gure2.1) acquired apart of the Undershoot Seismic
Experiment Toomey et al.1998]. The acrosaxis velocity profile pproximately

coincides with idline 2003 of the 3D survey. To constrain the velocity along the axis
before interpolation, we used th&-wide segment from the across axis velocity

profile. This 6km-wide velocity profile segment was centered at the radge and

projected along the axis every 150 m. The 3D velocity volume was then constructed by
interpolating velocity values at known locations, tHen@wide strip along the ridge axis
and four axigparallel velocity profiles found at greater distancerfribe axis, using the

minimum curvature method.

Table2.1 Computed crustal TWTT range and mean with associated standard deviation and
average propagated error for the investigated section of the EPR, Radif@ocos plates, and
various parts of the study area.

Average
Plate section | Range (ms) Mean value Stapdgrd propagated
(ms) deviation (ms)
error (ms)
Southern 17702040 1910 40 40
Cocos
Northeren 17702100 1910 60 50
Cocos
Southern 17002010 1860 50 40
Pacific
Northern 17202200 1860 60 60
Pacific
Southern Cocos 1 5945040 1890 50 40
& Pacific
Northermn Cocos 17545500 1890 70 50
& Pacific
Pacific 17002200 1860 50 50
Cocos 17702100 1910 50 40
Cocos and 17002200 1890 60 40
Pacific
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Table2.2 Summary of additional statistical parameters on crustal TWTTs for the investigated
section of the EPR, Pacific and Cocos plates, and various parts of the study area.

75% Upper
25th 75th : Lower | Upper | to-lower
Plate . . 25% Median ) g X
) percentile| percetle | . adjacent| adjacent | adjacent
section interval | (ms) )
(ms) (ms) (ms) (ms) interval
(ms)
(ms)
Southern | ) gq 1940 60 1910 [1780 [2030 | 250
Cocos
Northeren| , 54 1960 90 1910 [1730 |2090 | 360
Cocos
southern | ) g, 1890 70 1850 [1730 [1990 | 260
Pacific
Northemn |, 45 1890 70 1860 |1720 |1990 |270
Pacific
Southern
Cocos & | 1850 1930 80 1890 1730 2040 310
Pacific
Northern
Cocos & | 1840 1930 90 1880 1720 2060 340
Pacific
Pacific 1820 1890 70 1850 1730 1990 260
Cocos 1880 1950 70 1910 1790 2040 250
Cocos
and 1840 1930 90 1890 1720 2050 330
Pacific

Figure2.8b and Tables 2.3 and 2.4 show results of statistical and error analyses of
computed crustal thickness values presentédguare2.7d. The statistical and error
analyses were carried out for the whole study area and its components as described for

crustal TWTTs.

Figure2.8b shows box plots of computed crustal kimess. The computed crustal
thickness values without outliers for both plates (99.3% of all crustal thickness values)
fall within a 1480 m window, with half of the crustal thickness values (betweearzb

75" percentiles) falling within a 360 m windoWdble 2.4). The mean crustal thickness
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varies from 5660 m on the Pacific plate to 5800 m on the Cocos plate, with the mean
crustal thickness of 5740 m for the entire study area (Table 2.3). Computed standard
deviation and average propagated error forlatepquadrants and their combinations

vary from 130 to 310 m and from 220 to 370 m, respectively.
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Figure2.8 Box plots of crustal TWTT (&), and crustal thickness (b) fatepquadrants shown in
Figure2.6c, combination of them, and the entire study area. On each box, the central green line
marks the median value and the upper and lower edges of the blue box are 25th and 75th
percentiles, respectively. The whisker lengthof 1.5ec@mmp onds to N 2. 70 extenoc
adjacent values that are the most extreme data values that are not outliers. The results of box plot
in (a) and (b) are summarized in TaBl2, and2.3, respectively. Crustal thickness is most

variable on northern Cocqdate and it is least variable on the southern Cocos plate. The median
crustal thickness on the northern Pacific plate is 260 m smaller than the median crustal thickness
on the northern Cocos plate. The difference in median crustal thickness betweemsatific

plate and southern Cocos plate is 180 m where the southern Cocos plate is thicker and the median
crustal thickness on the Pacific plate is 190 m smaller than this value on the Cocos plate.

For error analysigve use the assigned 16, 66 and 1Egpnaking error for zones of low
mid- and highuncertainty in determining Moho reflection arrival time (Begure2.6c),

respectively, and for seafloor picks we assign 8 ms error. The error for thel€iB&d

53



velocity models Canales et al.2012] is 200 m/s, and average crustal velocity used 6250
m/s [Canales et al.2003]. The calculated crustal thickness errors vary from 190 m to 450
m with mean value of 270 m (Table 2.3). Error values of250D m, 256350 mand 350

450 m in crustal thickness cover 50%, 26% and 11% of the imaged area, respectively.

Table2.3 Computed crustal thickness range and mean with associated standard deviation and
average propagated erffor the investigated section of the EPR, Pacific and Cocos plates, and
various parts of the study area.

Plate section | Range (m) Mean value (m) Standard A:ger:gzted

9 deviation (m) bropag
error (m)

Southern 50806400 5830 280 220

Cocos

Northeren 4940-6600 5790 310 300

Cocos

Southern 51706120 5680 130 220

Pacific

Northern 48046610 5620 260 370

Pacific

Southern Cocos gygq5400 5760 240 220

& Pacific

Northern Cocos aeq6610 5710 300 330

& Pacific

Pacific 48606610 5660 190 290

Cocos 49406600 5800 290 260

Cocos and 48606610 5740 260 270

Pacific

2.5.3 Layer 2A Thickness

The layer 2A was picked manually and automaticalgirfon et al, 2010]. For depth
conversion, a layer 2A velocity model symmetric around the ridge axis was applied. The
velocity for depth conversion of layer 2A was developed by analyzing CMP supergathers
along inline 1476 Han et al.,2010] using JDseis software that permits modeling

gradient velocity layerd€N e d i mo v R008]. &te laget 2A thickness varies from 107

to 517 m with average thickness of 230 m.
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Table2.4 Summary of additional statistical parameters on crustal thickness for the investigated
section of the EPR, Pacific and Cocos plates, and various parts ofdheusta.

%75 Upper
25th 75th : Lower | Upper | to-lower
Plate . .| %25 Median ) g X
) percentile| percentile| . adjacent| adjacent | adjacent
section interval | (m) .
(m) (m) (m) (m) interval
(m)
(m)
southern | . 6050 420 5880 |5080 |6400 | 1320
Cocos
Northeren| oo 6020 470 5830 |4940 |6600 | 1660
Cocos
southern | oy 5770 170 5700 |5330 |6030 | 700
Pacific
Northern | o /o4 5800 380 5570 |4880 |6350 | 1470
Pacific
Southern

Cocos & | 5600 5900 300 5750 5100 6400 1300
Pacific

Northern
Cocos & | 5500 5900 400 5700 4800 6600 1800
Pacific

Pacific 5540 5780 240 5670 5180 6130 950

Cocos 5600 6000 400 5860 4970 6600 1630

Cocos
and 5560 5920 360 5740 5020 6500 1480
Pacific

2.5.4 Intra -crustal MagmalL enses

On- and offaxis intracrustal reflections with wavelet polarity reversed relative to the
polarity of the seafloor event (e.gEigure2.4) are interpreted as partialigolten magma
sills. Spatial distribution of these magma sills is showhRigures2.1, 2.9, 2.10 and 2.11
The AML reflection persists throughout thetire section with variable width (Figures

2.9, 2.10, 2.11)Qarton et al.,2010]. The width of the AML reflector is ~1 km from
9¢e4206N to 9e500N/00tmdaectreasS@ad8Nt oand 00t

9e516N. From 9e516N to 9e576N, the AML
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Figure2.9 MTZ reflection character (a) and reflection strength (b) from this work, and their
spatial relationship with magmatic segmentation, hydrothermal activity and mantle low velocity
zones (MLVZs). Black dotted rectangles with red question marks are locatioisp ated
discontinuities. Location of MLVZs is fromoomey et al2007]. Edge of the AM is from

Carton et al[2010]. Color scale is the same Bgyure2.6. Source of other information same as in
Figure2.1.

