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Mantle melting processes: evidences from ophiolites, large igneous provinces, and
intraplate seamounts.

Pilar Madrigal
ABSTRACT

Melting processes in the mantle have a key role in plate tectonics and in the most colossal
phenomena in the Earth, like large igneous provinces, mantle plume upwellings, and the constant growth
of the pl an e tindhss studg wetuserhie geochemizal and petrological evideaserped in
ophiolites, large igneous provinces, and intraplate seamtunnderstandausestiming andimplications
of melting in these different tectonic environments.

We studiedmelting at extensional environmentf mid-ocean ridges ah backarc basins,
preserved in ophiolite§.he Santa Elena Ophiolita iCosta Rica&omprisesa wellpreserved fragment of
the lithospheric mantle that formed along a papeading center. Petrological models of fractional
crystallization suggest deep pressures of crystallization of >0.4 GPa for most of the sampbesl
agreemetwith similar calculations from slow/ultrslow spreading ridges and require a relatively hydrated
(~0.5 wt% HO) MORB-like source compaosition. Our findings suggest a complex interplay between
oceanic basin and baekc extension environments during trent Elena Ophiolite formation.

Secondlywe analyzedarge igneous provinces anegthmechanisms of formatioAs the surface
expression of deep mantle processes, it is essential to understand the time frames and geodynamics that
trigger these massive lava outpouriregsl theirimpact to life in the planeWWe analyze the record and
timing of preserved fragments of the Pacificean Large Igneous Provinces to reconstruct the history of
mantle plume upwellings and their relation with a demgted source like the Pacific Large Low Shear
Velocity Province during the Midurassic to Upper Cretaceous.

Lastly, we explore the occuence of lowvolume seamounts unrelated to mantle plume upwellings
and their geochemical modifications as they become recycled inside the mantle, to answer questions related
to the nature and originf wpper mantle heterogeneitiddle present evidence that enriched mantle
reservoir composedf recycled seamount materials can be formed in a shorter time period than ancient
subducted oceanic crushought to be the forming agent of the HIMU mantle reservoir endmember. A
A f dosmtingd , enriched reservoir could explain some of
intraplate magmas not related with an active mantle plume upwelling.
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Introduction

The Ear t isins constam statecof changing and the melting processes occurring
at all deptls in the mantle can attest for this dynamism. Melting occurs by the means of changes
on the physical and chemical conditions of portions of the mantle: increases in temperature,
decreases in pressure, a change in composition that lowers the mantle solidus. lirgis® s
then, thatmelting seems to be favorable at locations where either decompressienc@ai
ridges), thermochemical anomalies (mantle plumes) gD khput (subduction zones) are

responsible for the mechanisms of melting.

Nevertheless, there are @imstances where meltimgcursin aless understoothanney
either because of physical inaccessibility or restricting time scales. For examplespdading
ridges where magmia generatd at high depths; at locations where a mantle plume impacts the
lithosphere to create a large igneous province in short periods of time (<5Malpwratiume,

monogenetic volcanic seamounts untedisto mantle plume upwellings.

This study aims to contribute to the understanding of how melting occurs in thesalatypic
settings by exploring the geochemical and petrological characteristics ofgnaitiducts from

concrete locatiomand comparing them tther exampleworldwide

Chapter | concerns the study of the melt focusing zone preserved at the Santa Elena
Ophiolite in Costa RicaFor this study | collected geochronological, geochemical, and structural
data from the diabase intrusions that crosscut the peritioiriéerpret the origin of the ophiolite.

This chapter culminated in a publication in the journaldstin 2015:
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MADRIGAL, P., GAZEL, E., DENYER, P., SMITH, I., JICHA, B., FLORES, K.E.,
COLEMAN, D., SNOW, J 2015.A melt-focusing zone in the lithospheric mantle preserved in

the Santa Elena Ophiolite, Costa Rica. Lithos 230;2ER

Chapter Il covers tle study of the link between deep mantle dynamics, melting during
large igneous province (LIP) events, and the implications of these phenomidiedridhe planet.
For this, Icollected geochronological and geochemical data from accreted LIP terrahes at
margins of Nicoya Peninsula in Costa Rica. To assess the provenance aifhizagments we
created a series of kinematic models #taiw the paleotectonic evolution of these terranes. Our
kinematic models suggest a clear relationshipvbeh the emlacement of LIPsthe location of
mid-ocean ridgesand potential pulses of deep mantle upwellings, which is also confirmed by our
petrological modelxreated for LIPs globally. This chapter is currently under review in the journal

Nature Communications

MADRIGAL P. , GAZEL E., FLORES, K., JICHA, B., BIZIMIS, M., (in rev.). Record of

the Pacific LLSVP upwellings in the Cretaceo8abmitted to Nature Communications.

Chapter Ill aims to understand the nature of heterogeneities ubiquitous to the upper
mantle Pockets of more enriched recycled material in the upper mantle tend to melt preferentially
compared to the surrounding peridotite. These heterogeneities are sampleddoganididges,
creating enriched MORB signatures (EMORB), or by-Mslume intraplée magmatic processes.

We collected geochemical and geochronological data frorphone related seamounts accreted
to the margins of the Santa Elena Peninsula in Costa Rica, as a proxy for the composition of
subducted seamounts that later become thesgdbwme heterogeneities in the upper mantle. We
modeled the progressive enrichment of their isotopic evolution to suggest that the recycling times

of these seamounts are ~200-B20 Ma. In this time interval, subducted seamounts can become

11



as enriched as INIU-type reservoirsOur binary mixing modelsuggest thatraenrichednon
plume seamount reservoir in the upper manti@y be responsible for thesotopic diversity
observed in global examples of ocean island basalts and EMORB. This chapter will béesubmit

to Earth and Planetary Science Letters.
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Chapter 1: A melt-focusing zone in the lithospheric mantle
preserved in the Santa Elena Ophiolite, Costa Rica

Abstract

The Santa Elena Ophiolite in Costa Rica is comprised of apnetierved fragment of the
lithospheric mantle that formed along a patpoeading center. Within its exposed architecture,
this ophiolite records a deep section of the melt transport system of a slosllrapreading
environment, featuring a wetlleveloped melfocusing system focoalescent diabase dikes that
intrude the peridotite in a sukertical and sutparallel arrangement. Here we present an integrated
analysis of new structural dat8Ar/3°Ar geochronology, major and trace element geochemistry
and radiogenic isotopes ddtam the diabase dikes in order to elucidate the tectonic setting of the
Santa Elena ophiolite. The dikes are basaltic and tholeiitic in composition. Petrological models of
fractional crystallization suggest deep pressures of crystallization of >0.406R#$t of the
samples, which is in good agreement with similar calculations from slowsldinaspreading
ridges and require a relatively hydrated (~0.5 Wi HMORB:-like source composition. The
diabase dikes share geochemical and isotope signatubdsothtslow/ultraslow spreading ridges
and backarc basins and indicate mixing of a DMM source and an enriched marttaesnder
like EMII. The “°Ar/**Ar geochronology yields an age of ~131 Ma for a previous pegmatitic
gabbroic magmatic event that intrud#he peridotite when it was hot and plastic and an age of
~121 Ma for the diabase intrusions, constraining the cooling from near asthenospheric conditions
to lithospheric mantle conditions to ~10 Ma. Our findings suggest a complex interplay between
oceanc basin and baelirc extension environments during the Santa Elena Ophiolite formation.
We propose an alternative hypothesis for the origin of Santa Elena as an obducted fragment of an

oceanic core complex (OCC).
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1. Introduction
To understand the evolutiaf our planet, it is fundamental to constrain melt generation

and transport processes that occur in the mantle. In an extensional environment, when the upper
mantle crosses its solidus through decompression, melting initiates as amantdar network ©
melt(Karato and Jung, 1998; Kelemen et al., 2000; Faul, 2001; Dasgupta and Hirschmann, 2006)
Then, physical and chemical changes during reactive melt transport allow segregation of the partial
melts increasing the porosity of the upper mantle (ikedemen et al., 1997; Kelemen et al., 2000;
Spiegelman et al., 20014t extensional environments like matean ridges (Figl.1), basaltic
melts separate from the peridotite residue and react with the lithospheric mantle as they rise
buoyantly through thisetwork of melt(Kelemen et al., 2000; Bouilhol et al., 201After these
ascending melts coalesce and evolve beneath the ridge axis they erupt to produce new oceanic

crust(O'Hara, 1985)

Because it is difficult to reach deep segments of extensionaiesdi.e. miebcean ridges,
fore-arc basins, backrc basins) we rely on more accessible geologic features as analogous to
these environments, such as ophiolites. Ophiolites consist of ultramafic and mafic mantle
lithologies that formed along spreading s and get subsequently obducted or exposed onto
continents by tectonic processes. Conceptually, ophiolite assemblages are composed from bottom
to top, of peridotite (including Iherzolite, harzburgite and dunite) variably altered to serpentinite;
gabbroand diabase intrusions; and extrusive sequences of pillow lavas and massive flows that are
typically overlain by deepea sediment&oleman, 1971; Dewey and Bird, 1971; Dewey, 1976;
Steinmann et al., 2003; Dilek and Furnes, 2011, 204ihough such litblogical associations
have commonly been attributed to radean ridge or bae&rc origin, other interpretations for

ophiolite origins also exist, such as suptdbduction zone (SSZ) ophiolites, plumstated
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ophiolites and continental margin ophiolifesse Dewey and Casey, 2011, Dilek and Furnes, 2014

and references therein)

Based on geochemical affinities and order of mineral crystallizaddak and Furnes
(2011) developed a first order classification, separating ophiolites as subdusiaded and
subductiorunrelated types. Within their classification, radean ridge (MOR) type ophiolites
show geochemical consistency with normal foatan ridge basalt (MORB). Depending on the
proximity to features like mantle plumes, the geochemical affinity fiiayuate from MORB all
the way to enriched MORB (EMORB). In contrast, subduetelated ophiolites show a
progressive geochemical affinity from MORIRe to Island Arc Tholeiite (IAT) and Boninite in

the later stages of SSZ ophiolites (Dilek and FurB@sgl).

Even though the geochemical affinities expected in ophiolites areestalblished,
secondary processes occur after the formation of new oceanic crust must also be considered.
Hydrothermal systems that transport heat from the magma lenses toféoe suteract with the
crust resulting in hydrothermal alterations and ocean floor metamorResaince, 2008; Pearce,

2014 and references thereiBnrichments in large ion lithophile elements (LILE) that are usually
attributed to an arcelated fluid ineraction between the subducting slab and the mantle wedge,
could easily be mistaken with seawater interaction and contamination during the emplacement of
hot oceanic crust, and vice vef8oudier et al., 1988; Nicolas and Boudier, 2003)erefore, the
discrimination between MORype ophiolites and SSZ ophiolites has to be done carefully and by
integrating several geochemical tools. Consequently, in order to accurately assess the geochemical
fingerprinting of ophiolites, it is necessary to look at thedfimmobile element data. Fluid
immobile elements remain unaltered during weathering anetdowperature alteration. These

elements are characterized by high to intermediate charge/radius ratios and include most of the
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rareearth elements (REE) and highel@l strength elements (HFSHPearce, 2014)The
concentration of these elements is controlled by the chemistry of the magma source and the
crystallization processes that occur during the magmatic evolution. Several authors have worked
on creating fluidimmobile element proxies, which are compared to element ratios that correlate
with a specific geological proceg€ann, 1970; Pearce and Cann, 1971; Floyd and Winchester,

1975; Pearce, 1975; Shervais, 1982; Sun and McDonough, 1989; Pearce, 2008)

Another us@&l parameter for ophiolite characterization is its preserved architecture.
Variations of the magma supply and spreading rates can modify the architecture of the new oceanic
lithosphere(Nicolas and Boudier, 2003; Dilek and Furnes, 201&hiwatari (1985)linked
petrological and compositional features of ophiolites to their genesis and to variations in the
spreading rates (Fid..1). In this regard, the structure and composition of an ophiolite can aid to
the elucidation of the palespreading ratéCannat 1996; Godard et al., 2000; Dick et al., 2003;
Michael et al., 2003; Godard et al., 2008; Cannat et al., 2009; Till et al.,. Zdd}jionally, the
composition of the constituent peridotites and associated melts can contribute to characterize the
origin of an ophiolite. For instance, while harzburgite compositions may represent an uppermost
oceanic mantle melt source and higher degrees of partial melting, lherzolite compositions evidence
a deeper oceanic mantle, as they represent more fertile residjezs sulesser degrees of partial
melting (Fig.1.1) (Jackson and Thayer, 1972; Boudier and Nicolas, 1985; Dilek and Furnes, 2011)
Thus, ophiolite segments around the globe provide windows into fossilized melt transport systems
that once fed the oceanic arc crust and upper mantle. The presence of a zone of intense dike
emplacement that represents the rfmtusing part of the system is a common feature in these
exposed sections of the man(fRobinson et al., 2008)Vhen present, these dike networksvte

an insight to the magmatic origin and geochemical evolution of a particular ophiolite.
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Our study presents neffAr/3°Ar ages, major and trace element data, and radiogenic
isotopes from melts that intruded the Santa Elena Ophiolite, located in thevestérn Pacific
coast of Costa Rica. This ophiolite represents an emplaced fragment of 260 sper mantle
lithologies overthrusting an ancient accretionary comgBournon, 1994; Baumgartner and
Denyer, 2006; Denyer et al., 2006; Gazel et al., 20@81yer and Gazel, 2009; Tournon and
Bellon, 2009; Escudeviruete and Baumgartner, 201@&)ig. 1.2a). Occurrences of diabase dikes
around the peninsula are frequent, however the-pveierved diabase dike transport system is
largely exposed in two diffent sections of this ophiolite: the northwestern swarm and the
southeastern swarm (Figg2c). In both outcrops, the diabases intrude Iherzolite peridotite (Gazel
et al., 2006; Tournon and Bellon, 2009). The goal of this integrated structural, geoclardical
petrological analysis of the diabase nfeltusing system is to elucidate the magmatic origin and
evolution of the Santa Elena Ophiolite and the implications of its origin in the understanding of

melt transport and the evolution of the lithospheric thean

2. Geotectonic Background of the Santa Elena Ophiolite

Costa Rica is currently situated near the triple junction of the Cocos, Caribbean and Nazca
plates(DeMets, 2001)Across the Middle American Trench, the Cocos plate is being subducted
underneathhe Caribbean plate resulting in an active volcanic f(8aginor et al., 2011; Saginor
et al., 2013)Fig. 1.2b). A series of oceanic complexes have been accreted onto the Caribbean
Plate along the Pacific side of Costa Rica including the Santa Eleriali@p{Tournon et al.,
1995; Hauff et al., 2000; Hoernle et al., 2004; Denyer and Gazel, 2009; Herzberg and Gazel, 2009;
Buchs et al., 20135everal authors correlated the Santa Elena Ophiolite with other serpentinized

peridotite locations along the CadRicaNicaragua border suggesting that it represents-#h E
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suture zone between different tectonic blogk®urnon et al., 1995; Hauff et al., 2000;

Baumgartner et al., 2008; Denyer and Gazel, 2009)

The Santa Elena Ophiolite, constitutes a preservedngag of the upper mantle that
includes evidence for at least two different magmatic intrusive events. The oldest event is
constituted by decimetric to centimetric pegmatitic gabbroic veins that intrude the Iherzolite
without showing any sign of cooling ntans, suggesting that they were emplaced when the
peridotite was still at high temperatures and in a plastic &kateel et al., 2006)'he second and
younger event is the diabase dike Afettusing system, which crops out along the peninsula (Figs.

