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ABSTRACT

Past studies have been done oiGtil@pagoSpreading Center ridge to examine the effects
of magna evolution with proximity to mantle plumes. However, these studies have not constrained
the processes responsible for magma evolution along the entirety of the GSC ridge system. Using
data from samples previously collected and analyzed for geocherpasition, the processes of
magma evolution were constrained for the GSC. This study aimed to determine the different
evolutionary processes of the GSC by focusing on trace element geochemistry. Trace element
concentrations were chosen from their ablipravide insight to the natural processes driving the
evolution of magmas erupted along-oti€an ridges. Variations of trace element concentrations
identified the extent of crustagma interaction, determined bulk mantle compositions with respect
to an @erage Normal Mi@cean Ridge Basalt (MORB), constrained regions of mantle plume
influence on magmas, and identified discontinuous mantle source regions. Tracgidégment s
diagrams revedia Galapagos plume effects the GSC be®&BHV & 86.5°With the
maximum degree of influence at 90.5Trace element and major oxide behavior shotiohal
crystallization and crustal assimilation has occurred along the entire GSC. Plagioclase, olivine, and
pyroxene play an important role in the fractional kigadian along the ridge. Magmas erupted at
the GSC evolved from different mantle sources. The results from this study can further
understanding of magma plumbing systems in areas with mantle plumes influencing magmas and

ridges with transform fault oftse
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| NTRODUCTION

The midocean ridge system extends over 60,000 km, wrapping around the Earth like seams
around a baseball. The system is composed of a continuous subaqueous mountain chain, located
between diverging tectonic platesthaemakip t he Eart hds coceast ( Gal e
ridges generate new oceanic crust as ascending molten rock from the mantle rises to the surface and
cools between two or more tectonic plates. The newly formed lithospheric plates spread away from
thei dge at speeds typically between 10 mm/y ani
morphology. Fasipreading ridges (>90 mm/y) are characterized by axial highs, where the seafloor
is elevated by several hundreds of meterss@leading ridge$d40 mm/y) are often marked by
a deep rift valley,d3 km in depth. The rate of magma supply to these boundaries is another factor
influencing ridge morphology. Axial highs may be found in areassgrglading ridges if the
magma supply rate is veirgh (Macdonald, 2001). This thesis focuses @athpagoSpreading
Center (GSC) ridge system.

The GSC is an intermediate spreading ridge system with an average spreading rate of 53.402
mm/y for the entire ridge (Gale et al., 2013). Thewesatirerding ridge has been strongly
influenced by th&alapagos hotspot since the developofehe ridge approximately 2aNhe
average rate of magma supply, ridge thickness, and axial ridge elevation all increase with proximity to
the hotspot (Colman, 2016).

Prior work by Haines (2016) proposed multiple mechanisms of magma evolution along the
Galapagos Spreading Center (GSC) from an analysis of the pressures and temperatures of magma
crystallization. The variability of these pressures and temperatuedsctwreffsets along the
GSC, allowing for the GSC to be segmented according to these offsets. To analyze trace element
variation with respect to changing pressures and temperatures of partial crystallization, the defined
segments were adapted from Héines ({Fguck )

The research outlined herein used trace element geochemistry to constrain the processes of
magma evolution prior to eruption along the GSC. The goal of this research was to construct a
comprehensive model of the magma plumbing syfstednsg the ridge through the analysis of
maj or and trace el ement geochemistry combined

pressures and temperatures of magma crystallization.



GEOLOGIC SETTING

Geologic Setting

The GalapagoSpreading Center (GSC) is an intermediate spreading ridge system located
~1000 km due west of Ecuador a0 kmnorth ofthe Galapagos Islantthait sepaates the
Cocos and Nazca Plat8preading rates vary along the GSC with systematically increasing rates
from West to Easthe EW trending ridge runs2100 km from 101.8°W to 82.8°W, terminating
at the East Pacific RisedamN-S striking transform fault respectively. Gakpagokotspot is
located beneath tiizalapagos Islandsith a proposed center at 0.8°S, 90.6°WI the past 5 Ma
the GSC has migrated northwards while being detained3ajdpagokotspot, seenyb
numerous ridge jumps (Herbrich, 20Ib&ridgeis of petrologiandgeodynamimteresbecause
it is offsetby transformfaultsandpassesloseto the GalapagokslandgHaines, 2016)

102°W 101w 100 99°W 98w 97w 96°W 95" 94w 93w 92°W 91w 0w 89°W 88°W 87w 86°W

Figure 1. Map of the Gal&agesling Center with data samples (PetDB, 2017)
colored points. The map was made with GeoMapApp (3.6.3).