The uppercrustmagmad enses to the east of the ridge
located 0.7 to 0.8 FWTT below seafloor (bsf) with the shallewone<lose to the

ridgeaxis.A deeper OAML is present at ~7.5 km east of the ridge axis iroter Icrust

at ~1.35 s TWTT bsf. These OAMLs were reportedClayales et al[2012]. The lenses

to the west of the ridge axiom9 e 51 6 N t olowgrectustab magmaarleases and

are located ~5 km and ~3.5 km from the rise axis2f2 and 1.75 s hsfespectively.

Two lowercrustmagmaensesare also founad t 9 eThe8edlevises alecated~1.5

km from the ridge axis dt.8 s bsfare ~1.2 km apart, and are ~120 ms above Mbdhe
lowercrustmagmd e ns 1&aN t9headt a p p eisa~A0skmfeomn theridge4 s b s f
axis,and the small uppaarustmagmd ens at 9e416N i s about 1 ¢

the ridge axis.
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Figure2.10 Crustal thickness frorRigure2.7d is shown toge#r with the location of magmatic
segmentation, hydrothermal activity, MLVZs, OAMLs, AML, AST and extent of 2205
volcanic eruption. Black dotted rectangles with red question marks are locations of disputed
discontinuities. Source of information is saaginFigures 2.1and2.9.

2.6 Discussion
We focus the discussion of our results on three primary topics: crustal thickness variation,

ridge segmentation, and style of crustal accretion.

2.6.1 Crustal Thickness

Average crustal thickness in the study area (574@mgach plate (Pacific 5660 m,

Cocos 5800 m), and for each of the four subareas varies only within the estimated errors
(Figure2.8b, Table2.3 and2.4), suggesting an overall uniform crustal production for the
last 180 Ka. Furthermore, the small estirdadéferences in crustal thickness between the
two plates could arise from errors in the velocity models used for depth conversion. The
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average Rvave velocities used for depth conversion on the Pacific plate are ~3% lower
than the Rvave velocities on th€ocos plate. If the velocities on both ridge flanks were
the same, then the measured average crustal thickness on the Pacific and Cocos plates
would differ by only 30 m or 0.5%. Uncertainties in the velocity models used for depth
conversion are large (326/s) due to the sparseness of the 2D OBS profiles used to form
the 3D interval velocity model for depth conversion, and are about twice that of the

difference in the average velocity between the two flanks.

-104°18' -104°12'
9°57' : . : = - ! Ext f 2005-2006
' B 3 km s v
hickness Edge of AML
-y | of layer 3 +
e layer 2B Axial summit trough /
9°54' g ‘ (AST)

Hydrothermal vent *

9°51'
Upper-crust melt lens
9°48'
Lower-crust melt lens
9°45'
Third-order discontinuity [N
Fourth-order discontinuity :
9°42'

MLVZ

(m) M : o |

!
4800 5200 5600 6000 6400

Figure2.11 Crustal thickness frorRigure2.7d after removing layer 2A is shown together with

the location of magmatic segmentation, hydrothermal activity, MLVZs, OAMLs, AML, AST and
extent of 2005 volcanic eruption. Blackadted rectangles with red question marks are locations
of disputed discontinuities. Source of information is same as in Figuresd2.9.
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Individual thickness measurements, however, can differ significantly beyond the error

bounds, with the thinnest (88 m) and thickest (6610 m) crust measured giving a crustal
thickness range of 1.75 km. This value falls within the range of crustal thickness variation
(1.31.8 km) forthesecondr der EPR segment between 9150
from the wide angle OBStudy ofCanales et al[2003], and it is about 70% of the

crustal thickness variation (~2.3 km) in the same latitude range derived from the MCS

study ofBarth and Mutte[1996]. For the latitude range coincident with our 3D survey,

the crustal thicknessgerived from the wide angle OBS studyGdnales et al[2003]

shows variation of ~1 km. The MCS studyB#rth and Mutte1996] is coincident with

only the southern half of our 3D surveyarBage(4 2 6 N t o 9e¢ 50 06tNer. Wi t hi
MCS derived crustdahickness shows a variation of ~1.5 Kdowever, theCanales et al.

[2003] andBarth and Muttef{1996] studies cover a much larger surface area even within

the latitude range coincident with our 3D survey because they extend to older crust.
Therefore, tkb results of this study indicate that the variation in thickness of normal

oceanic crust formed at fast spreading centers is, perhaps, even greater than that observed
with earlier studies dBarth and Mutte[1996] andCanales et al[2003], and can occur

over areas comparable in size to srsallle ridge segmentation.

Taken together, thBarth and Muttef1996], Canales et al[2003] and this study all
consistently show that the crust produced at the fast spreading EPR varies in thickness
less than the ost found along an individual segment of a slow spreading center where
this variation is ~4 km [e.gTolstoy et al.1993]. Nevertheless, the crustal thickness
variation observed at the EPR is significant considering that the mantle upwelling at fast

spreading centers is thought to be 2D or sHiet [e.g.,Lin and Phipps Morganl992]
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and that crustal thickness is therefore expected to be uniform. This is unlike at the slow
spreading centers where the mantle upwelling is thought to be 3D with largeowaria

crustal thickness predicted [e.fgrsyth et al. 1992].

The average crustal thickness of 5+200 m from the results of detailed 3D MCS

reflection imaging carried out in this work is about 5% greater than the average crustal
thickness of ~5.5 kmastimated for our study area Bgrth and Mutte[1996] and based

on 2D MCS profiles spaced some 3 km apart. Despite the difference in thickness, the two
results agree within the error limits. The average crustal thickness of ~6.8 km for the
same area arhsed on the widangle OBS results @fanales et al[2003] is

significantly larger than the same based on the interpretation of the reflection data. This is
not surprising because reflection and refraction estimates of crustal thickness are likely to
differ if the transition from lower crustal to mantle velocities is through a thick MTZ, as
opposed to a single step in velocity. Indeed, crustal thickness estimates based on
reflection imaging are calculated down to the top of the MTZ based on the onset in
TWTT of the Moho reflection, whereas refraction studies constrain the entire gradient
region associated with the MTZ and thus can provide thickness values down to the base
of this gradient zone. The advantage of using both methods is that they provide
comgdementary information about the subsurface and in this particular case tell us that

the average thickness of the MTZ in the study area is about 1 km. Earlier estimates of the

MTZ thickness from ESP data<@xisand 10kmofa x i s axi s at d49A3506 N

km, respectivelyYera et al. 1990]. Our 1 km average MTZ thickness is consistent with

these earlier results.
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To investigate the effect of layer 2/ crustal thickness variations within our study area
we calculated its thickness and removed itrfithe total crustal thicknesBigure2.11).
Statistical analysifor the combined layer 2B and 3 thickness is summarized in Table 2.5.
The propagated error is updated considering an 80 m uncertainty for layeckRaess
[Nedimou et al.,2008] The results show that in our study area the variations in the
layer 2A thickness have only a minor impact on the variations in the total crustal

thickness and do not impact the conclusions reached.