1.2 and1.3); generally presenting cooling margins in contact with the peridotite. The pillow basalts
from Murcielago Island§~110 Ma; Hauff et al., 200@o not show a clear lithological relation to

the rest of the Santa Elena Ophiolite. Even though they Ibeee interpreted as the uppermost
basaltic sequence in agreement with ophiolite architectural models, the contact between this unit
and the peridotite cannot be observed in the field. These pillow lavas are probably related to other
pillow basalts and maf lithologies in the Nicoya peninsula included in the Nicoya Complex
(Dengo, 1962)This complex is interpreted as segments of oceanic plateaus and the Caribbean
Large Igneous Province (CLIP), with geochemical affinities that are unrelated to the %anata El

Ophiolite(Sinton et al., 1997; Hoernle et al., 2004; Geldmacher et al., 2008)

The Santa Elena ophiolite is overlain by Campanian (Upper Cretaceous)-bedisty
reef limestones (Fidgl.1a) (Meschede and Frisch, 1994; Gazel et al., 2006; Baumgaatra.,
2008; Escude¥iruete and Baumgartner, 201g)ggesting that it was emplaced during the Upper
Cretaceous with the peridotitic complex at the hangiayl and an igneousedimentary complex
at the footwall, known as the Santa Rosa AccretionarygimniBaumgartner and Denyer, 2006;

Denyer and Gazel, 2009; Buchs et al., 20B3unit of layered gabbros (see Fig2a) has also
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been identified at the footwallournon and Azéma, 1980; Hauff et al., 2000; Arias, 20023

unit yielded arf°Ar/*°Ar age of 124+4.1 MgHauff et al., 200Q)Previous work fronGazel et al.
(2006)interpreted a suprasubduction zone origin for the Santa Elena ophiolite, considering the
layered gabbros unit as a part of the ophiolite. H#ie interpretation is revised light of the

new modern analytical data and our detail geologic mapping, as the layered gabbros unit belongs

to the footwall, in a highly deformed shear zone bellow the overthrusting ophiolite (sé&2&)g.

Based on spatial relations between the ldlgatal units that compose the Santa Elena
Ophiolite at least two rotation events can be identified in its geologic record. The pillow basalts
from Murcielago Islands display a near 80° tilt towards the north, while the northern Cretaceous
(Campanian) to Raogene sedimentary cover show a dipping angle ef@0owards the north
(Fig. 1.2a). However, the Pli®leistocene ignimbrite veneer appears unaffected by the rotation
(dipping angles of 5° E). These relative structural disposition suggests that thiéing@vents
(one preCampanian age and the second one roughly in the Upper Eocene) affected the entire
sequence for a current net rotation of 80° towards the (ietfyer et al., 2006; Denyer and Gazel,

2009)

3. Materials and methods

3.1 Structural methods and peridotite/dike determinations

Diabase dikes are exposed along the coasts and riverbeds of the Santa Elena Ophiolite
intruding the peridotite at a variable density of diabase vs peridotite between localitids2@ig.
A spatial analysis wagerformed along the northwestern and southern coasts of the peninsula in
order to quantitatively determine the dike density, dike orientation, and structural relationships

(Fig. 1.2a and c). We collected a continuous photographic record and structuslremants
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(strike/dip angles) of all the diabase dike outcrops on the coast. The data were corrected using the
program WIiRTENSOR(Delvaux and Sperner, 200@) account for a tectonic 80° tilt of the entire
complex towards the north in order to obtainahiginal strike and dip angle of the diabase dikes.

This tilt creates an apparent 80° increase in the dip anfjilée alikes intruding the blockhe
continuous photographic record from the coastal outcrops was used to generate panoramic sections
of the eninsula (Figl.3). We carried out a 2D analysis, which included calculation of Cartesian
areas in each of the panoramic images created. Considering the rock exposure areas of every
outcrop as the total area (100%) we calculated the relative abundgpeedotite and diabase.

We focused the analysis on the areas that display a continuous occurrence of peridotite and diabase

(i.e., along the NW and SE coast of Santa Elena peninsula)l(#ég.c).

3.2 Samples and analytical methods

Fresh diabase dikegere sampled from coastal exposures and riverbeds in the Santa Elena
Ophiolite. We also sampled pegmatitic gabbroic veins to constrain the timing of the evolution of

this ophiolite given the spatial relationship between the units.

Using a rock sawfresh peces of the samples were cut and later crushed into gravel,
cleaned with deionized water and digved to get rock chips of 4800 um in diameter. To
obtain the!®Ar/*°Ar data, the groundmass and mineral separates were irradiated for 60 hours at the
Oreggon State University TRIGAype reactor in the Cadmiudrined InLore Irradiation Tube. At
the University of WisconsiMadison Rare Gas Geochronology Laboratory, incremental heating
experiments were conducted using a 25 Watb @Qer. Each step of the expeent included

heating at a given laser power, followed by an additional 10 min for gas cleanup. The gas was
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cleaned with two SAES C50 getters, one of which was operated at ~450 °C and the other at room
temperature. Blanks were analyzed after every selamed heating step, and were less than 5 x

102° mol/V for %°Ar and 2 x 10" mol/V for “°Ar, respectively. Argon isotope analyses were
performed using a MAP 2150, and the isotope data was reduced using ArArCalc software
version 2.5 (http://earthref.orArCALC/). Ages were calculated from the bladiscrimination

and decaycorrected Ar isotope data after correction for interfering isotopes produced from
potassium and calcium in the nuclear reactges are reported/i t h 20 wuncertainti
the J uncertainty) and are calculated relative to a Fish Canyon standard age of 28.201 + 0.046 Ma

(Kuiper et al., 2008 n d a v*Kloibet63f+ 0.107 13°yr'! (Min et al., 2000)

For major and trace element aysss, alteratiofiree rock chips were selected under a
stereoscope microscope and were powdered in an alumina mill. Major element (wt%)
concentrations were measured bya¥ fluorescence (XRF; Siemens SR3000 spectrometer) at the
University of Auckland folbwing the methods described Ngrrish and Hutton (1969)n general,
precision for each major el ement 1is better tF
Norrish and Hutton (1969)race elements were measured by kaddation inductivelycoupled
plasma masspectrometry (LAICP-MS) at the Researc8chool of Earth Sciences, Australian
National University, using Excimer LPX120 laser (193 nm) and Agilent 7500 series mass
spectrometer following the method Bfigins et al. (1998)Samples were run in batches of 15
using the NIST612 glass standard atlileginning and end of each run to calibrate. USGS glass
standards BCR and AG\¢2 were also run to monitor analytical performance. Three replicate
analyses of standard BERand two replicates for standard A&Vindicate precision of <4%
(RSD) and accurachyetter than 8% confidence level, with the exception of thees Ni, Cu,

Cr, Laand Ta
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Basaltic glass samples collected from the Murcielago Island pillow basalts rims were
selected under a stereoscope microscope, and arrangednoharéund epoxy mant which was
later polished for electron microprobe (EMP) analyses. These analyses were performed at the
Electron Beam Laboratory at Virginia Tech with a Cameca SX50 Electron Microprobe using a 60
pm diameter electron beam at a 10 nA current a 15 kVe@teln voltage. Trace element contents
were obtained at Virginia Tech LACPMS lab facilities using an Agilent 7500ce ICPMS coupled
with a Geolas laser ablation system. Three analyses were performed in each glass using a 90 um
diameter spot and at 10 Hepetition rate. Standards were run at the start and end of the run to
correct for drift. The data was reduced using the USGS standard28CBHVO-2G and BIR
1. Replicates of these standards indicate a precision of <5% (RSD) and accuracy better than 10%
for the elements analyzed, with the exception of the elements Ni, Cu, Cr, Zn, Sr, Ta|Pihaind

was better than 30%

Radiogenic isotope analyses were conducted in the Geochronology and Isotope
Geochemistry Laboratory at the University of North Carol@taapel Hill. 500 mg of the selected
powdered samples were digested with a mixture of HF+kiN@eflon beakers. These solutions
were placed on a hotplate for three days at a temperature of 165 °C. Each sample was dried and
re-dissolved in HCI. After theidissolution three aliquots were separated for Sr, Nd and Pb, each
one containing 5 mg of sample; these aliquots were dried atids@ved in the appropriate acid
solution to undergo ion exchange chromatography col@ray et al., 2008)The separatesere
analyzed using a Micromass VG Sector 54 thermal ionization mass spectrometer (TIMS).
Strontium measurements were normalize®$of8Sr = 0.1194, and Nd isotopes'f@Nd/*Nd =
0.7219. Standard replicate measurements yielded aff&&fiSr=07D257 N 0. 000022

NBS 987, ameatf™Nd/A*Nd = 0.512112 N 01, 8nd 8mehfPbfoPriD f or
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1.0940 N 0. 00WBwitlf 2ndepn frictonatiod BaBrection of 0.098 + 0.008% per

amu(Coleman et al., 2004; Gray et al., 2008)

4. Results

4.1  Structural analysis of the diabase unit

After correcting for the 80° northward tilt of the ophiolite determined in the field the
general strike orientation for the diabase dikes throughout the Santa Elena Ophiolite is NNE in a
subparallelarrangement. The resulting dip angles reflect a predominance of angles higher than
60°, with a primary population of dikes dipping between 70° and 90°. Evidence of this disposition

is largely visible at the NW coast of the peninsula (Eiga).

The northwetern dike swarm (Fidl.2a) represents the higher density of diabase intruding
the peridotite in the entire ophiolite with a dip between 70° and 80° {&g). Our density
analysis suggests that in this section there is a significant increase of diabadeodike78% to
~92% (relative to the peridotite) towards the southwest in the direction of Punta Santa Elena (Fig.

1.2a), where the peridotites became boudins embedded in the net of diabase dikes.

The outcrops along the southern coast of the peninsularederpinantly composed of
peridotite with scarcer occurrences of diabase dikes. In this area the presence of diabase versus
peridotite is less than 20% (Fi§2a). The preferential strike direction for the southeastern dike
swarm is towards the NW, with acsmdary population striking ENB/SW. In this area, the
arrangement of the intrusions is clearly not parallel; however, most of the dip angles remain in a
range between 60° and 90° (Fig2c). Additionally, other diabase intrusions measured in the
interior d the peninsula yielded a preferential strike of NNEW with subvertical dip angles

(Fig. 1.2a).
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4.2 Geochronology and geochemistry data

The four new*°Ar/*°Ar ages collected in this work yielded an average age of 121 Ma
(considering the uncertainty withithe measurements) for the diabase dike intrusion event.
Diabase samples collected from the NW end of the Santa Elena Peninsula yielded 126.6 + 2.1 Ma
to 116 £ 5.1 Ma (Figl.2a). A sample from the southern coast of the peninsula yielded an age of
118.7 + 35 Ma. Also, a diabase sample from the inner part of the ophiolite was analyzed to achieve
a good geographical distribution throughout the peninsula; this sample provided an age of 124.7 £+
3.0 Ma. One of the pegmatitic gabbroic veins sampled that intthdgqueridotite when it was still

hot and plasti¢Gazel et al., 2008)ielded an age of 131 + 3.8 Ma

For this study we report 18 new major and trace element analyses for diabase dikes and 5
for Murcielago Islands basaltic glassd$ie compositions of thdiabase dikes are basaltic and
belong to the tholeiitic magmatic series (Figda, b). Petrographically, they are aphyric and
consist of a fine grained equigranular ensemble of -seimédral clinopyroxene and plagioclase
and minor olivine, with a predomirey ophitic texture characteristic of mafic hypabyssal
intrusions. The rim glasses from Murcielago Islands are basaltiesite in composition and also

belong to the tholeiitic series (Fity4a, b).

Along with the new analyses provided in this work frore tiabase dikes, we also
compiled geochemical data from previous studiésssmaul et al., 1982; Tournon, 1984;
Wildberg, 1984; Meschede and Frisch, 1994; Tournon, 1994; Ragazzi, 1996; Beccaluva et al.,
1999; Hauff et al., 2000; Arias, 2002; Tournon andld®e 2009) which are plotted as a shaded
area in Fig.1.4. Major element data were plotted against MgO (Eif§.and1.6) to evaluate
differentiation trends in the sample suite collected. Trace element data, normalized to a primitive

mantle compositiofMcDonaugh and Sun, 1995how a depleted composition in light rare earth
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elements (LREE) and a flat pattern in the heavy rare earth elements (HREE), suggesting a garnet
free, shallow mantle source.g. Salters and Stracke, 20QBig 1.7). Elevated concentratiomns
fluid-mobile large ion lithophile elements (LILE) such as Ba, K and Sr are indicative of seafloor
alteration(Staudigel et al., 1981; Staudigel et al., 1996; Staudigel, 2008)s, to avoid the
signature of ocean floor alteration, only fluid immobiatios were used to generate the
discrimination diagrams shown in Fih8. The Murcielago Islands pillow basalt glass rims show

a more enriched incompatibé&éement signature compared to that of the Santa Elena diabase dikes
(Fig 1.7e) which is almost identit to the basaltic glasses that belong to the Caribbean Large
Igneous Province (CLIP) and other basaltic suites found in Nicoya Pen{rtawé et al., 1997,

Sinton et al., 1997; Hauff et al., 2000; Hoernle et al., 2004)

The new Sr, Nd, and Pb radiogemsotope analyses were carried out using the freshest
samples of the diabase dikes, however Sr isotopes could still be affected by amgdevocean
floor alteration, and thus ebgning the spread in the dat@he measured diabase dikes isotope
values ange from 0.70283 to 0.703968f8rf°Sr; 0.51299 to 0.51341 #13Nd/ *Nd; 18.149 to
18.536 in?°PbF%Pb; 15.500 to 15.595 H"PbFPb; and 37.839 to 38.166 #PbP*Pb (Fig.
1.9). These measured-8id-Pb ratios were then calculated to the iniin) eruptive ratios using
the parent/daughter rati@sd an average age of 121 Ma. Age corrected ratios representative of
the mantle source were then projected to 121 Ma using parent/daughter ratios obtained inverting
the source composition from the most primitive diabase dike samg#&-fA05) to recreate the
evolution of the source in 121 Ma and compared with recently erupted material. The model was
done using aggregated fractional melting equat(@maw, 1970with a modal composition of

50% olivine, 25% orthopyroxene, 20% clinopyroxene and 5% spinel and the partition coefficients
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compiled byKelemen et al. (2003)These data were plotted in FIg9 and discussed in section

5.4.

