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Abstract New trace element abundances and isotope compositions for more than 100 mid-ocean ridge
basalts from 5.5°N to 19°N on the East Pacific Rise show step function variations in isotopic composition
along the ridge axis that coincide with ridge discontinuities. Transform faults, overlapping spreading
centers, and devals (deviation from axial linearity) mark the separation of individual clusters of distinct
isotopic composition and trace element ratios that indicate source variations. This correlated chemical
clustering and morphological segmentation indicates that source composition and segmentation can be
closely related even on a fine scale. Substantial chemical variations within a segment are related to source
composition. This suggests that even within segments the magma transport is mainly vertical, and there is
limited along-ridge transport, and there is little evidence for magma chambers that are well mixed along
strike. Trace element concentrations show good correlations with isotopic compositions on a segment scale
but less so on a regional scale. The trace element and isotopic variability along the northern East Pacific Rise
can be explained by three mantle components: a depleted peridotite endmember, an enriched peridotite
endmember, and a recycled gabbro-like component. The gabbroic component has an isotopic signature
indicating an ancient origin. The high-resolution sampling indicates that within a segment the chemical
variability is largely binary but that the endmembers of the binary mixing change from segment to segment.
The endmembers of the binary variation within a segment are a combination of three of the endmembers.

1. Introduction

Several decades of research along the northern East Pacific Rise (EPR) have provided both regional context
(e.g., Detrick et al., 1987; C. H. Langmuir et al., 1986; Macdonald, 1982) and highly detailed studies, particu-
larly of the 9°N region (e.g., (M. C. Smith et al., 2001; Wanless et al., 2010; Wanless & Shaw, 2012; Waters
etal., 2011, and references therein). Despite the hundreds of publications investigating this region and abun-
dant major and trace element data (A. Gale et al., 2014; C. H. Langmuir et al., 1986; Perfit et al., 1994), there
has been no comprehensive publication of complete trace element and isotopic data despite abundant sam-
ples from the region. Here we present comprehensive trace element and isotopic data from a 1,400-km
stretch of the EPR from 5.5°N to 19°N. These new data provide an essential regional context in which more
detailed studies can be interpreted and permit assessment of several outstanding questions with respect to
mantle heterogeneity, the significance of magma chambers, and the relationship between geochemical
and petrological segmentation in this region.

There are various sizes of ridge offsets along the East Pacific Rise that exhibit a hierarchical structure
between large offset transforms and small offsets of the axial fissure swarm (Langmuir et al., 1986). A con-
venient nomenclature for these ridge offsets that applies to fast spreading ridges was provided by Macdonald
et al. (1988, 1991) and White et al. (2002). First-order discontinuities are transform faults that are stable and
long-lived features (Schouten & Klitgord, 1982) and can persist for tens of millions of years (Carbotte et al.,
2015). Second-order discontinuities are overlapping spreading centers (OSCs), with separation of 3-20 km
that produces a clear offset of the axial high and a basin between the overlapping ridges. These discontinu-
ities can persist for millions of years and migrate along ridge axis (Carbotte et al., 2015). Third- and fourth-
order discontinuities are the deviations in axial linearity (devals of Langmuir et al., 1986) or small OSCs and
are considered to be more transient features that migrate along the ridge. Migration and evolution of the
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second- to fourth-order discontinuities have been related to changes in the direction of the plate motion
(Carbotte & Macdonald, 1992; Hey et al., 1988; Hey & Wilson, 1982; Pockalny et al., 1997) or variations in
delivery of melt to the crust (Langmuir, 1987; Langmuir et al., 1986; Macdonald et al., 1988; Macdonald
et al., 1991) that have now been imaged seismically as discrete nodes of mantle melt delivery at the base
of the lithosphere (Toomey et al., 2007). Our study area includes a range of offsets from first order to fourth
order (Carbotte et al., 2013; Langmuir et al., 1986). Previous studies have shown that individual ridge
segments down to the scale of devals have isolated magmatic systems (Langmuir et al., 1986; Perfit et al.,
1994; Reynolds et al., 1992; Smith et al., 2001). Recent studies have shown that third- and higher-order
discontinuities at the EPR coincide with disruptions in the magma lens underneath the ridge, and these
discontinuities also represent magmatic separations (Carbotte et al., 2015; Langmuir et al., 1986). The
current study aims to determine the scale of heterogeneities in the mantle and the possible connection
between source characteristics and the physical expressions of the ridge. Key issues that can be addressed
with the new data include the following: (1) Is magma ascent focused at segment centers from where they
flow to segment ends in crustal plumbing systems, or Do they rise at multiple points along the ridge axis?
(2) Is there melt transport across discontinuities? (3) What is the length scale of chemical continuity and
can it effect segmentation? Other fundamental questions that can be addressed with this data set are the
importance of magma chamber processes for trace element variations and presence and identification of
source variations.