We could not compute crustal thicknesstfte areas where the AML and the main
grouping of OAMLs occur because the Moho reflection was not imaged there @igure
29,2.10,2.11). The three likely reasons for not imaging Moho reflections in these areas
are: a) Moho is not yet formed below the AMLtzero or near zero crustal age; b) Moho

is overprinted by the ascending melt at major OAML locations; c) standard reflection
imaging methodology used in this study is not adequate for imaging the Moho beneath
the AML and OAMLs, which are characterizeg large lateral velocity variations and

high seismic attenuation [e.@dunn et al.2000;Wilcock et al. 1996;Canales et al.,

2012).

Excluding the area in the vicinity of the Lamont seamount on the Pacific plate, which for

most part is not taken into @munt for crustal thickness computations in this work

because of its anomalous nature, the thick
on the Cocos plate, some 5 km east from the ridge axis and south of the WatchStander
seamounts3cheirer and Madonald 1995]. This locally thick crust could be due to

significant crustal underplating associated with seamount magmatism. The only minor

seafloor expression of constructional-afis volcanism directly above this thick crust
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may indicate that the OAMLs this area contribute mainly to accretion of the lower

crust.

2.6.2 Ridge Segmentation

Existing models of ridge segmentation for our study éeegn Figures 2.11 and 2.12ak
based on the surface expression of the EPR, geochemical investigations, tornograph
inversions, and the results from MCS reflection imaging of the AML [easngmuir et

al., 1986;Macdonald et a].1988, 1992Haymon et al.1991; 2004White et al, 2002,
2006;Toomey et a).2007;Carbotte et al.2013]. Information on the MTZ charter and
crustal thickness derived in this work has provides a complementary, mantle melt
delivery related view into the ridge segmentatibine thickness of the oceanic crust is a
measure of the volume of melt extracted from the underlying mantle abeéémasised to
study magmatic segmentation along MORs [é=grsyth,1992]. The thickness of the
MTZ is a measure of the volume of gabbro melt within the uppermost mantle and has
been associated with mantle diapirism [e\icolas et al. 1996], thus alsproviding

information on the distribution and delivery of magma along the ridge axis.

To evaluate our hypothesis, we first compaxerage crustal thickness for the near axial
region fFigure2.12a). The averagerastalthickness was computed on crust fror to

3.0 km away from the ridge axis (or crust -3®Ka old) to characterize the effect of
present and recent segmentation processes on crustal thikigegunn et al. 2000].

To remove the potential bii®m variations in Layer 2A thickness, which varies along
the axis in thestudy areaTian et al.,2000;Sohn et al.2004], the crustal thickness is
shown with andvithout layer 2A Figure2.12a). We then calibta our approach through

search for crustal thickness and MTZ character fingerprints of tidi fourthorder
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segment discontinuities. This is done by analyzing variations in both of these parameters
(Figures 2.9 and 2.12a) alorgetundisputed segmentlalaries othe most recent

models for our study arda.g., White et al. 2002, 2006Haymon et al.2004;Carbotte

et al.,2013. Finally, by using the inferred crustal thickness and MTZ character

signatures of the undisputed thiahd fourthorder segrant discontinuities, we fe

evaluate the disputed discontinuities and evaluate other changes in crustal thickness and

MTZ character along the ridge axis.

Table2.5 Computed crustal thickness range and mean ieteoving layer 2A with associated
standard deviation and average propagated error for the investigated section of the EPR, Pacific
and Cocos plates, and various parts of the study area.

Zone Range (m) Mean value (m) Standard A::)er:g(teion

9 deviation (m) bropag
error

Southern 49105975 5450 220 230

Cocos

Northeren 46906380 5450 300 310

Cocos

Southern 51105790 5420 100 230

Pacific

Northern 46606093 5300 200 380

Pacific

Southern Cocog 49,05975 5430 170 230

& Pacific

Northern Cocos 63809 5370 270 340

& Pacific

Pacific 46606093 5370 160 300

Cocos 46906380 5450 250 270

Cocos and 46606380 5410 220 280

Pacific

The undisputed thirdrder discontinuity identified within our study ar@ad centered at
9 e 596e65 8 \@hite et dl. 2002; 2006] appears to be associated with a major change in

both the MTZ character armlustalthickness [Figure2.12a). Both the MTZ and crustre
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inferredtot hin from 78 &856WNete ©6a@b 3D reflection
earlier interpretations of a thhakder boundary in this area between segments that do

behave as independent magmatic units with a unique mantle melt source. The undisputed
fourth-order discontinuity at®4 96 N i s found in an area most
reflection Moho Figure2.12a), a varation of an impulsie reflection Moho. Both

impulsive and shingled Moho reflection types are indicative of a thin.MTi& lack of

variation in the Moho reflection combined with little change in crustal thickness observed

in this area suggest a boundary between segments that do not behave as independent
magmatic units with a unigue mantle melt souiideerefore, our MTZharacter and

crustal thickness data appear to support the suggeistitthe thirdordersegmeniscale

variations inin magma supply anelated tomantle melt extractioprocesses occurring

near the Moho, whereas smalteralefourth-order segmentatioarises from the

processes related to the crustal magma sydtangmuir et al. 1986;Macdonald et al.,

1988; Toomey and Hoaf2008].

The debated thirdor fourthrorderdiscontinuity a® e 4 4 FigubeR.124), ako

describechs amatypical segment boundary or a boundary that is at its developing stage
[White et al.2002],is located in an area that is practically void of variations in the MTZ
character and crustal thickness. This leads us to believe that gadodndary is indeed

a fourthrorder discontinuityThe fourthorder segment boundary with a debated location

at 9 e PVhite Bt&lLN002] or9 e 5 3Véhite ef al, 2006]falls within a zone of

major change in both the MTZ character and crubtekness [Figure2.12a).
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Figure2.12 Relationship between the MTZ dlaater (background; séggure2.6 for color code)
and: (a) MCS derived crustal thickness with (black line) and withoay (gre) layer 2A; (b)

AML depth bsf. The MCS crustal thickness in (a) is average crustal thickneke fimea near the
ridge axis (110.5 to 3.0 km or crust ~10-55 Ka old). The AML depth bsf is fro@arbotte et al.
[2013]. The background color indicates the dominant MTZ type on both flanks as a function of
latitude. Transitional areas, where no particMdiZ type dominates, are shown in yellow White
rectangles are fourtbrder and filled grey rectangles are thindler segment discontinuities

[White et al.2002; 2006Haymon and White2004;Carbotte et al.2013]. Dotted white

rectangles show the locati of disputed smabcale segment discontinuities. Red rectangles are
AML disruption zones fronCarbotte et al[2013].