5. Discussion

5.1  Architecture of theSanta Elena Ophiolite: diabase melt focusing zone analysis

The arrangement of dike intrusions in different tectonic environments provides important
insight into the type of melt emplacement that occurred at a given location. For instance, radial
arrangemets of dikes typically indicate environments such as arc volcanoes or ocean (istands
Ancochea et al.,, 2008; Acocella and Neri, 2009; Maccaferri et al.,, 20/hereas, in
environments characterized by extension regimes, melts are likely to mignagéadieularly to
the direction of the minimum compressive sti@$acdonald, 1982; Gudmundsson, 1990a; Paquet
et al., 2007; Gudmundsson, 2011gsulting in sukparallel to parallel dike assemblages. This
commonly occurs at midcean ridges and back arc inas where the intrusions normally show

similar strike orientations perpendicular to extension as well as paraleéstital arrangements.

Ophiolites, as preserved fragments of extension environments (e ac¢cead ridges, back
arc basins), usually siblay sheeted dike complexes composedikgrintruding-dikestructures of
tholeiitic composition, that have been interpreted as the feeder channels between magma
chamber/lenses and the overlying extrusive oceanic (Radtinson et al., 2008 and referesce
therein) At fast spreading ridges, such as in the exposed section at Hess Deep in the Pacific, the
sheeted dike complex is a welkveloped feature of the oceanic crust suggesting a high spreading
rate and a steady magma supf{®yewart et al., 2005; Weso et al., 2014)In contrast, at slow
(<60 mm/yr full rate), and ultraslow spreading (<20 mm/yr full rate) ridges the magma generation

is slow and tectonic extension and detachment faulting are the predominant trigger for melting,
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resulting in the absee of a weldeveloped sheeted dike compkSnow and Edmonds, 2007,
Robinson et al., 2008; Lagabrielle et al., 2019)e Santa Elena Ophiolite preserves a relatively
high density of diabase intrusions, however, in contrast to sheeted dike complex@ss the
typical gabbrd sheeted dikébasaltsequence and instead the dikes intrude the lithospheric mantle

peridotite directly and there is not an overlying widleloped basaltic crust.

The absence of horizontal intrusions indicates that during melatiigmo rheological or
mechanical barrier was encountered that led to lateral migration. The dike swarms exhibit an
almost vertical arrangement. Since dike emplacement tends to folleexigteng paths, we
suggest that this vertical to swbrtical emplaement corresponds to the location of previous
extension fractures, perpendicular to the direction of the minimum compressional stress. The
results presented in this work indicate that the Santa Elena Ophiolite was formed in a tectonic
environment subjedb extension, with an expected dike arrangement of eogegdn ridge system

(e.g. Gudmundsson, 1990b, 2011)

Mid-ocean ridge systems with slow and ulfaw spreading rates can account for the
emplacement of almost exclusively vertical intrusions duenmiadd melt productivityMichael
and Cornell, 1998; Dick et al., 2003; Gudmundsson, 20hlhese environments, dikes form at
greater depths intruding directly in the lithospheric mantle. Even though it has been recognized
that the rheological barrier tiie crustmantle boundary favors the formation of melt ponding (i.e.,
magma chambers or lenses) (Gudmundsson, 2011), there is no field evidence for such melt
accumulations in the Santa Elena Ophiolite. Commonly, melt migration in slow andlaltra
spreaing midocean ridges show little and generally deep melt ponding as a consequence of the
low rates of melt productivity in this tectonic environment (Michael and Cornell, 1998). Melt

forming in such conditions will travel along paths of minimum stressthlke extensional fractures
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and faults inherent to slow and ulskbw spreading ridges which are essentially vertical as

observed in the Santa Elena Ophiolite.

As melts are transported from the melt generation zone to the axis of extension, the
frequencyof intrusions decreases while their size and width increase (Kelemen et al., 1997;
Kelemen et al., 2000). In the Santa Elena Ophiolite, we encountered a high spatial density of
intrusions combined with distinct coalescent dikes as shown id Biglhe presnce of lherzolitic
peridotite and the coalescing channels of diabase correlate with what would be expected at greater
depths of the melt transport system in an extensional environment, characterized by a scarce
magmatic supply at deeper levels in thedgpbheric mantle (see Fi1.1). Moreover, this ophiolite
lacks of an extrusive wetleveloped basaltic crust on top of the sequence which supports the
interpretation that this ophiolite corresponds to a slow to-sloa spreading centéDick et al.,
2003;Cannat et al., 2009; Sauter et al., 20The absence of a walkeveloped gabbroic crust is
also evident in this ophiolite. This is a noted characteristic in ultraslow spreading ridges, where
the reduced melt production can lead to a small to nearlysteex gabbroic crugtiokat et al.,

2003; Michael et al., 2003)

5.2  Geochronology data

The spatial relationships between the diabase and gabbroic intrusions of the Santa Elena
Ophiolite become clearer in the light of the n&ar/*°Ar data collected itthis study. Both units
postdate the formation of the peridotitic massif, but the pegmatitic gabbroic veins are the first
magmatic event to occur (evidenced by crosing relationships), at circa 131 + 3.8 Ma. This
event is particularly interesting simthe field evidence suggests that there are no cooling margins
between the pegmatitic gabbro veins and the host peridotite. This implies that during the
emplacement the host rock and the intrusion were roughly at the same temperature. Most likely
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the gabboic melts infiltrated when the peridotite was still under plastic deformation conditions

(Gazel et al., 2006)

On the other hand, the diabase dikes present clear cooling margins suggesting that by the
time the diabase magmatic event occurred (roughhacli2l Ma) the peridotite had already
reached lithospheric temperatures. Consequently,*¥e®°Ar ages obtained in this study
constrain the cooling of the ophiolite massif to sometime between 131 + 3.8 Ma and the youngest
of the diabase dikes, 116 + 5Ma, which coincides with a Barremian to Aptian age. This
interpretation is in good agreement with the age constraints from other authors based in the rudist
bearing reef ages, that also places the tectonic emplacement no earlier than Campanian (Upper
Cretaceous) (Meschede and Wolfgang, 1998; Gazel et al., 2006; Baumgartner et al., 2008;

EscudetViruete and Baumgartner, 2014)

5.3 Fractional crystallization models and implications for crystallization pressures

The architecture of the Santa Elena Ophiolit;ng with the variable observed cooling
textures suggests that the diabase dikes were emplaced at depths within the lithospheric mantle
(Fig. 1.3). In order to better determine these depths, we used Petr@agiushevsky and
Plechov, 2011jo produce modslthat simulate the fractional crystallization processes at different
pressures (results in Fify5 andl1.6). For these calculations, we used the olivine (ol), plagioclase
(plag) and clinopyroxene (cpx) models of Danyushevsky (2001). The cotectic crystalliwas
modeled at a 100% fractionation of these minerals in equilibrium with a liquid (L+ol+plag+cpx).
When more than one mineral phase crystallizes together, the software calculates a
Apseudol i quiduso temperatur e (rBt@dofcrystalizationh i s
of the two or three mineral phases. These PST
where every discontinuity in the line indicates a new crystallizing mineral phasé .Bamnd1.6).
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The calculations were made usimg tQFM buffer of oxygen fugacity according to the model of
Kress and Carmichael (1988)e created models from a pressure range of 0.001 GPa (1 atm) to
1.0 GPa, in 0.2 GPa increments, keeping the pressure constant during each run. The amount of
melt extrated in each step was 0.01%; this small calculation step improves the accuracy of the
model (Danyushevsky, 2001)The calculations stopped when the melt MgO content reached 3

wt%o.

To evaluate our initial hypothesis of a madean ridge origin for the meltsat formed the
diabase dikes, we input a primary magma composition for MORB (East Pacific Rise, EPR) from
Her zber g and, a®wel asragrimarg Mdymg calculated from our most primitive
diabase composition (Fid..6). Albeit, the resulting LLDs fothese models plotted in bivariate
major element diagrams were able to reproduce experimental MORB glasses at the same range of
pressures (see references in the figure caption), they failed to reproduce the crystallization trends
and compositional chang#sat can be observed in the diabase dike suite. Because aMEBRR
starting composition and our most primitive diabase sample did not describe the differentiation
path of our samples, the input composition was empirically modified by an optimizatioadneth
to include 0.5 wt% kD, 50.06 wt% Si@and 2.83 wt% N#D to the initial ERR-MORB. This final
compositionsuccessfully recreates and explains the compositional evolution of the diabase dikes.
One important result fromhis modeling is that the diabase dike compositions cannot be
reproduced by anhydrous MORB (Figh). The effect of small amounts ob® on MORB melt
compositions results in a displacement of the cotectic points (the discontinuities in the LLD) due
to the sippression of plagioclase crystallization relative to olivine and clinopyroxene (séeokig.

through e)YDanyushevsky, 2001 he estimated amount ob8 (0.5 wt%) necessary to explain
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our data is atypical for MORB, however, it still falls into the higd-erember of hydrated MORB

magmagHirth and Kohlstedt, 1996; Danyushevsky, 2001; Asimow and Langmuir, 2003)

The SiQ variation of the diabase dike suite is controlled by olivine partitioning as a
function of temperature and press@tangmuir et al., 1999). The crystallization of plagioclase
and pyroxene is most likely responsible for the increase in &6@tents at low pressures (<0.4
GPa). In the diabase dike samples, the cotectic crystallization of olivine and plagioclase is
suggested by a positive reelation between MgO and Abs (Fig. 1.5b). Using a MORB
composition, this correlation tends to be positive because increasing levels of fractionation will
lead to a decrease of MgO and>®@d in the melt due to the crystallization of olivine and
plagioclase respectively (Danyushevsky, 2001). As the pressure increases, the liquids in
equilibrium with Ol+Plag+Cpx will increase their &3 content and this can lead to a higher
modal plagioclase conter(Herzberg, 2004) FeQ shows the expected enrichment dgrin

fractionation of tholeiitic magma&immer et al., 2010)

CaO vs. MgO systematics (Fify5c andl.6) can be used to evaluate whether or not a melt
has crystallized clinopyroxene because CaO contents increase during the L+OIl and L+Ol+Plag
steps of crystalliation and promptly decrease as soon as the liquid starts to crystallize
Ol+Plag+Cpx. The sensitivity of CaO to pressure effects was evaluated by Langmuir et al. (1992)
and Herzberg (2004). The Santa Elena diabase dikes plot within the LLDs modeled froro 1 a
1 GPa (Figl.5); however, a larger set of samples plot at pressures >0.4 GPa. We also plotted our
data onto a projection of liquids for the equilibrium L+OIl+Plag+Cpx into the plane Anerthite
DiopsideEnstatite following the methods éferzberg and O'ara (1998)and Herzberg (2004)

(Fig. 1.5e). In this projection the pressures of crystallization of most of the diabase dikes also

yielded >0.4 GPa, further supporting a deep origin for the dikes. Although these values are model
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dependent and absolute pressuare not easy to obtain, our results are consistent with deep
crystallization in the lithospheric mantle rather than at crustal levels, as it is obvious in the field

exposures (Fidl.3).

The data from the Santa Elena Ophiolite were also compared to gaoahdata from
mid-ocean ridges globally, compiled Bale et al. (2013)Fast spreading ridges group around the
LLDs that belong to pressures from 1 atm to 0.4 GPa, which can be correlated with shallow depths
of melt crystallization. Correlations betwegpreading rate and depth of crystallization have been
noted by other authof&rove et al., 1993; Michael and Cornell, 1998; Herzberg, 2004; Escartin
et al., 2008)and in general, slower spreading rates are associated with deeper crystallization. In
this respect, the Santa Elena Ophiolite diabase dikes show a range of pressures of crystallization
that are consistent with deep crystallization environments. These pressures (>0.4 GPa) correspond
to depths >15 km (assuming an average density of ~3.C @gcrthe oceanic lithosphere). The
results are in good agreement with the estimated pressures of partial crystallization at the top of
the melting regime in slow and ulisdow spreading ridgefHerzberg, 2004)thus, providing
supportive information for a sloto ultraslow spreading rate for the extensional environment

preserved in the Santa Elena Ophiolite.

5.4. Trace element signatures and tectonic implications

In order to further understand the tectonic environment in which the Santa Elena Ophiolite
formed, the diabase dike trace element compositions were normalized to a Primitive Mantle
composition (McDonough and Sun, 1995). Priminemalized data are depleted in the most
incompatible elements, such as the LREE, consistent with the trace elementitompbdsa
depleted MORBike source(Salters and Stracke, 20045ig. 1.7a). When the trace element

patterns of the Santa Elena Ophiolite are compared with other primdivealized trace element
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compositions of other extensional tectonic environments;esults are similar to signatures that
are found in slow to ultralow spreading ridgesnd backarc spreading centers, but always at the

depleted end of these environments consistent with a normal MORB signatutegig.