2. Geological Setting

The 1,400-km-long ridge section from 5.5° to 19°N EPR is a fast-spreading ridge section (90-110 mm/year,
full spreading rate), with small variations in spreading rate that increase from north to south. The ridge is
far removed from any known hot spot, and ridge depths are between 2,300 and 3,000 m except south of
the Orozco Fracture Zone where it deepens from 2,800 to 3,500 m over 30 km (Carbotte et al., 2004;
Macdonald, 1982). The shallowest ridge segment is north of Orozco, which also shows sharply lower mantle
Bouguer anomaly indicating thicker crust (Carbotte et al., 2015). There are several small seamounts on
either side of the ridge on the Cocos Plate (east) and the Pacific Plate (west; see Figure 1). In addition, off-
axis near-ridge extrusions have been identified (Perfit et al., 1994; Reynolds & Langmuir, 2000; Smith
et al., 2001; Turner et al., 2011; Waters et al., 2013; Zou et al., 2002) between 9°N and 11°N. With exception
of the segment north of Orozco, the limited depth variation and the small number of seamounts argue for a
relatively uniform melt production along this part of the ridge system.

Along-axis seismic surveys reveal an axial magma chamber (AMC) reflector underlying part of the ridge
(Carbotte et al., 1998; Detrick et al., 1987; J. M. Sinton & Detrick, 1992). In some places magma chambers
are found to be present beneath the ridge for up to 100 km (9.11-10.21°N), albeit with important changes
in depth that suggests that there may not be continuity (Carbotte et al., 2015). These studies also observed
that the magma chambers become narrower and sometimes disappear near transform faults. Seismic
evidence for off-axis melt bodies has also recently been found between 9.5°N and 10.0°N (Canales et al.,
2012; Durant & Toomey, 2009; Han et al., 2014).

The ridge between the Siqueiros Fracture Zone and 19°N is segmented by 4 large transform faults, 3 OSCs, 1
nontransform offset, and 25 devals (Carbotte et al., 2015). Between the Siqueiros Fracture Zone and 5.5°N
data are much scarcer but at least one OSC is observed at 7.21°N. The transform faults are all associated with
a change in ridge depth across the transform. Figure 1 shows the sample coverage as well the ridge disconti-
nuities that are recognized in this study through chemical differences.

3. Previous Work

Samples discussed in this study are from within 500 m of the ridge axis, which minimizes the chance that
they represent off-axis eruptions. The existing major element and trace element chemistry of basalts along
the northern EPR, 5.5-14.5°N (Goss et al., 2010; Langmuir et al., 1986; Perfit et al., 1994;. Reynolds et al.,
1992; Smith et al., 2001; Wanless et al., 2010; Wanless & Shaw, 2012; Waters et al., 2011), reveal chemical
domains that are bounded by discontinuities, including OSCs and devals (Langmuir et al., 1986). Large ridge
offsets are expected to influence the nearby erupted basalt as it places relatively cold and thick lithosphere
next to the ridge crest, potentially reducing mantle melting and potentially increasing crystal fractionation
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Figure 1. Sample locations for new analyses presented in this manuscript.