Consideringhat the thirdorder ridge discontinuity & e 5 e 58 6 N i s associ a
transitionalarea i mi | ar t o t h%eab Z.o5udnNl, awe 9selbPPeNst t h
fourth-order but rather a thirdrder segment boundary with its central part positioned at

9°651-51. 506N, wher e aAMLissdentfiackbyCarboita eyal[2003]. t h

2.6.3 Crustal Accretion Style

Lower crustal accretion models from multiple magma bodies fehguten and Denham,
1995 Kelemen et al.1997;Maclennan et al.2004]imply a larger volume of gabbro
melt embedded ithe uppermost mantle rocks than the galidacier model and thus are

characterized by a thicker MTZ [e.abinowicz et al.1987;Nicolas et al. 1995;
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Kelemen and Aharono®998]. Because seismic modeling of ophiolites [€gllins et

al., 1986;Brocher et al.,1985] shows that thin and thick MTZs have a distinctly different
reflection signature, singlehase and muHlphase response respectively, seismic

reflection images that capture the MTZ character appear to have the potential to be used
to infer the lower crustal accretion style of the imaged oceanic crust. This seems true for
crust both onand offaxis because a portion of the gabbro melt embedded in thick MTZs
cools and solidifies Hsitu leaving evidence about the deep melt distributioheatime

the crust was formed [e.d\,e d i mo v R005]. €ield studlies of ophiolites further
suggest that thick MTZs are associated with mantle didgicelas et al.,1996]and

produce thinner oceanic cry&euber et al.1991] Using these studies as a framework,

we interpret the pmary results from our extensive 3D reflection imaging, maps of the
MTZ character and crustal thickness (Figzés 2.7,2.9,2.10,2.11 and2.12a), in terms

of the accretion style within the study area.

The overall character of the MTZ on both plateg(@if¢2.12, color shading) is impulsive

from ~9e¢e426N to 9¢e486N, indicating a sharp
becomes mostly shingled from 9¢e486N to 9e¢e5
9¢e506N to 9e52. 46N. Aongkiardidhance a thisckaviidis r ef | ect
preponderant from 9e52. 46N to 9¢e566N, afte
northern edge of the survey at 9e5706N. I n
the average crustal thickness for the youngest ¢(caktulated for crust ~185 Ka old;
Figure2l12a) gradually decreases from 9e4206N t
9e51. 56N to 95606 N, reaching a mini mum at

the Bay of Island and Oman ophiolite complexes dogument high degrees of lateral
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variation in the internal structure of the crust and MTZ in these palge environments

[Karson et al.1984;Brocher et al.1985;Benn et al.1988].

From the spatial variations in MTZ character, we infer that tyle sf crustal accretion

varies in the study area with more efficient extraction of mantle melts to the crust in the
southern part of our survey (9e¢e4206N to 9¢4
from the AML. Measured crustal thickness variatiosrigll, at the limit of what we can

resolve, suggesting that the mantle melt supply does not vary significantly for our study
area. The northern half of the survey area
greater offaxis magmatism as inferred frothe imaged OAML distribution (e.g., Figure

2.10) and deeper AML (Figur212b), which may be related to less focused upper mantle

magma delivery to the axis and therefore its broader distribution within the MTZ.

From a study of major element and volatiecentrations in olivindosted melt

inclusions from lavas sampled&te 5 OMamMess and Shaj2012] infer that magma
crystallization occurs over a wide range of depths. Over 50% of crystallization appears to
occur at depths consistent with crystallization within the AML whereas >25% of
crystallization takes place in theater crust or mantlelhese results contrast with

sampl es f r omWankds4rg SR04 iefer ¢hat practicallyll

crystallization occurred at shallow depths in the crust. The nature of the MTZ in these
two areas differd. n t h e 9 Awheré significangcrystallization at lower
crustal/upper mantle depths is inferred, the MT#assitional, thin on the Cocos plate

and thick on the Pacific plate. In contrast, an impulsive Moho reflection event is
observed in 2D seismic reflectiondatar ai | ab | e Bartlhand Mugtegl®36]0 N |

These observations are consistent with the inference that the thicker/diffuse MTZ is
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associated with more of a multiple magma sill mode of accretion. While these results are
suggestive, clearly the data aparse and further maticlusion studies would be needed

to evaluate the linkages between MTZ character and crystallization depths, for example
within the thin MTZ (e.g., 9e4506N) and a t

area.

Compliance measumee nt s wi t hin or near our study are
9e476N and 28 {Cladford and-Wep2002. Melt in the lower crust

and/or MTZ was inferred only fortheenx i s ar ea at 9e4806N. Whil e
region the seismic imaugg indicates a thin MTZ in the neaxis crust, this measurement

is close to the transit i-axiscommiang measuremént MT Z
at 9¢e476N showing no | ower crustal/ MTZ mel
OAML in the lower crust. However, the identified OAML is very small and characterized

by weak signal to noise ratio suggesting small amounts of melt that may be below the
sensitivity threshold of the compliance method. Future compliance measurements at

9e 4506 N awalldBegartkwaNy useful for further correlation tests with the

seismic reflection imaging results.

Thermodynamic modeling of melt migration across a section of the northern EPR that
includes our study are®{irant, 2011] suggests that axientered rantle melt delivery is
associated with a gabbglacier mode of crustal accretion, where the majority of the
lower crust is formed from subsiding cumulates originating from the AML [e.g.,
Henstock et al.1993 Phipps Morgan and Cherd993], while offaxismantle melt

delivery is associated with multiple magma body modes of l@nestal accretion [e.g.,

Maclennan et a).2004].There are two bullgeye shaped mantle levelocity zones
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(MLVZs), generally interpreted to indicate higher melt concentratiorthjmour study

area (e.g., Figurea10 and2.11) [Toomey et aJ 2007]. One coincides with our survey
from 9e426N to 9¢e470N and the other from 9
shows a slight degree of skewness with its center shifted somewlaad tihe Pacific

plate, both MLVZs are mostly centered beneath the ridge axis suggesting sim#ar axis
centered mantle melt delivery and therefore mode of crustal accretion at both locations.
However, we infer a major difference in the MTZ thickness betwleeitwo MLVZs and
infer that the style of crustal accretion likely differs between the two locations. The
location of the northern MLVZ corresponds with our zone of inferred thick MTZ and
thinner crust, while the southern MLVZ corresponds with the thin MA@ thicker crust.
Interestingly, the region between the two MLVZ corresponds with our transitional MTZ

(e.g., Figure2.11 and2.12).

It is unclear as to what is the cause for the apparent south tovadetion in the mantle

melt delivery and the cagspondinghange in the crustal accretion style within our study

area as interpreted from the presented MTZ character and crustal thickness information.
However, the presence of most recently formed Lamont seamount at the very NW corner

of our 3D box,corent r ati on of the OAMLs around 9¢e¢53
seamounts axis of alignment projects to the EPR, slight skewness of the northern MLVZ
toward the Pacific plate, deeper AML, as well as the thick MTZ and thinner crust in this

area suggest thdtea localmantle melt deliveryo the crust becomes increasingly

defocused from south to north. This variation in the mantle melt delivery to the crust

appears to induce a change in the crustal accretion style, both of which may possibly be

caused by an istaction between ridge and seamount melt sources.
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2.7 Conclusions

Analysis of the first dense, muliource and mukstreamer 3D MCS dataset collected

over a MOR has yielded the first detailed maps of the oceanic MTZ character and crustal
thickness. Thedataer e col |l ected along the EPR betwe
reflections were imaged, and therefore crustal thickness determined, within ~87% of the
study area, with 41% of the total area characterized with impulsive, 29% with shingled,
and 17% with diusive MTZ reflections. Examination of ~658 kiof the produced 3D
reflection cube gives new insights into the (1) crustal thickness, (2) ridge segmentation
and, (3) style of crustal accretion across this section of the EPR.