Because magmas record informati@bout their original tectonic setting of formation in
their traceelement signatures, a series of geochemical proxies have been identified that can be
used to discriminate palgectonic environments (e.g., Pearce, 2008 and references therein). In
orderto better determine the tectonic environment that formed the Santa Elena Ophiolite, we used
fluid-immobile elements to distinguish between a-migan ridge environment and a subduction
influenced environment. For comparison, we compiled geochemicalrdatasérious ophiolites
(Mayari-Baracoa Ophiolitic Belt, Oman, Newfoundland, Josephine, Mirdita, Macquarie Island,
Ingalls, Tangihua, Shuanggou, Kizildag, Anatolia, Troodos, [Buakbma La Monja, La
Desideradpas well as trace element data from otherresital environments (Atlantis Massif,
Atlantis Bank, San Souci volcanic formation, Atlantic oceanic crust of ca. 121 Maslalva
spreading ceers, backarc basing and plotted along with the results from the Santa Elena

Ophiolite and the Murcielagol&énds pillow basalts in Fid..8.

In these fluidimmobile element systems the mantle array is defined by where MOIRB
data plots. Data that plots away from this array suggests the influence of subduction processes or
crustal interaction, as for example,nmgades that belong to SSZ ophiolites such as Oman,
Newfoundland, Ingalls, Anatolia, and Kizildag, plot away from the mantle array as indicated by
the fisubduction interactiono Vvectlda). Sasarlys hown
as shown intlte Ce/Nb vs. Th/Nb diagram (Fi@.8b), the subduction influenced samples plot
towards higher Ce and higher Th. Ce can be considered as a proxy)OfaoRtent, since both

elements have a similar incompatible behavior during melif@aunders et al., 1988This
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diagram provides an easy visualization of the effect of increasing subduction interaction, which is
especially evident in SSZ ophiolite samples. Bigc shows the Th/Yb vs. Nb/Yb diagram first
developed by Pearce (2008). Th and Nb are-lwedwn proxes for subduction input within a
system, as Th is carried by subduction fluids (especially sediment recycling) and Nb is retained by
a residual phase in the subducting fdfood et al., 1979; Pearce, 2008; Pearce, 201H4)s,
samples influenced by subdion fluids trend towards higher Th contents and lower Nb contents
relative to the mantle array. This is why samples coming from-aackasins plot parallel to and

higher than the mantle array and SSZ ophiolites also show an upward trend.

Our results inttate that the Murcielago Islands pillow basalts plot well into the mantle
array limits, trending towards the enriched endmember of MORB. Meanwhile, the Santa Elena
Ophiolite diabase dikes plot on the limits between the data fromdradkasins and slow ultra
slow spreading ridge MORB consistent with our previously discussed major element results. In
comparison with the global compilation, our data also show similarities with the Atlantis Massif,
Atlantic oceanic crust, and the Atlantis Bank (Hidga, band c). The location that shows the most
consistency with the diabase dikes are the tholeiites from the Mirdita Ophiolite in Albania. This is
a Jurassic ophiolite interpreted as a transition from a MORB to a SSZ envirofbiiektand
Furnes, 2009)SantaElena intrusions are also geochemically similar to the Continental Margin
Ophiolite classification oDilek and Furnes (2014yhich plot on the NMORSB field of the mantle
arrange and towards the upper limit. Therefore, our diabase dike samples reseB8-&ypk

magma that show only a fAhinto of subduction

5.5 Mantle signatures from radiogenic isotopes

Radiogenic isotopes are a reliable way to evaluate the source of a given sample, since they

do not fractionate during magmatic processes asamelting or crystal fractionation. In terms of
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radiogenic isotopes, MORB was thought to be derived through melting of a homogeneous mantle
reservoir (the upper mantle). However, more recent studies reveal the significant variations in the
radiogenic istope ratios indicating that it is more likely that they are generated from mantle
sources that are heterogene@8alters and Stracke, 2004; Workman and Hart, 2086jopic
variability in MORB from fast spreading and slow spreading ridges may diffendajgeon the

mixing mechanisms intervening in the systems. In this regard,-so@é convection contributes

to mixing of different sources at slow spreading ridges, producing geochemically homogeneous

reservoir{Samuel and King, 2014)

The new age coroted (accounting for the source evolution in ~121 Ma) data from the
Santa Elena Ophiolite mafic dikes are presented in F83. The diabase dikes share isotopic
signatures that resemble those from baegkbasins and slow to ultsdow spreading ridges and
are separate from those of fast spreading ridges {Fy. This is consistent with the results
discussed above for major and trace element compositions. The diabase sampféSrffad
values between 0.70285 and 0.70357 (E8g), which are on the highend for NMORB but not
as high as the range of EMORB. Also, they overlap with the 18(&f®Sr values for baclarc
basins. The UNd values obtained for the diabac:
against’Srf°Sr they overlap with data from slow and ultraslow spreading ridges, and with data

from back arc basins to a lesser ex{&ng. 1.9a).

The data also show that the diabase dikes are more enricélif’*Pb,2°’PbF*Pb and
208ppPO4pp than depleted DMM (Fid.9b, ¢ and d), following a linear array that suggests a mixture
of a depleted component and an enriched componeavitl)(Emost likely due to smalscale
convection, a consistent characteristic in skpweading system®&amuel and King, 2014The

EMII mantle reservoir is interpreted as deep mantle storage of metasomatized oceanic lithosphere
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or subcontinental lithospére(Workman et al., 2004 Petachment of subontinental lithosphere
may occur during continental break (Saunders et al., 1988)herefore, this isotopic signature
can be correlated with the remnants of lithospheric mantle components disseminatgdheurin
opening of the Atlantic and the pre@aribbean ocean. Additionally, the presence and mixing of
these likely subductiemodified remnants of the stdontinental lithosphere could account for the

subtle subduction signature evident in our samplesdiseassion in Gazel et al., 2012).

5.6. Paleotectonic setting for the Santa Elena Ophiolite formation

Data presented in this work shows that the Santa Elena Ophiolite preserves structural and
geochemical evidences for an extension environment of form&tibather it is a migbcean ridge
or a backarc basin environment is still a matter of further constraints, such as paleomagnetic
surveys and detailed tectonic reconstructions. However, the similarities with data coming from
backarc basin tectonic settindike Lau Basin and Marianas (Fify8) suggest that Santa Elena

Ophiolite might have originated from an analogous setting.

Moreover, the Santa Elena Ophiolite characteristics are comparable with the structure and
geochemical affinities present in some awe core complexes (OCC). For instance, the Godzilla
Megamullion located in the extinct Parece Vela Rift in the fmackbasin of the Marianas (Fig.

1.10) consists of an exposed lower crust to mantle sequence of plutonic rocks including peridotites
(Iherzoltes and harzburgites), gabbroic and diabase intrusions and a varying presence of a basaltic
crust(Ohara et al., 2001; Ohara et al., 2003; Loocke et al., 2@H3)ilippo et al. (2013also

mention that the basalts retain their MORB affinity and thelE RRd isotope compaositions appear
enriched by a minor slab component. OCCs like the Kane Megam(ilick et al., 2008and the

Atlantis Massif(Blackman et al., 2002 the Mid-Atlantic Ridge, or the Atlantis Bank in the
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Indian Ridge(Baines et al., 2() also show mantle sequences consisting in peridotites, diabase

dikes and to a lesser extent gabbros.

The idea of OCCs being preserved as ophiolites has been suggested by severdi.authors
Nicolas et al., 1999; Tremblay et al., 2009; Manatschal gP@l.1; Lagabrielle et al., 2015j
Santa Elena is an OCC preserved as an ophiolite, it would explain the lack of a basaltic crust since
in many OCCs low magmatic supply is common and the basaltic crust gets variably displaced by

the hangingwall duringdetachmen(Escartin et al., 2003; Dick et al., 2008)

An alternative model for the origin of Santa Elena would be that it represents a fragment
of the Mesquito Composite Oceanic Terrf@aumgartner et al., 2008) series of accreted Pacific
oceanic temnes conformed by mafic and ultramafic lithologies. This explanation is supported by
findings of Pacific Radiolarian fauna in different Caribbean locations thadgies the opening
of the ProteCaribbean(Baumgartner and Denyer, 2006; Baumgartner e2@08; Bandini et al.,

2011) This hypothesis however is not mutually exclusive to the OCC origin, since the preservation
and emplacement of this fragment of the lithospheric mantle could have happened in the context

of accretion of distinct Pacific terras.

Finally, a ProteCaribbean origin should also be explored in future studies. Proto
Caribbean remnants have been found along the Great and Lesser fdliesre et al., 1999;
Marchesi et al., 2006; Escue¥iruete et al., 2009)For instance, sam@erom the San Souci
Volcanic Group, in Trinidad y Tobago, which have been interpreted as preserved pieces-of Proto
Caribbean oceanic crugteill et al., 2014show similar fluid immobile element signatures as the

diabase dikes explored in this study (Ri@).
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6. Conclusions

Structural and geochemical evidence suggest an extensional environment for the formation
of the Santa Elena Ophiolite. The ophiolite architecture shows clear characteristicsoafeamd
ridge origin that include suparallel and sulvertical arrangement of the dikes, coalescing
channels of melt, absence of horizontal intrusions, zones of higher density of dikes relative to
peridotite. Additionally, the lack of overlaying sequences of developed oceanic crust, the
predominant presencd therzolite as opposed to harzburgite, and the absence of significant
magma chamber or lenses suggest that the Santa Elena Ophiolite is a preserved deep section (in

the lithospheric mantle) of a méticusing zone in a slow to ultslow spreading ridge.

Major and trace element data are also in good agreement with the assessment of the origin
of the Santa Elena Ophiolite as a slow/ufifew spreading center, possibly with a limited
subduction interaction. The calculated pressures of crystallization aeecmasistent of slow to
ultraslow spreading ridges, where partial crystallization can occur deeper in the mantle since there
is a lower magma supply and thus less heat flow. However, as evidenced from our geochemical
data, the tectonic environment ofiwaition for Santa Elena Ophiolite, even though it corresponds
with an oceanic extension environment, it was not purely a®tidan Ridge nor a Bagkrc
Basin settingsensu strictpbut possibly a combination between both environments. A possible
analogouseéctonic scenario could be similar to what is found at an oceanic core complex that
developed in a baeérc basin, where the proximity to transform faults reduces the velocity of the
spreading rates and induces detachment which emplaces the lithosphelec andrthe melt

focusing zone of the system at the seafloor.
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Figure 1.1 Two models of the architecture of the oceanic crust modified from Kelemen et al. (2000) and
Cannat (1996). A) At a fast spreading ridgegmatic supply is abundant and melting occurs at shallower
levels in the lithosphere; these melts ascend and form coalescing channels (Kelemen, 2000). Melt fractions
are higher than at slow spreading ridges, which allow the development of an ocestnimdap (Cannat

et al., 2006). B) At ultraslow spreading centers, melts are triggered by detachment faulting which drives a
much deeper melting regime. Slower magma generation and lower melt fraction are characteristic of this
environment. In this modelmelt travels along a pxisting oceanic mantle lithosphere composed
predominantly of Iherzolite (Dick et al., 2003; Cannat et al., 2009).
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Figure 1.2. Overview map of the Santa Elena peninsula. A) Geologic map modified by our field
observations frm Tournon et al. (1994), Gazel et al. (2006) and EseVaaete and Baumgartner (2014).

B) Geotectonic setting of the Santa Elena Ophiolite after Denyer and Gazel (2009). C) Structural data for
the diabase dikes from the NW dike swarm and SE dike swasasurerl and corrected in this study.
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Figure 1.4 Geochemical classification of the diabase dikes of the Santa Elena Ophiolite. A) Toliat Alka
Silica (TAS) diagram (Le Maitre et al., 1989) where the samples from the Santa Elena Ophiolite display a
dominant basaltic composition. B) AFM classification diagram (Irvine and Baragar, 1971) suggesting a
predominant tholeiitic affinity for the diabasamples. Red symbols denote the new data presented in this
paper and gray fields incluslélata compiled from literatur€he dashed lines show the compositional range

of MORB data (Gale et al., 2013).
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Figure 1.5.Major element variation dgrams for the diabase dikes of the Santa Elena ophiolite. Liquid

Lines of Descent (LLD) were calculated using Petrolog3 (Danyushevsky and Plechov, 2011) at different

pressures (1.0 atm to 1.0 GPa in increments of 0.2 GPa). The crystallization procekded start at a

pri mary

magma ( PM)

t hat

has been modi fi

ed

from

t

order to explain our data. For the fast spreading ridges, we used values from the East Pacific Rise (EPR);
for slow spreading ridges we wuk&alues from slow segments of the Midantic ridge (MARR) (<60

mm/yr); for ultraslow spreading ridges we used values from the Southwestern Indian Ridge (SWIR) and

Gakkel Ridge (GAK); for back arc basins we used values from Marianas (BMRN), Lau BA&lh &nd
Scotia Back Arc (SCO) (data compiled by Gale et al., 2013).
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Figure 1.6 Variation diagrams for CaO and MgO at different initial compositions. LLDs were modeled

for pressures from 0.001 GPa (1atm) to 1.0 GPa using Petrolog3 (Danyushevsky lamd PG ). Panels

A and B show experimental glass compositions for pressures at 1 atm, 0.2 GPa, 0.8 GPa and 1 GPa. The
experimental glass data collected by different authors was compiled by Herzberg (2004) and includes data
from: Bender et al. (1978); War et al. (1979), Grove et al. (1982); Grove and Bryan (1983); Kinzler and
Grove (1985); Mahood and Baker (1986); Baker and Eggler (1987); Falloon and Green (1987); Tormey et
al. (1987); Juster et al. (1989); Ussler Il and Glazner (1989); Bartel{#991.); Thy and Lofgren (1992);

Grove et al. (1993); Thy and Lofgren (1994); Yang et al. (1996). We also compiled data from Falloon et al.
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(2001); Villiger et al. (2004); Villiger et al. (2007); and Falloon et al. (2008). The experimental data was
plottedagainst the LLDs generated for a primary magma from the East Pacific Rise (EPR) calculated by
Her zberg and 06 Ha r@adde(8)@r¥or theisamie pritharynEPRomagma containing

0.5 wt% HO (B). Note how the experimental data consistentlysplothe appropriate LLD for each value.