Also indicated are the ridge discontinuities that are related changes in

chemistry, with change in sample location symbols across those boundaries.

FZ = Fracture Zone; OSC = Overlapping Spreading Center. Arrows paral-
lel to the ridge axis indicates locations where an axial magma chamber
reflector has been imaged seismically.

resulting in many locations in chemically more diverse basalts at the seg-
ment end compared to its center (Bender et al., 1984; Christie & Sinton,
1981; Langmuir & Bender, 1984; Perfit & Fornari, 1983). OSC's and propa-
gating rifts have also been found to separate different magmatic domains
(e.g., (Christie & Sinton, 1981; Klein, et al., 1988; Langmuir et al., 1986;
Schilling et al., 1983). More intriguing are the chemical offsets at devals.
While seismic studies show that these features are likely controlled by
the spatial distribution of melt supply from the mantle (Toomey et al.,
2007), at the surface their expression is an offset in the axial fissure swarm
and thus may separate eruption units. Such small offsets would not be
expected a priori to correlate with mantle source boundaries. This study
presents a comprehensive published isotopic study that can address the
question of small ridge offsets and how they may or may not be related
to the mantle beneath the ridge.

Available major and trace element and isotope data for 5.5°N to 19°N EPR
are from Castillo et al. (2000), Donnelly (2002), Gale et al. (2013),
Reynolds et al. (1992), Sims et al. (2002), and Su (2002) and PetDB.
Isotope studies are mostly limited to the ridge north of 11.75°N (Castillo
et al., 2000; Donnelly, 2002) and near 9.50°N (Goss et al., 2010; Mougel
et al., 2014; Sims et al., 2002; Sims et al., 2003; Waters et al., 2011).

The major elements show a wide range of variation: SiO, = 48.50-
67.54 wt.%, MgO = 0.95-10.80 wt.%, Al,0; = 12.21-16.82 wt.%,
Na,O = 2.00-4.72 wt.%, and TiO, = 0.84-3.32 wt.%. The samples selected
for this study are basaltic in composition (SiO, < 52 wt.%) except for three
basaltic andesites (SiO, = 52.23-56.60 wt.%) and one andesite
(SiO;, = 61.10 wt.%). The major element compositions range from almost
unfractionated to highly fractionated compositions (Mg# = 0.20-0.68).
None of the samples has Mg# high enough to be primary melt composi-
tions (Mg# > 0.72). The following sections discuss only the samples
with Mg# > 0.45.

K,0/TiO, is widely used as an indicator of degree of enrichment (Perfit
et al.,, 1994; J. R. Reynolds et al., 1992; J. M. Sinton et al., 1991). Gale
et al. (2013) proposed a reclassification of MORB, where N-MORB refers
to the most common ridge composition sampled more than 500 km from
a hot spot and D-MORB is the group of most depleted compositions.
N-MORB by this definition has an average K,0/TiO, of 0.09, D-MORB
has an average K,0/TiO, of 0.06, and E-MORB K,0/TiO, averages 0.26.
The K,0/TiO, for the N-EPR ranges from 0.01 to 0.33, from D-MORB to
E-MORB. The mean K,0/TiO, excluding the few andesites is 0.099, simi-
lar to the N-MORB global average. Langmuir et al. (1986) found that
Ba/TiO, and Sr contents as well as major elements display chemical shifts
across discontinuities, even at the level of devals. This observation led
them to conclude that crust generation along the EPR is dominated by
multiple vertical melt channels feeding the crust, and they found limited
evidence for a central supply at the segment center and shallow level flow
toward the segment ends.