(1) The computed average crugtackness of 574+270 m is about 5% greater than the
average crustal thickness of ~5.5 km/s estimated for the study area by an earlier MCS
study Barth and Muttey 1996]. The average crustal thickness for the study area of ~6.8
km based on the widangleOBS data remains significantly greater than what is obtained
from the MCS data. The difference in the average crustal thickness of ~1 km is caused by
inherent differences in the way crustal thickness is estimated using MCS and OBS data,
where the formerstimates do not include the MTZ and the latter do. The average crustal
thickness computed in this work varies little from Pacific to Cocos plate, as well as
between the investigated study area quadrants suggesting uniform crustal production in
the last 18Ka. However, the individual crustal thickness measurements can vary by as
much as 1.75 km. This shows that the variation in thickness of normal oceanic crust
formed at a fast spreading center and covering an area comparable in size-scalmall

ridge sgments is significant, which suggests that mantle upwelling at fast spreading

centers is not likely to be 2D as has been proposed.
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(2) Key observations pertaining to ridge segmentation that emerge from the analysis of

the MTZ character and neaxis crusal thickness are: (a) The thiotder ridge

discontinuity a® e % & GWdent in the seafloor morphology of the axial zone,

geochemical investigations, tomographic inversions, and MCS reflection imaging of the
AML appears to be associated with a chamgegaeé MTZ character and crustal thickness;

(b) These changes occur over an ardak® long indicating that thirdrder

discontinuities are not point locations, in agreement with other recent ridge segmentation
studies; (c) Fourtlorder ridge discontinugs appear to show no correlation with

variations in the MTZ character and/or crustal thickness. In general, this suggests that the
third-order segmentation is governed by melt distribution within the uppermost mantle

while the fourthorder ridge segmentah arises from midto uppercrustal processes. In

this light, the controversial thirdnd fourth order segment discontinuities along the
investigated section of the northern EPR were reinterpreted. The debatedrtfordth

order ridge segmentbousxy at9 e 4 4 . 8 0N i s -ardesstatys) Ehdridge f our t h
segment boundary with contested locatioB & 5 1. 56 N or Pegi@u8YO N t hat
interpreted as a fourtbrder discontinuity is assigned a thdder discontinuity status

centereidll af6Meb51

(3) We infer variations in the accretion style within our study arebgsg¢d on thenain

results from our extensive 3D reflection imaging, maps of the MTZ character and crustal
thickness, andb) in the context of the existing knowledge gathered from did@nd

controlled source seismic studidhe MTZ character maps suggest more efficient mantle
melt extraction within the southern half o

greater proportion of the lower crust accreted from the AML than that for the northern
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hal f ( 9e49. 5hertlmante matgdivery td }he axisvseems less focused and
crustal accretion more closely follows the multiple magma body model. The crustal
thickness of the neaxial region is only slightly smaller across the northern half of the
survey area which isharacterized with thick and transitional MTZ, indicating little
variation in the mantle melt supply within the study area and supporting the inferred less
efficient melt delivery for the northern area. It remains unclear as to what is the cause for
the aparent south to northariation in the style but not volume of the mantle to crust

melt delivery and the inferred correspondaignge in the crustal accretion style.

However, the most likely culprit is the melt source interaction between the ridge and the

Lamont seamounts.
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CHAPTER 3 THE EAST PACIFIC RISE CRUST AND MOHO
TRANSI TI ON ZONE FROM 9e37.50
RESULTS FROM PRESTACK TIME
MIGRATION OF 3D MCS DATA

3.1 Introduction

The globally detected Mohorovilil disconti
explain processes related to formation, deformation and destruction of the lithosphere.
However, there are still fundamentplestions regarding the age of Moho formation, its
structure, origin, and physical properties. The answer to some of these questions could be
found by detailing the Moho structure at a roickan ridge (MOR) environment where

the nature of the Moho has rmen influenced by geologic processes over long periods

of geologic timesThe first highresolution multisource, multistreamer 3D multichannel
seismic (MCS) data over a MOR environmevufter et al.,2009;Aghaei et al.2013,
submitted] are used ihis chapter to address some of the questions regarding Moho
formation. For this purpose, | have applied for the first tata¢eof-the-art 3D prestack

time migration (PreSTM) to this 3BICS dataset

The first images a midrustal seismic reflector drthe Moho reflection event were
provided more than three decades ago at thesfastiding East Pacific Rise (EPR)
between 9°N and 10°N on three MCS reflection profilésrpn et al, 1978; 1980]. This
groundbreaking discovery initiated three decadest#nsive research that has seen
many seismic experimenitscluding seismic reflection, refraction and tomography
conductedhlong, across and adjacent to the EPR raige between 16°N and 28°With
a single exceptiori{ent et al.2000], the MCS refleain experiments have aimed for

broad coverage of the EPR with widedgaced (~3.5 km) 2D MCS profiles, mainly
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motivated by the objective of examining the geometry of theanidtal seismic reflector
known as the axial magma lens (AML), its physical progeerand its role in formation of

the crust ¢.g.,Kent et al, 1987;Collier and Singh1997]. As a result, the size, shape,

and internal properties of this elongated AML are well constrained. During the same time
period, the lower oceanic crust was thbject of several investigations [e.@ucutt et

al., 1975;Stoffa et al.1980;Toomey et al.1990;Kent et al, 1994;Dunn et al.,2000;

Singh et al.2005]. What has emerged from these studies is evidence for the presence of
an axial lowvelocity (LVZ) that extends from-2 km below seafloor (bsf) to the base of

the crust. The LVZ is flatter and narrower (~2 km) at its top and is widéik(s) at the

base of the crust. The Moho reflection identified in the late 1990s¢n et al., 1978]is
generallynot imaged in the immediate vicinity of the ridge axit3km)[Kent et al,
1994;Barth and Muttey 1996]possibly because it is nfiirmed at the same time as

much of the crust or because the imaging methodology used so far for academic
investigationsf the ridges is inadequate for imaging in areas of large lateral velocity

variations and high signal attenuation.

Measurements of the crustal thickness puts important constraints on the amount of melt
extracted from the mantle, and it has been widedyglus explain thermanechanical

models of MORs, ridge axis discontinuities, and mantle upwelling patternsHedi.,

and Su1989 Lin and Phipps Morganl992;Forsyth 1992]. Acompilation of the
seismically measured crustal thickness shows that cnusetbatslow-spreading ridges

(half spreading rate <20 mm/yatisplays much greatan-situ thickness variability than

crust formed atastspreading ridges (half spreading rate >30 mnjkjfite et al.,1992].

To explain this spreadingate dependence ofustal thickness variations, two models of
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mantle upwelling beneath spreading centers were suggested-dineasional or sheet
like pattern of mantle upwellingnd melt migrationas been suggested for fagtreading
centers as opposed to a thokmensonal or plumelike pattern of mantle upwelling at
slow-spreading MORs [e.gLin and Phipps Morganl992 Magde and Spark4997.
However, the results of a wigmngle oceaibottom seismometer (OBS) studithefast
spreading EPRom 8 A 3 @odlO!N [Carales et al.2003] show alongxis crustal
thickness variations of ~2.7 km in this fustder ridge segment. In addition, the results
from the only 3D MCS study at the EPR from
third-order ridge segmenfphaei et al 2013, submitted] show that the crustal thickness
varies by as much as ~1.8 km in this area. These studies combined, show that the
proposed 2D pattern of mantle upwelliawgd melt migratiorat fastspreading MORS is

too simplistic, and that the detaileslationship between crustal production and the

pattern of mantle melt delivery at fagtreading rates is still unknown.