METHODS

Trace elements, by definition, compose a small frataag system but provide
geochemical and geological information out of proportion to their abundance. Trace element
concentrations are of interest because (1) variations in trace element compositions are considerably
greater than major oxide variatioBsthere are far more trace elements than major elements in any
system; (3) trace elements are sensitive to processes to which major elements are insensitive; (4) trac
element compositions in the mantle are quite variable thus providing chemicalitBraferpri
di sparate magma reservoirs; and (5) trace el e
liquids to the partial msure of the liquids (White, 2DIherefore, trace element concentrations
can provide insight to the natural processesgithenevolution of magmas erupted along mid
ocean ridges.

Prior work by Haines (2016) proposed multiple mechanisms of magma evolution along the
Galapagos Spreading Center (GSC) from an analysis of the pressures and temperatures of magma
crystallization. fie variability of these pressures and temperatures correlated to offsets along the
GSC, allowing for the GSC to be segmented according to these offsets. To analyze trace element
variation with respect to changing pressures and temperatures of paitiahtiorstthe defined
segments were ada@gued®) from Hainesd study

Data taken from the compilation of Mi¢ean Ridge Basalt (MORB) analyses (PetDb,

2017) were used to examine geochemical variations in basalts erupted along the ridgeselhis datab
includes data for major oxides, trace elements and isotopes for each sample along with latitude,
longitude and water depth. Using Microsoft Excel, 7,117 whole rock sample analyses were compiled
and subsequently filtered to eliminate duplicate sasapigdes with incomplete major oxide and

trace element analyses, and samples cotletsieié of the study are@adataset of 676 sample

analyses resulted after the removal of samples with incomplete major oxide or trace element
compositions and sampleguced away from the ridge. The resulting dataset was used for
interpretations made in this thesis. The samples were sorted according to ridge offsets along the
GSC. The ridge segments, primarily defined by longitudinal location, were alphabetically denote
from the westernmost segment (A) to the easternmost segribabl@<A1l)Ridge segments G

and J were discarded due to insufficient sample sizes, containing one and five samples respectively.
Segment K was discarded due to the sample size and lergéstdfsce from the other ridge

segments. Major oxides were normalized to 100 wt.%, while trace elements were normalized to the

average Normal Mi@cean Ridge Basalt (NMORB) composition defined by Gale et al. (2013). Rare
3



earth elements were normalizembating to the Gthondrite composition distinguished by
McDonough and Sui1995).

108°W 104w 102°W 100%W 98w 96°W 94w 92°W 90°W 88w

Figure 2: Map of the GSC ridge segments labeled and data samples (PetDB, 2
colored points. Map was made with GeoMapApp (3.6.3)

The statistical arotting software package COHORT was used to examine the extent to
which geochemical variations are consistent with crystallization and to identify the effects of crust
magma interaction. Spider diagrams were used to determine trace element enrdéphetitsor
compared to an average NMORB composiiicate element concentrations were normalized to
the NMORB composition (Gale et al., 2013). Twang/trace elements were plotted for each
sample in a ridge segment. Elements on the spider diagramamgexl according to their
incompatibility. The partition coefficient @g function of temperature, pressure, and composition
of involved phasés for an element defines its affinity for preferential partitioning into the melt or
solid phase. Elememtss t h D<<1 are incompatible whereas el
(Winter, 2010). Incompatible elements are those that partition into a melt phase when the mantle
undergoes partial melting. In basaltic and ultramafic rocks, cationic tetrahédygdicéthg
occupied by Si, Al, FeTi** 8 and octahedral sitdsypically occupied by Ca, Mg, Fe, obldee
energetically unfavorable for substitutions of incompatible trace elements. Compatible trace
elements, conversely, substitute into catiorsdaiterably and remain in residual misesa
melting occurs (White, 201The most incompatible elements are positioned on the left of the
diagram with increasing compatibility to the right. fiamgdiethophile (LIL) elemen&Cs, Rb, Ba,
and S hawe the highest incompatibility thus they are located the furthest left. Compatible trace