There have been a number of studies, some in great detail, that document

the major and trace element variations in young oceanic crust at the EPR between 9°N and 10°N (Goss et al.,
2010; Perfit et al., 2012; Smith et al., 2001; Wanless et al., 2012; Wanless & Shaw, 2012). These studies have
argued that a large part of the compositional variation is related to fractional crystallization and mixing of
more evolved melts with parental ones. This is especially apparent at the OSCs at 9°N (Wanless et al.,
2012) and at 9.62° (M. C. Smith et al., 2001). Near the OSC more evolved magmas, compositions up to dacite,
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can erupt. In addition, the abundance of E-MORB increases near the OSC. Away from the OSC E-MORB is
virtually absent on-axis. Basalts from the EPR between 9°N and 10°N show ample evidence for fractional
crystallization and mixing at shallow levels. Melt inclusions at three locations show that the majority of
the inclusions last equilibrated at depths of less than 2.5 km, which coincides with the depth of the AMC
(Wanless & Shaw, 2012).

Castillo et al. (2000) proposed that the chemical and isotopic variability between 11.65°N and 15.00°N EPR
can be explained by the three mantle components: a depleted mantle component, a seamount-type enriched
component, and an Indian MORB-type mantle component. Based on samples with somewhat higher 2°’Pb/
204pb for a given *°°Pb/>***Pb, they further concluded that the Indian mantle component becomes prevalent
north of the 14.14°0OSC.

Donnelly (2002) studied the northern region and likewise proposed a three-component mantle to explain the
combined trace element and isotope ratios north of the Orozco Transform Fault from 15.37°N to 16.28°N.
However, instead of an Indian MORB-type mantle component, a recycled gabbroic component (based on
high Ba, Sr content and low 2°°Pb/>***Pb-***Pb/***Pb and moderate *°’Pb/***Pb) in addition to a depleted
component and an enriched component is proposed to cause the geochemical variability. A comprehensive
trace element and isotope study by Waters et al. (2011) of two ridge sections around 9.8°N, several kilometers
in length, also argued for three components, where most of the variation is the result of two-component
mixing and the third component plays a minor role. Mougel et al. (2014) found that north of the Orozco
fracture zone the basalt composition changes drastically with a drop in Mg#, high La/Sm, low Zr/Nb, and
unradiogenic Pb and Nd isotopes combined with radiogenic Sr isotopes. They also argue for the presence
of ancient recycled gabbro in the basalts just north of the Orozco Fracture zone (Mougel et al., 2014).

4. Analytical Techniques

For trace elements analyzed at FSU, approximately 5 mg of handpicked glass was dissolved in an HF: HNO;
(3:1) mixture. Trace element concentrations were determined by ICP-MS (ThermoFisher ELEMENT?2) on a
2% HNOj solution with 100-ppm total dissolved solid. The concentrations were calculated using the values
for BHVO-1 (Eggins et al., 1997) as a standard. Signal drift during an analytical session was corrected for by
using indium as a monitor. Samples and standards were spiked with 1 ppb In. To minimize drift corrections,
samples were measured in a short sequence of one blank, one standard BHVO-1, three samples, and one
standard (BIR-1 or BCR-1). Concentrations were calculated using linear interpolation between the two
BHVO-1 after normalizing intensities to Indium. Rock standards (BIR-1, n = 9 and BCR-1, n = 18) were
measured to determine external reproducibility and accuracy. For most of the elements reproducibility
was within 5% and the calculated concentrations agree very well with the reported value.

Trace elements at Harvard were measured by solution nebulized-inductively coupled mass spectrometry.
Fifty milligrams of handpicked rock or glass chips was digested in an HF:HNO3 mixture. The sample was
diluted 1:5000 using a matrix solution of 0.2N HNO3 with Ge (10 ppb), In (3 ppb), Tm (3 ppb), and Bi
(3 ppb) as internal standards for drift correction. Runs were made in both normal and CCT mode in order
to obtain both major and trace elements. Measurements were obtained on a Thermo X series quadrupole.
Standard powders BHVO-2, DNC-1, JB-2, and W-2 as well as two in-house standards (powdered MAR
and handpicked glass chips of VE-32) were used to generate calibration curves.