The available velocity models of the crust for the vsélidied EPR (from 9°N to 10°N)
include five 1D velocity functions derived froBESP refraction experiment¥é¢ra et al.,
1990], four ridgeparallel and a single ridggerpendicular OBS velocity profiles

[Canales et al.2003; 2012], and a 3D velocity model from tomography imaging centred
at 9 ADitnh@&tMl.2p00]. No 3D seismicalocity model of the crust for this
magmatically robust portion of the EPR has yet been provideda systematic analysis
of the MCS reflection data. This is a key piece of information that can be used to
compute the crustal thickness in a scale andutgn comparable with seafloor

hydrothermal and volcanic activity.
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In this chapter, results are providedaadetailed analysis of the crustal thicknesserage
crustal velocityand theMoho transition zoneMTZ) character along the EPR from

9%7.% N t o ,&XeubifgaR&Imwi de gap from.BtAdE06 N t o
analysis for the first time atateof-the-art 3DPreSTM was applied to théV&CS dataset
acquired irthe summerf 2008 onR/V Langsetland covemg~875km? [Mutter et al.,

2009, anda systematic migration velocity analysis (MVA) was performed using the
common image gathers (CIG3his is the first dense, muisiource and mukstreamer

3D MCS dataset collected oveM®DR environmentExaminatiorof the produced 3D
reflection cube provides new constraints and insights oagbef Moho formation,

crustal thicknessand average velocity of the cradong this section of the EPR.

Applying PreSTM to this dataset is advantageous over applyingpkad¢pth migration
(PreSDM) because a) PreSDM is more sensitive to velocity errors compared to PreSTM,
b) unlike PreSDM, the roaneansquare (RMS) velocity can be estimated directly

through MVA in PreSTM, and c) the 2D dynamic raytracing used in PreSDhbre
computatiorintensive compared to the 1D raytracing used in PreHibvhfi, 2007].

The lateral velocity variations are handled accurately in PreSiDé&the interval

velocity is used for tracing rays from the diffraction point at the subsurfaeface

locations ensuring that the diffraction curve at every location is computed accurately. In
PreSTM, on the other hand, the estimated RMS velocity on atogiaint basis

facilitates 1D raytracing and lateral velocity variations are not handlpkeisely as it is

handled in PreSDM.
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3.2 Study Area

The first multisource and mukstreamer 3D MCS data (MGL0812) covering a ridge
magmatiehydrothermal system were collected in summer 2008 alongkanddng
sectionofthefass pr eadi ng EPR bet weuiter6tal009]56 N and
(Figure3.1). The surveyextends on both ridge flanks out+b0 km away fom the ridge

axis, or to ~18@a-old crust aghe spreding rate(11 cm/yr full ratg¢ did notchange

during the last 8.73Ma[Carbotte and Macdonald,993. The investigated area

represents part of a second order EPR segment. This segment is confined at its northern
end by the ClipperotodNnd ,t rwehregfeortrh ef aawlits (i 1sO eo
at its southern end by the ~9e036N OSC, wh
shorter distance of 8 knMacdonald and Fox1983 Macdonald et al.198§. The

investigated portion of the EPR has been stibgeto numerous geologic, geomorphic,
geophysical, geochemical and hydrothermal surveys and probably is the most

investigated section of the global MOR system.

Threethird-orderridgeds cont i nui ti es cent o Bhda®@ed8out 9
divide theinvestigated area into two thhatder ridge segmentsipymon et b, 1991

Smith et al.2001;Haymon and Whit€2004 White et al.2006;Carbotte et al.2013;

Aghaei et al.2013, submitteld The northern thirebrder segment is almost completely

coveerd and the southern one mostly covered by the 3D M@&y Figure3.1).
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Figure3.1 Ship track for cruise MGL0812 is shown using thin white lines superimposedhave

EPR bathymetry (color background) between 935
show the location of the CIGs presented in Fig@t8and3.4. Dotted lines show the surface

trace of inlines from the 3D miated stack presentedhiigure3.6a, b ¢, d Lower and upper

crust offaxismagmaens(OAML) location are shown witfilled black and red polygons,

respectively. Locations and exteuitpillow lavas are fronWhite et al[2002] and locations of

third-order disontinuities are fronWhite et alJ2006], Carbotte et al[2013], andAghaei et al.

[2013, submitted]. Hydrothermal vent locations are fidaymon et al[1991] and the Marine

Geoscience Data System. Axial summit trough (AST) is as interpret8duig eal. [2007].

Extent of 200582006 eruption is fronsoule et al[2009].

Thethird-order ridge segment boundaries appear as transition zones rather than
di scontinuities58WwNtbhahacbeei aed9bygob6axi al

extendi ngoSgbogwhiteetas. Z002] , t héeMharacterizedt ~9e 5
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byridgeaxi s rotati on oc-®gbIHaynmn dbbe 199eanahthed e 51 . 5 ¢
one adNch&acterzedbya~3kmong overdapN) ~Pet3veeden t he
and western aximummit trough (AST) that are offset in a rigateral sense by ~0.45

km [White et al. 2006]. The southern thivorder segmerttoss two fourth-orderridge

discontinuities centred at abdu#® 9 6 N a nGdNHaymdn4t.h81991 Haymon and

Whitg 2004 that partition the southern thiarder segment into three fourtinder
segmentsKigure3.1). The fourthor der di sconti nuity centred
order discontinui ty atinefrlebplblicatons aswednd al s o
fourth-order discontinuities, respectively. However, recent detailed information on the

Moho transition zone character and crustal thickness from deep seismic infgiagi

et al.,2013, submitted] support the inpeetation presented here.

A diverse series of seismic experimectsiducted along and across ERRaxis
constrairnregionalseismic structure of the young oceanic crushastudy area and its
vicinity. To a varying degree of detail, the width and thieks of the miatrustal AML,
distribution and size of the effixis magma lenses (OAMLS), layer 2A structure, and

velocity and thickness of the crust have been determined.

A bright and almost continuous reflection originating from the-onidstal AML and
interpreted to mark the top of an axial magma chamber (AMC) characterized by a low
velocity zone has been identified by the condu@edVCS experimentpe.g.,Herron et

al., 1980;Detrick et al.,1987;Harding et al.,1993;Kent et al.,1993].In the studyarea,

this bright reflection is visible along the axis die$ at an average depth of 1.48 km bsf
[Detrick et al.,1987;Kent et al. 1993] The width of AML measured along three 2D

MCS profiles across the axis in the study area increaseifkmat 2 5006 N t o 0. 7
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at 9 cAt@meNalues dd.25 and 4 km fothewidth of the AML within this second

order ridge segment fadutside the studyareat ~9e 350N and ~9e18080

@
Z

[Kent et al.,1993]. Thickness othe midcrustalAML has been congtined by applying

waveform inversion to the same 2D MCS data usedgtmatingthe width of the AML.