4



element® Cr and Nid constitute the far righBulk mantleeompositions werenstrained using

ratios of normalized trace element compositions with comfrestnpabilities, such as Rb{Y

(Table A1)The degree of incompatible trace element enrichment or depletion varies locally within
ridge segments. Thus, bulk mantle compositions are based on the aggregate ridge segment
compositionsA normalized ratio of 1 repeggs an average NMORB composition. Ratios deviating
from 1 indicate an enriched MORB (EMORB) or a depleted MORB (DMORB). The sign of the
slope of a line connecting the aggregat@mb, compositions shows incompatible trace element
enrichment (RbB>Yn, negative slope) or depletion (Rbn, positive slope) (Winter, 20lpts of

K20 vs. TiQand BOs were used to detect evolutionary processes other than partial crystallization.
Plots of trace element compositions versus longitude were used to insyestegaddic variations

of magma composition in relation to plume proximity. Plots of trace element ratios, such as
La/Smy and Mo/Ce, versus longitude were used for rapid visualization of changing magmatic
evolution processes, including regions of mduatfeepnfluence on magmas. Major oxide versus
major oxide plots from Haines (2016) were used to identify evolutionary processes aside from
theoretical compositions resulting solely from crystallization. Analysis of these plots, in conjunction
to one anothemwere used to constrain the processes of magma evolution along the GSC.



RESULTS

Trace Elements

Spider cagrams show a depleted MORB (ridg#s And an enriched (ridged)Enantle
source transitioning at approximately°9%.&nd 87.1°WFigures 3 and. Segment A contains
several sample compositions from an enriched mantle source. These enriched samples are clustered
where the GSC terminates at the Eastern Pacific Rise. Regardless of the anomalous enriched
compositions, segment A is mostly a DMORBY(Rb 0.6361). Segments B, C, D, part of E
(95.497@95.4925°W), and | are also depleted in incompatible trace elements relative to NMORB [B
(Rb/Yn=0.084); C (Rb/X= 0.5254); D (Rb/X= 0.6748); E (Rb/¥=0.16793); | (Rb/¥=
0.9553)]. Segmentg®5.471D3.205°W), F, and H exhibited melt compositions enriched in
incompatible trace elements relative to NMORB [E (Rb1Y731); F (Rb/¥= 3.537); H
(Rb/Yn= 4.666)]. The GSC can be split into 3 distinct regions according to the underlying bulk
mantlecomposition: depleted western, enriched central, and depleted eastern segments. The
changing regions of melt compositions, from depleted to enriched to depleted, may be indication of
multiple magma plumbing sources feeding the spreading center.

Further anlgsis of spider diagrams shows slight negative Eu anomalies in conjunction with
substantial negative Sr anomalies, primarily along the central and eastern regions of the GSC (ridges
E-l, Figures 2 and 3). The anomalies demonstrate the importance dagagipstallization in
magma evolution (Winter, 2010).

Trace el ements are very sensitive to fract
evolution. When single trace element abundances are plotted versus longitude, the fluctuations of
trace element coantrations normalized to NMORB (Gale et al., 2013) help identify magmatic
evolution processes responsible for crustal creation at divergent spreading centers. A plot of the
compatible trace elementy €oncentration along the GSaglure % shows threareas where the
concentration is below that of a NMORB, 8rdepleted from approximatelyi1101.2°W
along segment A, 86.5°W across segmentk Bnd east of 86.4°W on segment |. Depletions of
Cr signal that early crystallization of olivine amckgye have occurred.

Depleted compatible trace element compositions among samples suggest a late stage melt
that had time to crystallize compatible elements out of the liquid. On the oth@abarak of late
stage melts may have spent a longer tinghan@er at any depth, thus having had ample time to

evolve to extreme compositidate stage melts have had sufficient time to incorporate
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incompatible trace elements into the melt.
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Sk, an incompatible largan-lithophileelement, exceeds the NMORB concentration on
segment A (~101.25°W) and from ~92956°W (segmentslereaching more than triple the
concentration of the NMORB average at 90.&5guire 6)Concentrations of the high field
strength elementxUsurpass thNMORB concentration along ridge segment A at ~101.25°W,
throughout ridgeegments f#Efrom 95.587.4°W and 86385.37°WFKigure 7.

Cn drops below the NMORB concentration, indicating early crystallization of olivine and py
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