Also, it should be note how adding®lin these two model causes an upward displacement in the cotectic
points. Panels C and D show the data collected in this work using the same LLDs as in A and B, respectively.
It should be noted that neither of the two models seem to appropriately describe the trends in the diabase
dikes, however, the model with 0.5 wt% M added has the best correlation of the two models. Panel E
shows the diabase dike compositions with the LgBserated based on the optimized crystallization model

for our data. The model parameters used to generate the LLDs are shown in the inset. The resulting model
shows a displacement towards lower CaO and lower MgO providing a better fit for the diabples,sam
where the majority of our samples fall in the LLDs for pressures >0.4 GPa.
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Figure 1.7. Multi-element diagram showing the incompatible element compositions for the Santa Elena
Ophiolite diabase dikes normalized to primitive mantle (McDonough Sungl 1995). Shaded fields
represent the values compiled by Gale et al. (2013) from different types of spreading centers. A)
Comparison of the Santa Elena diabases and standard values of NMORB, EMORB and OIB (Sun and
McDonough, 1989). B) The blue shadedsamrepresents values of fast spreading ridges from the East Pacific
Rise (EPR). C) The yellow area represents values fromaltiva spreading ridges form Gakkel ridge
(GAK) and Southwestern Indian ridge (SWIR). Values for slow spreading segments of tAdl&nitc

ridge (MARR) are represented as a dashed line. D) The pink shaded area are values from Marianas
(BMRN), Lau (LAU) and Scotia (SCO) baelkc basins.
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since both elements have a similar incompatible behavior during melting (Saunders et al., 1988). E) and F)
Th/Yb vs. Nb/Yb diagram. Th/Nb is a wedhown proxy for subduction input within a systeas Th is

mobile in fluids and Nb is retained by a residual phase in the subducting slab (Pearce, 2008). We compiled
the most recent geochemical data for similar tholeiitic magmas related to ophiolites: Oman, Newfoundland,
Josephine, Mirdita, Macquarieldsd, Ingalls, Tangihua, Shuanggou, Kizildag, Anatolia and Troodos,
MayariBaracoa Ophiolitic Belt, Loma La Monja, La Desiderade. Information from other analog tectonic
environments was also collected: Atlantis Massif in the-Midntic Ridge, Atlantis Bak in the South

West Indian Ridge, the San Souci volcanic formation in Trinidad, contemporaneous Atlantic oceanic crust,
Aves Ridge crust, slow (Midtlantic Ridge, MARR) and ultralow spreading ridges (Gakkel, GAK and
Southwest Indian Ridge, SWIR) andckaarc basins (Marianas, BMRN, Lau Basin, LAU, and Scotia
Basin, SCO). Note that the diabase dike samples plot in the transition between a MQBE@ant and

a SSZ environment.
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@® Santa Elena Diabase Dikes

Global Mid-Ocean Ridge data (Gale et al., 2013)

Fast spreading oceanic ridges (EPR) Ultra-slow spreading oceanic ridges
(SWIR, GAK)
i Slow spreading ridges (MARR) Back-arc basins (BMRN, LAU, SCO)

Figure 1.9 Results from the radiogenic isotope analyses. Values wermectzdrto the initial ratios and
projected considering the evo®ISsriBY*WPbiAPbVEIAESI.sour ce
C) 2PbPYPh vs*PbF%Ph. Santa Elena Diabase dikes data show a mixing trend between DMM and EMII.

D) 2°%PpPPh vs2%PbPPb. The linearity of the data points also denotes the mixing of DMM and EMII.

Note that the isotope signatures of the Santa Elena diabases show similarities with data from slow spreading
ridges (MidAtlantic ridge, MARR), ultraslow spreaihg ridges (Gakkel, GAK and Southwest Indian

Ridge, SWIR) and Back Arc Basins, and separates from fast spreading ridges (East Pacific Rise, EPR).
Data from Gale et al. (2013). DMM: Depleted MORB Mantle; EMI: Enriched Mantle I; EMII: Enriched

Mantle II.
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Figure 1.1Q Similarities between oceanic core complexes and the Santa Elena OpAjolitzation of

the Godzilla Megamullion in the Parece Vela Basin, Marianas-aaxfi_oocke et al., 2013)A similar
geotectonic scenario is proposed for the fornmatb the Santa Elena Ophiolite. The architectural and
geochemical affinities of oceanic core complexes are in good agreement with the evidences found for the
Santa Elena Ophiolite. Map obtained from GeoMapApgp(/www.geomapapp.o)g B) Schematic
section of a OCC, modified from Karson et al. (2006). C) Schematic cross section of Santa Elena Ophiolite.

62


http://www.geomapapp.org/

Chapter 2: Record of Massive Upwellings from the Pacific Large
Low Shear Velocity Province

Abstract

Large igneus provinces and their mechanisms of formation play a key role in the evolution
of the planet. As the surface expression of deep mantle processes, it is essential to understand the
time frames and geodynamics that trigger these massive lava outpourhigsctitinental large
igneous provinces are more readily accessible, oceanic plateaus have only been studied through
drilling and sampling of fragments accreted to active margins, hence they are relatively less
understood. The impact of oceanic large @reprovinces in the marine biota is conspicuously
recorded in global occurrences of black shale deposits that evidence episodes of anoxia and mass
extinctions shortly after their eruption. Here we analyze the record and timing of preserved
fragments of th Pacific Ocean Large Igneous Provinces to reconstruct the history of mantle plume
upwellings and their relation with a desgoted source like the Pacific Large Low Shear Velocity
Province during the Midlurassic to Upper Cretaceous. We propose that siedermation of the
Pacific Plate circa 1875 Ma, a series of deep upwellings that interacted withaoédn ridge

systems in cycles separated by 10 to 20 Ma periodically formed oceanic large igneous provinces.

1. Introduction
Global tomography and numeal models suggest that mantle plume occurrences are
closely linked to the margins of large low shear velocity provinces (LLSMB@s3vik et al., 2014;
French and Romanowicz, 2013y these marginal zones the ascent of material from the core
mantle boundry connects deep mantle dynamics with surface processes through mantle plume

activity, forming large igneous provinces (LIPs) and some of the modern hotspot volE&unes
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et al.,, 2008; Steinberger and Torsvik, 201Pgtrological(Herzberg and Gazel,0R9) and
geodynamidWhittaker et al., 2015¢vidence suggest a link between the formation of oceanic
plateaus and the interactions of mantle plumes andogedn ridges (MOR). Even though the
causality relationship between both processes is still un@éher rifting is initiated by plume
impact or it predates plume interaction) larger volumes of upwelling mantle material will
preferentially reach the surface when impacting or captured by a(8&#ling, 1991; Whittaker

et al., 2015) Consequentlytiis possible to trace the potential interactions between MORs and
mantle plume upwellings by referencing the tectonic and magmatic evolution of the Pacific Plate
in time to the current location of the LLSVP, considering the doregl (~500 Ma) existencef

these thermochemical anomal@®rsvik et al., 2014; Mulyukova et al., 2015; Whittaker et al.,
2015) Here, we identified episodic upwellings of the Pacific LLSVP during the Mesozoic by
reconstructing the kinematic evolution of the Pacific Plate irate~168 Ma using the record of

LIP fragments, both accreted in tectonic margins and at the seafloo2(Fay. To accurately
reconstruct the paleBacific Plate layout we included both the oceanic plateaus and-basan

flood basalts, however for ¢hpurpose of this paper hereafter we will refer to both groups as
oceanic LIPs considering that the processes that formed both types of features are intrinsically
related(Kerr, 2014)as both are generated by extensive adiabatic decompression of mategral h

than ambient asthenospheric maiierr, 2014 Ernst, 2014)

2. Record of Pacific related LIPS accreted in Costa Rica
LIPs emplaced over oceanic plates become thickened, buoyant sections of the lithosphere,
making them prone to collision and accretiostead of subduction, as they reach convergent
margins by means of the normal spreading processes of the oceanifiq@datesal., 200Q)These

accretionary processes preserved a series of LIP fragments along the Pacific coast of Costa Rica,
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that rangdrom near the formation of the Pacific Plate at ~170 Ma to the last Pacific LIP at ~90
Ma, representing one of the most complete records of Pacific Plate mantle upwellindtéaefits

et al., 2000; Hoernle et al., 200&)ig. 2.1 a and b). Chronologicallithese suites of lavas can be
clustered into three groups: Nicoya | at ~140 Ma, Nicoya Il at ~120 Ma, and Nicoya Il at ~90 Ma
(Hauff et al., 2000; Hoernle et al., 200Znhe lavas preseneesh pillowrim glasses, which we

used to generateew geochronogical and geochemical data from these oceanic LIP accreted
terranes.These data were incorporated in a global compilation of radiométide/<Ar),
biostratigraphic and magnetic anomaly ages from Pacific LIPs, and they reveal periods of
enhanced magmatactivity associated with mantle plume upwellings, almost since the formation

of the Pacific Plate (Fig.1 a and b).

These Nicoya terranes were originally thought to belong to the CaribbedHadle et
al., 2004; Kerr and Tarney, 200%owever theges of the Nicoya | and Nicoya Il basalts are not
consistent with a Caribbean LIP origin. Their geochemical signature and association with black
shales that record global oceanic anoxic events Zifp) suggest that they represent fragments
of older LIPs. Therefore, to better assess their provenance, we created a series of kinematic
reconstructions to show the possible episodicity of the Pacific LLSVP upwellings as well as the

possible location where Nicoya | and Il formed.

2.1Nicoya Complex geotectonic biaground

The Nicoya Complex in northwestern Raccoast of Costa Rica (Fi@.2) includes a series
of oceanic terranes of Pacific origin that range ~170 Ma to ~80 Ma (see summary 2l Fig.
Geological studies of the Nicoya Complex exist from the ear 0 0 6 s ; however,
definition was made in the 1960s bgngo (1962)It groups a series of terranes of oceanic origin
that comprise of basaltic rocks, gabbros and plagiogranites interlayered with deep sea sediments

65



(radiolarian cherts) of Pacifiarigin (Sinton et al., 1997; Baumgartner and Denyer, 2006; Denyer
and Baumgartner, 2006; Baumgartner et al., 2088) this study we focused on the suites of
pillow basalts that are exposed along the coasts of the Nicoya Peninsulatl@dviarcielago
Islands (Fig. 2.2 At these outcrops, pillow basalt flows can be found in excellent state of

preservation, including fresh glass rims and Hpilow hyaloclastite (Fig2.3).

The origin of these oceanic accreted terranes has been related to an eadgdsatagntle
plume initiation(Sinton et al., 1997; Hoernle et al., 2004; Denyer and Gazel, 2809gtion of
Pacific MORB crus{Galli-Olivier, 1979; Kuijpers, 1980Q)ccretion of Galapagos hotspot tracks
(Hauff et al., 1997; Hauff et al., 20QQ)plift of Caribbean oceanic plateau crf@uncan and
Hargraves, 1984 However, the most accepted models for the Nicoya are the ones that involve a
pacific origin as part of the Caribbean Large Igneous Province (CRDENyer and Baumgartner,
2006) In their moel different magmatic pulses disrupted and detached from the Jurassic
Cretaceous oceanic basement along with the overlying sedimentary sequences as they erupted,
resulting in the older oceanic crust and radiolarian cherts embedded within the Caribbaan LIP

Aixenolithso.

Geochemical data from the Nicoya igneous complex clearly indicates intraplate origin;
however, many authors proposed an oceanic island arc affifvitgdberg, 1984; Frisch et al.,
1992; Meschede and Frisch, 19®4it those interpretationsere based on whole rock data that
was influenced by ocedioor alteration More recent geochemical analyses linked these mafic
igneous suites to the Caribbean LIP event as the samples are characterized by flat rare earth
element (REE) patterns, moderatghhfield strength element (HFSE) enrichments and common
radiogenic isotopic signaturéldauff et al., 1997; Sinton et al., 1997; Hauff et al., 2000; Hoernle

et al., 2004) In this study we present five netRAr/3°Ar ages, 35 new geochemical analyses
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including major and trace element data and 12 new radiogenic isotope measurements from these

Nicoya accreted terranes.

Here we propose an alternative interpretation. We suggest that the older groups of basaltic
flows at around 140 Ma and 120 Ma are fragment®ldér oceanic LIPs unrelated to the
Galapagos Hotspot but closely linked to the Pacific LLSVP from which a series of mantle plumes
(including Galapagos) have risen since the Late Cretaceous. This hypothesis reconciles the age

difference and the geochemlicamilarities between the older basalts and the CLIP.

3. Methods

3.1Geochronology and Geochemistry Methods

Fresh basaltic glasses from the hyaloclastite and pillow rims were collected from the
Murcielago Islands and the Nicoya Peninsula. These samples weidlgaselected and cleaned
in order to get the fresher pieces of glass. Glass chips e8@2%m in diameter were obtained

by dry-sieving.