These results show thatthe AMLH8 0 m t h i c Kollierand Siggh103YNOnN [

axis ESP data collected at idheoBsssoffusyhow t ha
molten material with Pand Swave velocities of ~3 km/s and 0 km/s, respectivelgra

et al.,1990]. Preliminary processing of therthern box of th8D MCSdata analyzed

for this work[Carton et al, 2010]indicates that the ML persiststom9 e 4 2 @8N 9 e 57 0 N
with variable width. The width of the AML refléon holds steadyat1 km f rom 9e 4
9e5@a0N O e BNAGhsome variationfrom8:2 km only from 9e50:¢
9 e 5 lnrdNcrustalOAMLSs of variable shape and surfaceaavebeenidentified

within our studyarea Figure3.1) [Canales et al.2012 Aghaei et al.2013, submitted

using the 3D MCS datanalyzed in this workTheseOAMLs are found from ~1.5 km to

~16 km away fromlte ridge axis, at depths from >2 km to <5 km bt

accumulations at théITZ havealsobeen identifiedrom seafloorcompliance

measurementsn- and offaxisa t 9 eC4a@/fordlanfl Webl2003.

Seismic velocity structure and thickness of the uppermost oceanic crust (layer 2A) in the

study area and surrounding region have been determined from 2D MCS data [e.qg.,

Harding et al.,1993], ESP investigation¥¢gra & al., 1990], and tomography

experimentsToomey et al.1991;Tian et al.,2000;Sohn et al.2004]. The thickness of

layer 2A varies from as low as ~100 m at some sections of the ridge axis to as high as

~500 m for some areas on the ridge flanks. De#piesignificant difference between the
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two layer 2A thickness extremes, layer 2A thickness on the flanks is not highly variable
and does not have a major impact on local crustal thickness variagbadi et al2013,
submittedl

Reflections interpretetb originate from the MTZ are visible at about 2 s TWTT bsf on
the early 2D MCS profilesHerron et al.,1980;Stoffa et al 1980;Detrick et al.,1987;

Barth and Muttey 1996]. Reflection Moho on these sections is not imaged beneath the
AML but can genally be traced starting at2km away from the rise axis [e.@etrick

et al.,1987. Detailed analysis of the MTZ reflection response instinely area has

recently been carried out using a migrated stack of the northern 3D MCS&igore(3.1)
[Aghaei et al.2013, submitted]. At its extremes, MTZ reflections imaged nearest to the
rise axis can be observed beginning as close as ~0.45 km and as far as ~5 km away from
the axis. The character of the MTZ reflectr@sponse varies from a sharp singlase

event to a diffusive mulphase eventHarth and Mutter 1996;Aghaei et al.2013,
submitted].

Singh et al[2006] imaged the Moho beneath the ridge crest on the eastern propagating
l' i mb of the OFSIEpseICEEDMIS BaaNdf thesARAD experiment

[Kent et al, 2000]. It is not yet clear if the imaged Moho $ygh et al[2006] was

formed at zero time, or that it is associated with ridge propagation oveeaiptiag

Moho. Except for th&ingh et & [2006] study, no observations of Moho directly beneath
the ridge crest have yet been reported.

The thickness of the igneous crimtthe8 e 5 0 6 N taah&s e computed by
Barth and Muttef1996] using 2D MCS migrated stacKsy the aredetweerthe

Clipperton(8 e 1 5add\Sjqueirogl 0 e 1 Baddfbym faultdy Canales et al[2003]

92



(@)}

using 2D OBS t omogr aYemietal[199]sfranh ttaweltimeat 9 e 35

(@)

modeling of 1D ESP dat a, d&ghdeicha[208een 9e 4?2
submitted] using a 3D MCS migrated stack and OBS velocities @anales et al.

[2003 2013. The computed thickness based on reflection @efibout 3.5 km apart

was mostly done for crust up to ~300 Ka dltle results show that the crustal thickness
variation for the 8e¢e5006N to 9¢e5006N }tLatitud
5.5 km between ~9e¢e400N statd7 .93 5K Nb eatnvde & r e9 ¢
and 9¢e206N. The crust gradually thickens t
and then thi nr%e 2000uN ht o fe- BIREANGEIMY af this crustal

thickness variation was attributed to layer 3. Ksis of the ESP data centered at 180 Ka

old Cocos plate at ~9A3306N yields 6.8 km t
MTZ.

The crustal thickness computed by simultaneous inversion of 2D OBS refraction and
wide-angle Moho reflection arrivalanales et al.2003, 2012] is based on four ridge

parallel profiles evenly distributed on each side of the ridge axis and three ridge

perpendicular velocity profiles. Two of the ridgarallel profiles are located on ~150-Ka

old crust and the other two velty profiles are located on ~300 ¥éd crust, some 10

and 20 km away from the rise axis, respectively. The spigpendicular velocity

profiles at about 8e350N, 9e¢e1506N and 9e5060
other, respectively. The compdtenean crustal thickness between the Siqueiros and

Clipperton fracture zones is 66/8 km. The crust thickens away from the Siqueiros and

Clipperton transforms, to the north and south respectively, reaching a maximum
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thickness of 7.&.8 km north of the® 0 36 N OSC at 9el506N. The
is found within the Siqueiros transform.

For the study area investigated in this work, the mean crustal thickness from zero to
crustal age of 300 Ka is ~5.75 km based on the 2D MCS reBaltth[and Multter,

1996], from zero to 225 Ka is ~6.8 km based on the 2D OBS Gatza]es et al.2003],

and from zero to ~180 Ka is ~5.75 km based on the 3D MCS migrated stack volume

|l ocated bet we e n Chagtet 2 ghhei at al. @013 submit@dil [

3.3 Data

3.3.1 DataAcquisition

To collect the 3D MCS data, fourkdn-long hydrophone arrays (streamers), each
consisting of 468 groups of hydrophones with group spacing of 12.5 m, were towed at a
depth of 10 m. Separation between streamers was 150 m so that the totéibsepara
between outermost streamers was 45&atording time was 10240 ms and sample rate
was 2 msTwo seismic sourcegach comprised of two linear arrays of nine airguns with

a total volume of 3300 frwere towed at a depth of 7.5 fthe two sources weffeed in

an alternating (flipflop) mode every 37.5 m resulting in eight CMP profipes salil line
separatedby 37.5m. Sail lines were 300 m apart and wereirua successiveacetrack

loop pattern withkeach loop having breath of abou6300 m Sail lines 24 km long

provide 16 km of fullfold coverage immediately across the ridge axis.

The four streamers and two airgun sources were navigated with a combination of Global
Positioning System (GPS), acoustic transponders and 20 streamer compasses along each

streamer to provide shot and receivers position accuracy of 1 and <3 m, respectively. The
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streamer compasses used for controlling depth of each streamer have accuracy better than
1m.

Thegeometry of the survey yield@MP birsthat are37.5 mwide and6.25 m longin the
crossridge-axis and alongidge-axis directios, respectively. To achieve full nominal

fold of 40 traces per CMP bin for the central 16-mde area about the ridge axssil

lines included km rurin and rurout. Nevertheless,did didgribution deviated from the

nominal value due to streamer feathering, survey gaps caused by mayewedlife

technical shutdowss The aver age rdg@rmgmmnenalinfil.gGapsias N5 e
the surveydue to marine life and technical shutdowere clsed with reshoot lines.

Mutter et al.[2009] detailed data acquisition and the operational experience of this 3D

seismic data acquisition project.

Two areas of 3D coverage separate@dBy3 km gap were acquired. The larger, northern
area(~714 knf) is located betwe n 9 e 4 9 & B 7FaydteB.). Thisarea is covered

with 94 primary(collected along the designed survey grid) infill (collected in between

primaries due to high streamer feathering) &ddeshoosail lines(recollected along the

planned grid due to either technical problems or data gaps associated with marine

mammal observing)The smaller areaf 3D coveragé~100knf; 9 e 37 . 560Nt o 9e 4 C

Figure3.1) includes 14ail lines that are separated from the larger 3D area by 3.3 km.

In all, data from the whole area of full 3D coverage consisting of 108 sail lines with a
total shiptrack length of 3709.95 km were analyzed. Each of the sail lines forms eight
CMP profiles esulting in total CMP line acquisition of 29679.6 km. There are 97,304

shot gathersl82,153,08&%ourcegeceive pairs and a total of 932,623,810,86ata
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sampleswhich at 4 bytes per sample adds up to some 3.7 TB of data including trace

headers.

3.3.2 DataAnalysis

The 3D MCS data were 3D Kirchhoff PreSTM to produce a reflection image volume for
interpretation. The average seismic velocity structure of the crust in the study area, an
important byproduct of the PreSTM process, was estimated by the migratiocityel
analysis (MVA) method where 3D Kirchhoff PreSTM is used for performing residual
velocity analysigStork 1992]. Prestack data processing steps applied to prepare the 3D
MCS data for PreSTM are detailed Aghaei et al[2013, submitted]. The main
components of the data preparation include construction of 37.5x6.25 m common
midpoint (CMP) bin geometry, 1D bandpass filtering, 2D filtering using the LIFT
approachChoo et al.2004 simplified so as not to include a sigraddback step,
offsetdependenspherical divergence correction, surfaomsistent amplitude balancing

and trace editing

Several passes of 3D PreSTM, each of which requires significant computational
resources, are often necessary to converge to an acceptable velocity model. The most
CPU and RAM demanding components of the Kirchhoff PreSTM are ray tracing, which
is required to build summation surfaces, and the summation of these surfaces, which is
required to form CIGs. The CPU time and RAM required for these two processes are
proportonal to the dimensions and nominal fold of the survey, size of migration aperture,
dimensions of migration output grid, and output CIG f@dhdi,2007]. Considering

that the required computational power and time can be quite large, quick convergence to
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the optimum 3D PreSTM parameters through tests on a small section of the dataset is

highly desired.

The starting minimum migration aperture suggested is twice the size of the Fresnel zone
[Sun and Bancrof200]. Assuming 5.5 s for the Moho reflection TW.Ta dominant
frequency of 15 Hz and an RMS velocity of 4 km/s at the Moho level, the minimum
migration aperture increases from ~2400 m at-o#faet to 2470 m at fanffset. The
migration aperture for the first pass of 3D PreSTM was chosen to be 3500atiithe
in-line and crosdine directions with hopes that including more data with a larger
aperture will result in better imaging of the Moho reflection response, which is generally
of low S/N ratio within single data traces. The initial velocity ueegerforming

PreSTM is an average interval velocity from seafloor to Mohg&260 m/scomputed

from the ESP1 velocity function &era et al[1990 measured about 10 km ediikis.

This interval velocity was converted to raoeansquare (RMS) velocity ahhung from

theseafloor Figure3.2).

The output CIGs of the first pass of 3D PreSTM were calculated at grid points that are
150 m apart across the ridge axis and 300 m apart along the ridge axis. Spacing of 50
was chosen for the CIG seismic traces in order to have sufficient continuity of the Moho
reflection response for performing residual velocity analysis. The near and far-source
receiver offset in the CIGs @milar to what is found in the CMP bin gathet0 m and
6000 m respectively. A sample CIG is showrkrigure3.3a. Where present, the Moho

and melt lens reflection responses in CIGs are masked by water reverbehaiionsre

removed by a second pass of TIFChoo et al.2004.
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Figure3.2 The initial rootmeansquare RMS) velocity model used for running the first pass of
3D Kirchhoff PreSTM. The 1D interval velocity of 6250 rhisng from the seaflods the
average velocity of ESP1 bdfera et al[1990].

For LIFT, the CIG data were first divided into lefrequency (08-15 Hz) and high

frequency (18221 200220 Hz) bandsA residual midfrequency(8-15i 15-22 Hz)range

was obtained by subtracting the low dngh frequency components from the full

spectrum. An FX filter was applied to the low frequency band followed by a median filter
applied to data in all frequency bands. The result of applying the second pass of LIFT to a

sampleCIG isdepicted inFigure3.3b.
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Figure3.3 Noise suppression ansample common image gath€t@) by application of LIFT
method. TheCIG before (a) and after LIFT (b).

Thecoherency of iéection arrivals on CIGs after migration is used to find the optimum
migration velocity for each reflection event. If the velocity used for migration is correct,
reflections for each event are flat along the offset axis of the CIGs. The measured
departurdrom flatness of a reflection event in the CIGs is called residual moveout
(RMO), and it is used to update the initial RMS velocity moBedi, 2007]. Two

CIGs before and after RMO, and their corresponding velocity spectra, are shown in
Figure3.4. The CIG corresponding to CMP bin 1214412 is located at the crossing of in
line 1672 and croskne 2224, ~10 km west of the ridge axis on the Pacific pkEitfe
3.4a-C). The CIG corresponding to CMP bin 1215756 is locatethatcrossing of cross

line 3568 and the same-lime 1672, right over the ridge axiBigure3.4d-f). Flattening
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of the AML and Moho reflection events of the Gl6214412 and 1215756 required

RMO velocities of 200 m/s and 420 m/s, respectively.

The obtained RMO velocity volume is showrFigure3.5a. In general, significant
modification of the initial crustal RMS veloi@s, and therefore the interval velocities,
ranging to more than several hundred m/s were required in order to flatten the reflection
events within the CIGs. The RMO velocity volume fréigure3.5a was smoothed
(Figure3.5b) and used to update the initial RMS velocity model. After computing the
new RMS velocity modelRigure3.5¢), a seconghass of 3D PreSTM was run. An

aperture oR500 m in both the Hine and crosdine directions was selected for the

second pass of PreSTM instead of the larger original aperture of 3500 m because it
resulted in better focusing of the signal. The chosen output grid locations are 6.25 m apart
in the crossaxis direction and 300 m apart in the alangs direction. Much finer

spacing along the ihines, equivalent to the CMP bin spacing, is needed to adequately
image the structures that exhibit greater structural complexity in thepielgendicular

direction.
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Figure3.4 Two sample CIG and their corresponding velocity spectra used for performing MVA.

a) CIG where Moho reflection event is over corrected because of too slow velocity. b) CIG of (a)
after flattening the Moho reflection event by increasing the RMS velocity. ¢) Velocity spectrum

of (a) where the initial interval velocity is shown with red line and the initial RMS velocity is
shown in balck dashed line. The updated interval veloc&idsvn in white and the updated

RMS velocity is shown in green dashed line. The small boxes below (a) and (b) show the zoomed
Moho before and after picking, respectively. After increasing the RMS velocity by ~200 m/s, the
Moho event flattens. The small bbelow (c) shows the coherency of the picked event. The
location of this CIG is shown iRigure3.1 with the upper black square that is ~10 kmadfis. d)

CIG where the AML reflection is under corrected because of too high weleri€IG of (d) after
flattening the AML reflection by decreasing the initial RMS velocity by ~420 m/s. f) Velocity
spectrum of (d) where the initial interval velocity is shown with red line and the initial RMS
velocity is shown in black dashed line. Tiqgdated interval velocity is shown in white line and

the updated RMS velocity is shown in green dashed line. From left to right, the small boxes
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