To acquire thé®Ar/*°Ar data, the groundmass and mineral separates were irradiated for 60
hours at the Oregon $¢a University TRIGAtype reactor in the Cadmiurined Infore
Irradiation Tube. At the University of WisconsmMadison Rare Gas Geochronology Laboratory,
incremental heating experiments were conducted using a 25 Watta€. Each step of the
experimentincluded heating at a given laser power, followed by an additional 10 min for gas
cleanup. The gas was cleaned with two SAES C50 getters, one of which was operated at ~450 °C
and the other at room temperature. Blanks were analyzed after every secamedtasgrstep, and
were less than 5 x FOmol/V for 3Ar and 2 x 18" mol/V for *°Ar, respectively. Argon isotope

analyses were performed using a MAP1A® and the isotope data was reduced using ArArCalc
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software version 2.5 (http://earthref.org/ArArC8/). Ages were calculated from the blank
discrimination and decagorrected Ar isotope data after correction for interfering isotopes
produced from potassium and calcium in theclear reactor Ages are —reporte
uncertainties (includes the J unteémty) and are calculated relative to a Fish Canyon standard age

of 28.201 + 0.046 M&uiper etal., 2008a n d a v*&Klofib&63f 0.107 13°yr' 1 (Min

et al., 2000)

Basaltic glass samples collected from the Murcielago Islands and Nicoyesampillow
basalts rims were selected under a stereoscope microscope, and arrangettinraund epoxy
mount which was later polished for electron microprobe (EMP) analyses. Major element data were
collected at the Electron Beam Laboratory at Vigifech with a Cameca SX50 Electron
Microprobe using a 60 pm diameter electron beam at a 10 nA current a 15 kV acceleration voltage.
Trace elements were obtained at Virginia TechICRMS lab facilities using an Agilent 7500ce
ICPMS coupled with a Geolaader ablation system. Three analyses were performed in each glass
using a 90 um diameter spot and at 10 Hz repetition rate. Standards were run at the start and end
of the run to correct for drift. The data was reduced using the USGS standard¥BBRVO-
2G and BIR1G. Replicates of these standards indicate a precision of <5% (RSD) and accuracy
better than 10% for most the elements analyzednalysis of Sr, Nd, and Pb radiogenic isotope
ratios were carried out at the Center for Elemental Mgssctrometry, University of South
Carolina following established techniques for this (algy. Bizimis et al., 2013; Khanna et al.,

2014)

3.2Kinematic plate tectonic reconstruction parameters

Our new kinematic plate tectonic model is based on data dervaddifferent geological,
geodynamic and kinematic constraints. Besides our own geological investigations in Central
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America, the distribution, composition, age and evolution of the continental blocks, magmatic
provinces, suture zones, sedimentary basireaoreted complexes in Middle America region have
been systematically compiled in a gederenced data bag€lores, 2009, 2015)Our model

differs from earlier models because we integrated dynamic plate boundaries, plate buoyancy
factors, oceanic spread rates, subsidence patterns, stratigraphy and paleobiogeographic data, as
well as the major tectonic and magmatic events. Our new plate tectonic models also combine the
classically used Atlantic Ocean constraints (Pangea breakup) with the geodyn&onycdiithe
Americas active margins in order to place and reconstruct the Pacific Ocean plates. This new
approach represents a distinct departure from classical continental drift models, which only
consider displacement of continents, terranes and blockssphere and do not take into account

plate boundaries and oceanic crust geometry.

The new plate tectonic results presented here (se2.#igvere created using a geological
geodynamic approach first explained and applied Stampfli and Borel (2002) The
reconstructions were performed using an AréGlsse, which enabled us to apply and quantify
rotational motions and spreading/subduction rates to the numerous plates and tectonic blocks
involved in the evolution of the study area. Boundary conditisaspeovided by the relative
motions of the different plates with respect to a fixed Europe (Baltica). Plate tectonic concepts are
applied all along the process and plate boundaries are built and transformed in space and time.
Plate velocities can be calatéd at any time and are never in excess of 20 rcritye
reconstructions were created from the past to the present, although an iterative approach is always
necessary. The size of the ancient oceanic domains was created using geometric constraints done
by geometry of Pacific and Atlantic oceans magnetic isochrseesFig2.5; Muller et al., 1997,

Mdller et al., 2008jand by the ages of collision events recorded in the Middle American region
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(Flores et al., 2013; Flores et al., 2015 and references riheféie lithospheric plates were
constructed through time by adding/removing oceanic crust to the major continents and terranes.
Plates were created systematically using tight fits in order not to underestimate crustal extension.
Each plate was moved steg step, as single rigid entities. The only evolving elements are the
plate boundaries, which are preserved and follow a consistent geodynamic evolution through time.
This methodology offers us a good control on plate kinematics and geometries, whide pewi

constraints for plate tectonic scenarios and their relationship with the geological record.

Data and methodology applied here are part of a larger global geodynamic database created
in order to support plate tectonic reconstruction extending freniLélte Neoproterozoic to the
Cenozoic. Examples of this new approach can be foukida@hard (2008; whole globeBagheri
and Stampfli (2008; IrapnMoix et al. (2008; Turkeylerrari et al. (2008; Southeast Asiajpn
Raumer and Stampfli (2008; Rheic @og Flores (2009; Central Amerigé§tampfli and Hochard
(2009; Alpine realm)Vérard et al. (2012a; South Ameriéatarctica) Wilhem et al. (2012;
Altaids), Vérard et al. (2012b; Global Euler poles distributigéjard and Stampfli (2013a; 2013b;

Austrdides)andStampfli et al. (2013; Pangea)

4. Results

4.1 Fresh pillow lavas glass rims vs. whole rock analyses

Immediately after basaltic lavas erupt in deep oceanic environments, the thermal differences
between seawater and lava creates a quenching glassoumd the pillow basalt (Fig2.3).
Numerous authors have described the physical and chemical dynamic of such interaction, which

usually results in an exchange of dissolved cations between seawater and the newly formed oceanic
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crust (Fig.2.6) (Bach et al.2001; Stroncik and Schmincke, 2001; Foustoukos and Seyfried, 2007;

Seyfried et al., 2013)

During the quenching process, a decrease of volume occurs, allowing the development of
several sets of radial cracks surrounding the pillow basalts. These cotig @nable the
seawater to percolate inside the hotter interior of the pillow where it reacts with the pillow cores
(Scott and Hajash, 1976hese interactions result in different geochemical signatures for the inner
pillow basalt and their glass riniScott and Hajash, 1976; Seyfried et al., 1998; Polat et al., 2003;

Staudigel, 2003)

Large lon Litophile Elements (LILE) behave similarly during hydrothermal alteration and
during melting processes, i.e., they partition strongly into the fluid phase. Hekak elements
like Rb, Sr, K, Mg, Ca, Na, and Ba show variations in content from rims to cores in pillow basalts
displaying a mobile behavior. High field strength elements (HFSE) such as Al, Ti, Th, Zr, Nb, and
Ta and to some extent heavy rare earémeints (HREE) are less mobile in fluid phases during
hydrothermal alteration, which results in their contents remaining unchanged from rims to cores

in the pillow basalt¢Polat et al., 2003)

Consequently, pillow glass rims are usually enriched in elesridat Fe, Mg, Mn, and Rb
while showing depletions in Si, Ca, Na, K, Sr and Pb. The latter elements tend to percolate inside
the pillow basalt and enrich the core of the pillow bag#itdat et al., 2003)These patterns in
element behavior motivated wsd¢omparatively analyze the core and the glass rims of the pillow
basalts from the Nicoya eeted oceanic terranes (Fig62 Peaks in elements like Rb, Ba, K, Pb
and Sr show an enriched signature in the pillow cores when performing analyses in bulk rock
pillow core and/or rim. However, when the analyses were made in situ in the fresh basaltic glasses

of the rims an opposite tracesgient pattern is evident (Fig. 2.6lence, by analyzing the glass

71



rims instead of the bulk core sample we can avoid thetaffeseawater interaction and obtain a
clearer signature of the original lava composition. This is of most importance given that the pillow
core enriched signature can be interpreted as an arc signature when actually it is an artifact of

seawatefava ineraction, which can result in misled interpretations of their origin.

4.2 Geochronology synthesis of accreted LIP terranes in the Nicoya Peninsula

In order to guarantee an acceptable quality in the data, we chose only the samples that
yielded arf®Ar/3°Ar plateau age (witi°Ar% higher than 50%) or samples that generated inverse
isochrones ages for our study. Also, we used only data obtained #esii&pg techniques in order

to avoid anomalous stgystems within the measurements due to Ar loss or inherited Ar

Previous studies have publishedAK ages for the Nicoya Complex oceanic rocks;
however, these ages are not included in our compilation because the low potassium contents of the
basalt suites and the varying degrees of secondary seafloor alteratidodattmcertainty to the
measurements. Altered samples can be subject of partial loss of radigemerived from in

situ decay of°K which can lead to an under/over estimation of the crystallization ages.

Our work includes the*®Ar/3°Ar geochronologial analyses from the Nicoya Complex
reported in previous works I8inton et al. (1997Hauff et al. (2000pndHoernle et al. (2004)
In this work we present five new ages from El Coco (137.09 + 2.48 Ma), Murcielago Islands
(113.43 + 3.48 Ma), inner Nicay(89.3 = 4.3 Ma), Junquillal (79.9 £ 0.7 Ma), and Marbella (77.2
+ 2.7 Ma). The ages from El Coco and Murcielago Islands were measured in fresh pillow basalt
glasses and they belong to the Nicoya | and Il LIP pulses. Samples from Junquillal, Marbella and
inner Nicoya are from diabases and belong to intrusive events related to the main and subsequent

pulses of the Caribbean LIP.
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4.3Summary of Pacific LIP geochronology and geochemical signatures

Considering the same criteria, we used to filter the radiomeges flsom Nicoya Complex,
we compiled the available geochronological data for Pacific LIPs. Most of theagesded for
the Pacific LIP$elong to drill core samples from DSDP, ODP, IODP and GEOMAR expeditions

and drilling projects.

For our study we needdo compile only ages from the igneous basement of these Pacific
LIPs, however this was not possible in some drilling sites like in thePdific Mountains and
Hess Rise. In these cases, we used the available biostratigraphic and estimated magradyic anom
ages as an approximation of the minimum age of the basement. Further constraints on the ages of

these LIPs are interpreted from the paleotectonic reconstructions.

The available geochemistry data for the Pacific oceanic LIPs come from extracted cores
from deep seafloor drilling surveys andland accreted fragments. We filtered the data to include
only analyses made on tholeiitic basalt samples from the LIPs. Alkaline basalts drilled or dredged
from seamounts and guyots on top of the LIP base weredexthecause these are likely a product
of later stages of tectonic disruption as the LIPs separated and drifted apart by means of normal

oceanic spreading procesgisrr et al., 2000)

4 4 Kinematic evolution of the Pacific Plate and LIPs formation

Many models have been created to describe the Pacific Plate tectonic evolution since its
formation during the Early to Middle Juras@8artolini and Larson, 2001Most of them are based
on (a) matching magnetic lineations in places where both sides of the spreading ridge are
preserved, (b) reconstructing older magnetic lineations in areas where they no longer exist, (c)
using fixing Atlantic and Pacific hotspot as framework to calculate relgii@te motions, and/or

(d) interpreting the onshore geology such subduction complexes, accretionary terranes, ophiolites
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and largerscale crustal deformatiofseton et al., 2012 and references therédyr kinematic

model combines all the above mentioraggbroaches and also allows us to geometrically test the
previously proposed models. A similar approach as (a) was used to match isochrones 50 and 60
on the Pacific, AntarcticaNazca and Cocos plates (Fig.)2.5he latter clearly evidence the
asymmetry a the Pacific Ocean spreading centers. Asymmetric counterpart isochrones for 13y,
180, 210, 25y, 31y and 34y were constructed on the Farallon Plate seafloor from the Oligocene to
the Campanian (e.g., Fi)4 i-k). A combination (b) and (d) approaches wesed to reconstruct
isochrones during the Cretaceous Normal Superchron 2Eig-h), as well as to reconstruct
counterpart isochrones for MO, M10, M16, M25, and M42 (Eig-e). Finally, isochrones M21

and M4 were used as kinematic constrainers fog#oenetric evolution of the Pacific Plate during

the Late Jurassic to Early Cretaceous.

The origin of the Pacific Plate is thought to start at ~170 Ma at a triple junction of
the lzanagfarallorPhoenix plates in what was the Panthalassa O®ation etal., 2012) In
contrast to almost all existent models, we suggest that the onset of the Pacific Plate triangular shape
(Fig. 2.4a) occurred in an intraoceanic swgrgbduction tectonic settin@serya et al., 2015)n
this tectonic scenario the Pacific Rlatarted due to extension, rifting and subsequent spreading
of a series of continental and oceanic island arcs that lately collided along the continental margin
of northeastern Asia, and North and Middle Ame(Baumgartner et al., 2008; van der Meer et
al., 2012; and references thereije did not use any of the current Cretacetwsssic absolute
plate motion models for the Pacific pldgeg. Wessel and Kroenke, 2008; Chandler et al., 2012)
None of these models provide us a suitable geometry fesiéimel arcs that diachronously collided
along the Middle America region. The timing for those collisions was estimated based on the ages

of the exhumation of subduction related complexes (Flores et al., 2013, Flores et al., 2015 and
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reference therein). N@theless, our kinematic reconstructions do not significantly differ from
those onMller et al. (2016, see Fi@.7), which integrated the above mentioned absolute plate
motion models. In our reconstructions, the Triangle of Pacific plate display féenedif rotational

paths inside the LLSVP edges (F&a), initially a clear south migration is observed from ~168

Ma to ~132 Ma (Fig.2.8b). A small step backwards is followed by a steady SW rotation occur
from ~120 Ma to~103 Ma (Fig.2.8c). A ~10 Ma revesal period of rotation towards the NE is
observed (Fig2.8d) before its final NW migration recorded from ~68 Ma to the present (Fig.
2.8e). These rotational paths can be correlated to the growth, migration, and collision of the various
island arcs thatisrounded the Pacific plate since ~168 Ma&d as well as the establishment of

a continued eastward subduction zone along the Americas after the formation of the modern
Caribbean plate around 68 Ma. The latter, detached the Pacific plate from thearsignand

triggered its current rotational path towards the NE modern convergent boundaries.

At our M42 reconstruction (~168 Ma) the oldest sections of the Pigafetta Basin were
already emplaced and our reconstructions suggest a correspondence betwdéearadNt@ limit
of LLSVP in the northern area of the Pacific triangle; in agreement with radiometric ages from
Koppers et al. (2003)During the~154 Ma reconstruction (Fi@.4b), the Pacific Plate rotates
south triggering the migration of the triple pbilmteractions between the MORs and the northern
margin of the LSSVP are geometrically plausible; however, no upwelling of the LIPs has been

recognized at this time.

As spreading progresses, the Pacific Plate expands and continues migrating towards the
sauth. At ~142 Ma Shatsky Rise eruption marks an upwelling of the LLSVP ZHig). At this
time, in our reconstructions the MeRhacific Mountains basement, the Magellan Rise and the

Nicoya | terrane were being formed at the location where the MOR and_8¥H_coincided.
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This interaction is plausible until th€.32 Ma reconstructions (Fig.4d), suggesting that the LIPs

formed during a period of at least 10 Ma.

According to several autho(stiller et al., 2008; Seton et al., 201@jca Early and mid
Cretaceous an increase in the seafloor spreading velocities occurred. A slightly northeast rotation
can be suggested based on the orientation of M4 and MO isochrones. Moreover, a ridge jump of
the northeastern and southern MORs are proposed. These ridge ponie iolder crust of the
Pacific Plate satisfactory explained the geometry change and truncated nature of the M4 and MO
isochrones (Fig2.4e). The latter coincides with the beginning of the Cretaceous Normal
Superchror{Olson and Amit, 20153nd with tle time of onset of the southern LIPs: Ontaaya,
Manihiki, Hikurangi plateaus, along with the Nauru Basin and East Mariana @asstillo et al.,

1991; Castillo et al., 1994; Taylor, 2006; Chandler et al., 2012; Seton et al., Pal@ver,
according ¢ our reconstructions, certain sections of the northern MORs were also active forming
the Nicoya Il terrane and possibly the elongate basement section-&fadific Mountains as well

as oldest basement of the Hess Rise that has not yet been reachiiddpgxiveditions. Our work
suggests that this time constitutes possibly the largest upwellings of the Pacific LLSVP recognized

so far in the history of our planet.

Due to the lack of magnetic lineations during the Cretaceous Normal Superchron, we create
three kinematic plate tectonic reconstrucsiost 112, 103, and 95 Ma (Fig.4 f-h) using
reconstructed isochrones at symmetries and spreading rates that would provide a seafloor geometry
to satisfactory explain collisions and other major geologicdltantonic events recorded on the
Middle America active margin. At the 112 Ma (FR4f), we propose a new ridge triple point
formation in the southern Pacific Plate MOR, which connected the Pacific Plate with a new

southeastern oriented ridge that opeperpendicular to Phoenix Plate seafloor. This triple point
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will allow the separation of the Manihiki and Hikurangi LIPs from the Onidenp Plateau.
Interactions between this triple point and the southern margin of the LLSVP probably are

responsible fortte youngest sections of the Hikurangi Plat@avy et al., 2008)

At 103 Ma (Fig.2.4 g) the plate reorganization is still ongoing, a ridge jump in the
southeastern Pacific Plate MOR takes back the Manihiki Plateau into the Pacific Plate. While the
Hikurangi Plateau moves south within the Phoenix Plate. There is no identified LIP pulse recorded
in the Pacific seafloor at this time; however, in our model a potential interaction between the MOR
and the LLSVP margin at the northern section of the Pacifite Rleay suggest the possible
formation of LIPs at this time. The undated Alaskan Yakutat Oceanic Pl@&asteson et al.,

2010; Worthington et al., 2012)ay represent a potential LIP that forms at this time along the

PacificFarallon MOR.

In our 95 Ma(Fig. 2.4 h) reconstruction, the Pacific Plate change its rotation path and starts
to migrate towards the northeast. Simultaneously, the Hikurangi Plateau gets closer to future New
Zealand margin. A potential interaction between the LLSVP eastern madjiheaRarallon Plate
southerreastern MOR are proposed as the responsible to generate the beginning of the Caribbean
Plateau plume upwelling. It is likely that the plume that ascended from the limits of the LLSVP
was captured by the curved MOR, which exmdahe shape and orientation of the Caribbean LIP.

As the Farallon Plate moves towards the northeast, the Caribbean LIPs collided with the South
America margin as well as with the irt@merica island arc circa 84 Ma (Fig4 i). The latter

will produce subduction inversion and subsequent migration of the Caribbean Plateau into the

Americas. At the same time the Hikurangi Plateau collided with the future New Zealand margin,

the Phoenix Plate continues to subduct into the Antarctica margin, and the Platdiceverses

the sense of it migration and started to move towards the north.
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During our ~68 Ma and ~56 Ma reconstruction (F2# j-k) the Caribbean LIP is
positioned in between the Americas and as the plate kept moving towards the east, subduction
initiation occurs in its western boundary, forming the early Central America Trench. In the
northern Pacific Ocean, the Kula Plate MOR underwent some instability producing a ridge jump
that captures older seafloor from the Pacific and Farallon platesdimglthe potential LIPs
formed at 103 Ma such the pased Yakutat Oceanic Platedine latter will be accreted to the

North American margin during the Eocefidafker et al., 1994.)

5. Discussions

5.1Reconstruction of the Pacific Plate and Implications for Uplling Cycles of the
LLSVP

By superimposing the limits of the current Pacific LLS{B#&cker and Boschi, 2002n
the surface of our kinematudate tectonic reconstructiomge can assess the potential interactions
between the location of MORs and potentipivellings of the LLSVP in time (Fig.1a). Many
of the existent Pacific tectonic reconstructions used only the position of hotspots as a fixed
reference frame; however, this can introduce inconsistencies due to hotspot movement in large
time scales since |l umes coul d be affected by mantl e fAw
(Jellinek et al., 2003; O'Neill et al., 2005)herefore, in order to create a more accurate
reconstruction, in our kinematic model we used an integral combination of paleomagnetic
aromalies (reportedMdiller et al., 1997)and reconstructed) with seafloor geometry (MORs,

magnetic anomalies and relative locations of hotspot), and the geological and kinematic evolution

of the circumAmericas active margins.

Our model evidences a closdatenship between the formation of Pacific LIPs, the paleo

locations of MORs, and the margins of the Pacific LLSVP at specific times. At ~168 Ma our
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reconstruction shows the birth of the modern Pacific Plate and on itsvmestarn border, close

to the LLSVP margin, the emplacement of the Pigafetta Basin g4g). This basin contains the
oldest oceanic crust of the Pacific Plate (~180 Ma(Pringle, 1992; Fisk and Kelley, 20023nd

can be associated with a potential deep upwelling at the northegesbéthe LLSVP boundary.
Even though the Pigafetta Basin is considered an duasin floor basalt type of oceanic LIP, its
formation could be related to the interaction of the mantle plume derived from the Pacific LLSVP
and a MOR. This interpretation is8 good agreement with the high resolutit¥r/*°Ar data

collected byKoppers et al. (2003nd withprevious reconstruction models

Chronologically the next series of Pacific LIPs include the Nicoya I, Shatsky Rise, and
Magellan Rise at ~140 Ma along tivithe plateau basement that contains the-Rédific
Mountains (Fig2.4c). In the ~140 Ma reconstruction, the LIPs fit along a northern MOR that
coincides with the LLSVP margin at that time, except from Magellan Rise, which forms at a MOR
further to the sutheast. The MidPacific Mountains seat over an abnormally elevated seafloor area
that have been interpreted as a 1@i@taceous Superswell. The seamounts and guyots that
constitute the MiePacific Mountains, some of which have been drilled by DSDP arfél ©@ises,
display*°Ar/3°Ar ages between 12828 Ma(Winterer et al., 1993oweverthe main bathymetric
height that constitute their basement has not been successfully reached by drilling and its age is
thought to be as old as Upper Juragsiwer CreaceougWinterer et al., 1993)The isotopic and
geochemical enrichments of the alkali basalts recovered from these seamounts and guyots are in
agreement with a volcanism controlled by shallow mantle processes and the tectonic stresses
within the originalplateauJanney and Castillo, 1999 ence, here we hypothesize that the-Mid
Pacific Mountains represent a rejuvenated stage of a much older oceanic LIP that had its main

volcanic constructing pulse circa 140 NW&interer et al., 1993)This oceanic LIP ggears in our
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~140 Ma reconstruction notably alongside the oldest suites of the Nicoya | terran2.1b)g.
accreted in Costa Rica. We propose that the Nicoya | oceanic terrane constitute a drifted piece of

that LIP which was subsequently accreteth®mast of Costa Rica (Fig.4b).

In the ~120 Ma reconstruction a major episode of upwelling from the Pacific LLSVP
generated the | argest oceani c -lavaPMaihikieamdor d e d
Hikurangi LIPs (Fig2.4e) which are thought to haverupted synchronously as a single plateau
that was later rifted apatKerr and Mahoney, 2007; Hoernle et al., 2010; Timm et al., 2011;
Chandler et al., 2012The East Mariana Basin and Nauru Basin oceanic LIPs also formed at this
stage. These LIPs are gmibly related to the formation of the Ontedayva, Manihiki and
Hikurangi Plateau ever{Hoernle et al., 2010yhich could have extended laterally, creating a
thinner structure than the main plateau event. Younger seamounts from rejuvenated stages on top
of these LIPs record intqplateau deformation and low degree of partial melting of shallow
heterogeneitieHoernle et al., 2010)xand thus are not representative of deep mantle upwellings
as considered in other studigan Keken et al., 2002)n our malel, these LIPs formed along an
eastwest oriented MOR near the southern LLSVP margin. Likewise, at the northern edge of the
LLSVP a potential upwelling reached a MOR at this stage. This upwelling triggered the eruption
of the ca. 120 Ma basaltic suitesithvere accreted in the Nicoya Peninsula (Nicoya II, EiQ.

We propose that the Nicoya Il terrane formed alongside the younger section of tRad¥fid
Mountains basement, but on the northwestern side of the MOR, causing the Nicoya Il terrane to

migrate towards the western margins of the Pacific Plate 2HEg).

Our model is also in good agreement with chronologic and geometrical data, which suggest
that there is a section of the Hikurangi Plateau that is slightly younger than atcangnd

Manihiki (Timm et al., 2011jFig. 2.4f). At the ~112 Ma reconstruction the interactions between
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the southern margin of the LLSVP and a MOR triple point separated the Hikurangi LIP from the
other plateaus; this upwelling is likely responsible for forming thengeu sections of the
Hikurangi PlateauFig. 2.1b and2.4f). In the case of the Hess Rise, at the DSPD site 464
(Shipboard Scientific Party, 19813ediments of Albian (~11B00 Ma) age have been drilled,
suggesting that the basement below could be old®r the radiogenic ages of the recovered
material. Our model shows that this basement was possibly formed at the northern limits of the
LLSVP margin between 12012 Ma (Fig.2.4e and ). Ages from the Nicoya Il terrane circa 110

Ma also suggest that activpwelling was taking place at the northédrtSVP edge at this time

(Fig. 2.41).

Interestingly, there is no record for Pacific Ocean related LIP formation at ~103 Ma;
however, our model suggests an interaction between a MOR and the northern edges®Vihe LL
potentially triggering the formation oha.IP at this time (Fig2.4g). A plausible candidate could
be the undated Yakutat oceanic terr@orthington et al., 2012)which initially collided with
the North American margin, then translated alongribegin and became emplaced at the southern
Alaska marginWorthington et al., 2012Furthermore, this raises the possibility of the existence

of upwelling pulses of the LLSVP that have not yet been identified in the geologic record.

The youngest PacificLSVP upwelling pulses at ~90 Ma, include the Caribbean LIP and
the younger parts of the Hess Rise. Recovered fragments of the Hess Rise of ~90 Ma show clear
geochemical signature consistent with a I(ARingle and Dalrymple, 1993At the ~95 Ma
reconstruton (Fig. 2.4h) the Caribbean Plateau is forming by a plume connected to the
easternmost part of the LLSVP in a near equatorial location. Although the interaction between the
LLSVP upwelling and the midcean ridge is only evident in the southern regiasuggest that

the plume was captured by the raidean ridge(Jellinek et al., 2003)hence the northward
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configuration of the LIP, and probabdjill interacting until ~67 Maa similar model has been
proposed to explain the massive volume and configuraif the Ontong Java, Manihiki and
Hikurangi even{Chandler et al., 2012}Fragments of the Caribbean LIP have been identified in

the Nicoya Peninsula as suites of massive basalts, diabase and gabbro intrusions. Radiometric
4OAr/3°Ar ages group theseises of oceanic rocks between 92.5 and 83.2 Ma ZFi), consistent

with the ages reported for the Caribbean Plateau in the region (€amib8olombia, Ecuador;

Fig. 2.1b)

5.2Geochemical and petrological evidence for plumédge interaction in oceanic LIP
formation

We applied geochemical constraints to further evaluate the provenance of the Nicoya
terranes and their possible relation with other Pacific LIP events. Our samples display flat REE
patterns (La/Yb= 141.6) (Fig.2.9a), which have been interpeet as the result of the high melt
fractions (2030%) characteristic of the head stage of mantle pl{Meszberg and Gazel, 2009)
Although large melt fractions produced by the upwelling of a hot plume head will result in a
homogenization of the melts, tirace element and isotopic compositions of oceanic LIP basalts
can also suggest mixing between enriched components ascending within the mantle plume and
entrained depleted material. As an example in La/Yb vs. Th/Yb spac Jay.all the data from
ocanic LIP basalts (including our new data from the Nicoya terranes) can be explained by mixing

between depleted and enriched MORB/OIB-emeimbergKerr et al., 1995)

Along the same line, the radiogenic isotope data from the Pacific LIPs require a mixing
relationship between a depleted MORB mantle (DMM) and a HIlKE mantle reservoi(Kerr
et al., 1995; White, 2010Enriched mantle components like HIMU have been attributed to

recycling of ancient subducted oceanic lithosphere and carbonated sed®@aailts, 2015)that
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persist for billions of years as heterogeneities ponded at ther@ore boundaryBurke et al.,

2008) at the location of the LLSVP (Fig2.4a). Once these heterogeneities destabilize and
buoyantly ascend they entrain and mix with the@unding ambient depleted mantle. Lavas from

the Pacific LIPs show enrichments towards a HIMU component, when plott&&Pbf%Pb vs
205ppPY4pp space (Fig2.9c). The Nicoya | and Il terranes seem to share this same isotopic
signature. It should adsbe noted that the samples from the Pacific LIPs erupted at the northeastern
edges (i.e., Shatsky, Nicoya | and Il, Caribbean) of the LLSVP show a steeper isotopic trend than
the values from the southern LIPs (i.e., Ontong Java, Manihiki, Hikurangi)idgrentslight
difference in their source compositions (R2c). This is also evident in the hidield strength
elements (e.g., Nb/Yb Fi@.%) systematics as well asittNdA*Nd vs.2°PbPoPb space (Fig.

2.9d) where Nicoya | and Il terranes platngarly to Shatsky and Caribbean LIPs. Samples from

the Manihiki Plateau require another isotopic reservoir (lower in both Nd and Pb isotopes) not
evident in the rest of the LIPs. But overall, the trace element and isotopic compositions found in
these LIB are remarkably similar, suggesting that perhaps mantle plumes ascending from the
LLSVP are tapping a common deep soydaekson and Carlson, 2011; Jackson et al., A614})

2.10a).

Our tectonic reconstructions as well as the geochemical signaturesef flavas suggest
that in order to produce the Pacific LIPs there was an interaction between upwellings at the edges
of the LLSVP and MORs at the surface. Therefore, the major element composition of the primary
magmas should be consistent with a deep soeltce that also was able to reach relatively shallow
levels through a MORHerzberg and Gazel, 2009)o test thidhypothesisye updated the work
of Herzberg and Gazel (200@jth new modetd primary magmas using PRIMEBTHerzberg

and Asimow, 2015)Caonceptually, the initial melting pressures represent the pressure at which the
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mantle adiabat crosses the peridotite solidus, and the final melting pressures possibly represent a
rheological boundary like the lithospheasthenosphere boundary, or in exteemases the

exhaustion of a fusible mineral phagegrzberg and Asimow, 201%Fig 2.10 b-d).

Using the FeO and MgO contents from the calculated primary magmas we determined the
initial and final pressures at which melting occurfddrzberg and Gazel, @0; Sakamaki et al.,
2013)(Fig. 2.11). Of particular importance are the average final melting pressure results for LIPs
which are between 2.5 and 1.5 GPa, overlapping with modern MORB data; we interpret these
results as the interaction between deep mampeellings and migbcean ridges during the
formation of oceanic plateaus. In contrast, in recent OIB locations the average final melting
pressures are >2.0 GPa consistent with the upwelling of thermal anomalies beneath thick
lithosphere. The two exceptisrare Iceland being formed near a rigBalton et al., 2014and
Pitcairn that formed on top of young oceanic ci¥8bodhead and Devey, 1993)he positive
correlation between SgO(and thus silica activity) of primary magmas and the final melting
pressues (Fig.2.11a) confirms the fact that LIP melting reached shallow le{tedsgmuir et al.,
1992b) On the other hand, the length of the melting column (as definednfay-Mnal) is
significantly higher for most LIPs compared to modern MORB and @iB,aonsistent with high
melt productivity that characterize LIPs (FAd.1b) due to the excess temperature in their mantle
source(Herzberg and Gazel, 2009; Coogan et al., 200¥p also found a negative correlation
between average MNa cotents and melfraction (Fig. 2.11¢ in agreement with similar
correlations previously shown in global MORB systemdtidsin and Langmuir, 1987; Langmuir
et al.,, 1992h)Finally, we plotted TiQ@ (a routinely analyzed incompatible element) with melt
fraction, resultingn two evident trends, one for OIB and LIPs suggesting a more enriched mantle

source than MORB (Fig2.11d), and a second depleted trend that includes MORB along with
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Galapagos, Pigafetta, and partially overlapping with Iceland, that evidence a moreddejaletle
component for these primary magmas, consistent with a current interaction with a MOR in these

locations(Detrick et al., 2002Fisk and Kelley, 2002)

6. Conclusions:Global impact of upwellings from LLVPs and LIP formation

Our kinematic plate teonic reconstructions from ~168 Ma to ~95 Ma consistently show
potential upwellings from the edges of the Pacific LLSVP coincided in the surface with a mid
ocean ridge during the formation thfe known Pacific LIPs. These events are separated by time
periads of 10 to 20 Ma and followed by periods of major oceanic chemistry change and anoxia
that cause the disruption of the oceanic biodive§igrr, 1998; Jenkyns, 2010yhese changes
in the ocean are evidenced by cyoaassociatedwithtaur ban
rise in temperatures and in organic productivity that remain recorded as global oceanic anoxic
events (characterized by the widespread formation of black shales). These global oceanic anoxic
events are associated with most of thet@reous LIP&rba et al., 2015and in some cases they
can be related with more than one LIP active at the same time2(HuJ; this scenario would

exacerbate the conditions in the oceans triggering extensive oceanic biota extinctions.

The fact thathe bulk emplacement of LIPs (~180 Ma) in the Pacific also coincide with
the timing of the Cretaceous Normal Superchron (Zih), which can be related to fluctuations
of mantlecore heat fluxegOlson and Amit, 2015¥urther supports the hypothesisdeep mantle
origin for LIPs. Thus, if LIPproducing plumes were rooted in a boundary layer at the base of the
mantle (LLSVP) it is possible that instabilities of the buoyant perovbeteing peridotite
equivalent progressively entrained recycled congmbs(Mulyukova et al., 2015; Trela et al.,
2015)making them less buoyant with time and thus explaining the potential cyclicity observed

during the Cretaceous. Alternatively, the potential cyclicity of LIP emplacement could also be
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related to core healuctuations interacting with the lower mantle, pulses of material crossing the
transition zone (either upwelling hot material or downgoing dense slabs), or a combination of both
processes. Even though these hypotheses require further evaluation, regogaitems and
possible cycles is crucial to the link between deep processes and life. The Pacific Plate preserves
the evidence for deep mantle upwellings in the Cretaceous but just as the accreted fragments found
in Costa Rica, many other unrecognized &#ents could be preserved accreted along the margins

of the Pacific Ocean. Tying these events to cyclical upwellings oflleed anomalies such as

the Pacific LLSVP can help us understand the

and thepotential for future catastrophic LIP activity.
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Figure 2.1.Location and geochronology of Pacific LIRa) Present configuration of the central cireum

Pacific Plate; highlighted purple areas correspond to fragments of oceanic plattassambasin flood

basalts preserved at the seafloor and plate margins, yellow dots are sampled locations with geochronology
and/or geochemistry, and the white lines represent magnetic anomalies of the Pacific seafloor after Muller
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et al. (1997). The bowaries of the Pacific LLSVP (Becker et al., 2002) at 2500 km are projected to the
surface. (b) Geochronological correlation of Pacific LIPs with the oceanic accreted terranes in Costa Rica,
global oceanic anoxic events (Jenkyns, 2010) and geomagnetityp@eaersals48. PIG: Pigafetta Basin,

SHA: Shatsky Rise, MPM: Mi#Pacific Mountains, NIC I: Nicoya I, MAG: Magellan Rise, EMB: East

Mariana Basin, NAU: Nauru Basin, OJP: Ontalaya, MAN: Manihiki, HIK: Hikurangi, HES: Hess Rise,
NIC II: Nicoya Il and CAB Caribbean.
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Figure 2.2 Geologic map of the Nicoya Peninsula Costa Rica, modified after Denyer et al. (2014). Samples
collected and analyzed for this study are shown in black star symbols for pillow basalt fresh glasses and in
white star symbols corrpending to diabases. Samples from the literature use the following symbols: red
stars for pillow basalt and basaltic glass samples, yellow stars for ages in intrusive samples (gabbro, diabase
or plagiogranites) and blue for samples described in the literas coarst-fine grained basalt and that

can correspond to massive flows or diaba¥®s/3°Ar ages from the literature are shown in white boxes

with gray font and our nef#fAr/3°Ar analyses are in black fonts. Inset on the left shows the locatibe of

Nicoya Peninsula within the geotectonic frame of the region. All ages are in millions of years (Ma).
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Glass Rims

Figure 2.3.Field photographs of the pillow basalt outcrops at Nicoya Peninsula, Costa Rica. A) Pillow
basalt flows at San Juanillo beach (lat§o10.03020685.7394) with quenched glass rims surrounding the
pillow basalts. B) Closer look at an individual pillow basalt; the rims preserved glasses with little to no
alteration. C) The hyaloclastite between pillow basalts also contains fragmerdgshogfasses. D) Close

up of the fresh glass rim surrounding the pillow basalt.
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Figure 2.4. Kinematic plate tectoniceconstructions at-468.2 Ma (M42), b154.3 Ma (M25), €139.6

Ma (M16), d 131.9 Ma (M10), €120.4 Ma (M0), f 112 Ma, g 103 Ma, h 95 Ma, i 83.5 Ma (34y), §

67.7 Ma (31y) and k55.9 Ma (25y). Notations in parenthesis refer to established magnetic anomalies.
Tectonic plate abbreviations BIS (Biscoe), CHS (Chonos), FAR (Farallon), GUE (Guerrero), IZA (Izanagi),
KUL (Kula), MAC (Mackinley), PAC (Pacific), PEN (Penas), PHO (Phoenix), WAK (Washikemba), WRA
(Wrangellia). See text for further descriptions.
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Figure 2.5 Central Pacific Ocean seafloor spreading map, the color lines represent the isochrones used for
our kinematic modeLetters, numbers and ages correspond to magnetic isochrons after Miller et al. (1997)
and Mdiller et al. (2008).
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Figure 2.6. Geochemistry of Nicoya basaltic glassé3. Multielement diagram showing the marked
differences in fluid mobile element demts between analysis madesitu on pillow basalt glass rims (red
symbols) by LAICP-MS and on whole rock analyses from the pillow cores (blue close symbols) and the
pillow rims (blue open symbols). Elements like K, Pb and Sr show a clear enrichriteminner parts of

the pillow due to cation mobilization during seawater interaction. Elements like Rb and Ba do not show a
clear trend; however, note how the analyses in fresh glass samples account for less variability (better
precision in the analysed)an its counterparts. B) Schematic representation of the seqiltaerbasalt
interaction at eruption on the seafloor. Athe pillow basalt erupts (at temperatures ~1000 °C) at the
seafloor where immediately gets in contact with cold seawater (~1n°G).the thermic shock results in

the instantaneous quenching of the lava, which creates a rim surrounding the pillow bastie pgitlow

basalt starts to cool down it contracts creating radial fractures that allow the entrainment of seawater. Henc
cations dissolved in seawater like Pb, Sr, K, Rb and Ba can percolate and react with the hot core of the
pillow basalt, which consequently will get geochemically enriched in such cations.
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Figure 2.7. GPlateshased plate tectonic reconstructiorterfMuiller et al. (2016) compared to the positions

of the LLSVP edge, Large Igneous provinces (LIPs), and the Pacific plate triangle given by our kinematic
reconstructions. Note the both models do not dramatically differ on the position of the Pagcifforptaé

given times. Tectonic plate abbreviations from Mdller et al. (2016).CAR (Caribbean), CAT (Catequil),
CHZ (Chazca), FAR (Farallon), HIK (Hikurangi), IZA (Izanagi), M (Manihiki), PAC (Pacific), and PHO
(Phoenix).
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Figure 2.8 Rotational evolutio of the Pacific plate triangle based on our kinematic plate tectonic model.
Note how the migration paths describe a relative motion towards the south at32168a, changing
towards southwest at ~1AM3 Ma, then towards northwest at -8b Ma and final}f to the current
northwest rotational path at ~&8Ma.
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Figure 2.9 Geochemistry of the Nicoya accreted LIPs compared to contemporaneous Pacific LIPs. Data
density ellipses for the Pacific LIPs were calculated at the 95% confidence level. (a) Lartibvis. (b)

Nb/Yb vs. Th/Yb. All the LIP trace element data can be described as the result of different amounts of
mixing of an enriched eathember (Enriched MORB/OIBYicDonoughand Sun, 1995) and a depleted
MORB endmember (Gale et al., 2013).7&PbF*Pb vs 2°PbPoPh. (d)*Nd/A*Nd vs.2%%PhPPPb isotope
systematics for the basalts of the different LIPs compared to the accreted terranes of Nicoya | and 1l showing
distinct trends for LIPs originated at the northeastern edges of the LLSVP (Si@askyean, Nicoya |

and 1) and for the southern edge LIPs (Ontdaga, Manihiki, Hikurangi). All Pacific LIPs show a clear
mixing relations between DMM and HIMU emdembers, although Manihiki samples also require a third
component to explain the low Nsbtopes at a given Pb isotopes.
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Figure 2.1Q Comparison of melting processes and sources at different melting environments. (a) Schematic
representation of the Pacific LLSVP. Hot heterogeneous material from thenaotke boundary (CMB)

rises thraigh the mantle as a result of instabilities and positive buoyancy. The ascending material carries
the geochemical signature of the stagnant reservoirs at the CMB; ancient subducted oceanic -slabs, sub
continental lithosphere or sediments. (b) At ocean dstdrains feed by a mantle plume, initial and final
melting pressures(P wi I | occur at higher depths; however,
lithospheric thickness (P (c) In the case of midcean ridges both; Bnd R occur at shallow levels. (d)

And in the case of a plume head impacting at agoishn rigle a combination of conditions occur where

P will be deepand#& hal | ow; consequently, the melting col
making the conditions for the emplacement of a LIP ideal.
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Figure 2.11.Correlation diagrams showing théfdrent trends for average petrological constraints and
primary magma compositions of modern oceanic islands (OIB), LIPs and MORB. (a) Final melting
pressures {Pplotted against SiQcontent. LIP primary magmas are characterized by low pressure values
and high SiQ contents, similar to MORB. (b) Melt columni{Ri-Prina) plotted against melt fraction; LIPs
display more extended melt columns that resulted in higher melt productivity, compared to MORB and
OIB. (c) Average N#D content vs. melt fractiorNote how overall LIPs have the highest melt fractions
and lowest NgO contents. (d) Average Ti&ontents against melt fraction. Two distinct trends can be
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identified where LIPs show the lowest Ti€ontents and the highest melt, but in in the same latioe

with most OIB primary magmas. Average MORB, Pigafetta, Galapagos and to some extend Iceland define

another trend. The error bars denote the standard deviation from the average.
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Chapter 3: Recycling seamounts: Implications for Upper Mantle
SourceHeterogeneities

Abstract

Intraplate magmatism provides with a window into the composition of mantle
heterogeneities, nevertheless, the origin of these heterogeneities are still a matter of debate.
Radiogenic isotopes ($Hd-Pb) from presentlay ocean islah basalts (OIB) produced by
intraplate magmatism can help establish the source compositions of these chemically and
isotopically enriched reservoirs. Here we present evidence that suggests that a highly enriched
mantle reservoir can originate from Otippesubducted material that gets incorporated and stirred
throughout the mantle. We explore this hypothesis using a restricted set of data frpramen
related OIB volcanism; focusing on isolated seamounts with no apparent age progression and
interpreted tdoe related to either plate flexure, shear driven convection and/or edge convection.
Our results suggest that an enriched mantle reservoir composed by recycled seamount materials
can be formed in a shorter time period that than ancient subducted oceahi{ctrGa) thought
to be the forming agent of the -fHd rMbi mgan,t | en rrie
reservoir could explain some of the enriched signatures commonly present in intraplate magmas

not related with an active mantle plume upwelling.

1. Introduction
Intraplate volcanism is responsible for the occurrence of magmatism away from tectonic
plate boundaries and accounts for the generation of diverse styles of volcanism like hotspot
volcanic chains, isolated seamounts, and isolated volcaniicesdiwithin continents. These

magmatic processes are characterized by low volume basaltic melts predominantly alkaline in

114


























































