Comparison of the FSU and Harvard generated data shows very good agreement in element-element plots of
elements that show similar behavior like Ho-Y, Sm-Zr, Sm-Eu, U-Th, and Nb-Th. On these plots the data
from the two laboratories are indistinguishable from each other. Although the difference is small, Gd is
systematically higher in the Harvard data compared to the FSU data. The REE pattern of the Harvard data
shows an average of 8% excess of Gd compared to its neighboring REE, while FSU data show an average of
3% deficit of Gd compared to its neighboring REE. These differences, however, do not effect our interpreta-
tion of the data.

The isotopic compositions were analyzed on approximately 100 mg of fresh glass, which was handpicked
under binocular microscope and cold leached with 2.5N HCI for about 15-20 min. The leached fraction
was rinsed several times using 18MQ deionized water and then quartz distilled water and finally dis-
solved in HF: HNOj; (3:1) mixture using standard technique. Pb, Hf, Sr, and Nd were separated from
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the same aliquot following the techniques outlined in Stracke, Zindler, et al. (2003). Sr isotope ratios were
measured by thermal ionization mass spectrometer in dynamic mode on a Finnigan MAT 262 RPQ mass
spectrometer. ®’Sr/*°Sr ratios are corrected for fractionation to *°Sr/**Sr = 0.1194. Long-term average of
Sr standard E & A yields a value of 0.708004 + 18 ppm (n = 25, 20). 2’Sr/*Sr of the samples are
reported relative to the accepted ratio of E & A standard (*’Sr/®¢Sr = 0.70800). Nd-Pb-Hf isotope ratios
were measured on a ThermoFinnigan NEPTUNE MC-ICP-MS. '**Nd/'*Nd ratios are corrected for
fractionation to '*°Nd/**Nd = 0.7219. '"°Hf/"’"Hf ratios are corrected for fractionation to ‘"°Hf/
Y77Hf = 0.7325. Repeated measurements of Nd standard La Jolla and Hf standard JMC-475 yielded an
average value of '¥Nd/'*Nd = 0511839 + 36 ppm (n = 110, 20) and ‘7°Hf/
Y77Hf = 0.282147 + 47 ppm (n = 108, 20). “**Nd/***Nd and '7°Hf/*""Hf ratios of the samples are reported
relative to the accepted ratio of the standard—**Nd/"*Nd = 0.511850 (La Jolla) and '7°Hf/
Y7THE = 0.282160 (JMC 475).

Pb isotope ratios were measured using a Tl spike to correct for mass fractionation with ratios corrected to
20371/295T] = 0.4188. Samples and standard were spiked with Tl to obtain a Pb/Tl ratio of approximately 6.
Long-term averages of the Pb standard NBS-981 are *°°Pb/***Pb = 16.9294 + 136 ppm, **’Pb/
204pp = 15.4824 + 164 ppm, and ***Pb/***Pb = 36.6698 + 211 ppm (n = 100, 20). Pb isotope ratios are
reported relative to the accepted values of NBS 981 (206Pb/204Pb = 16.9356, 2°’Pb/?**Pb = 15.4891, and

208py,/204py, = 36.7006; Todt et al., 1996).

5. Results

The samples for which we report additional data were collected during CHEPR (Langmuir et al., 1986),
VENTURE (Reynolds, 1995; Reynolds & Langmuir, 2000), and PANAROMA (Donnelly, 2002; Langmuir
et al., 1988) expeditions. The new trace element abundances and isotopic compositions of basalts are pre-
sented in Table S1 in the supporting information and significantly increases the amount of trace element
and isotope data for the N-EPR. The data we discuss here and which we present in the figures also include
data from Castillo et al. (2000), Donnelly (2002), Goss et al. (2010), Langmuir (2013), Langmuir et al. (1986),
Mougel et al. (2014), Su (2002), and Wanless et al. (2012). We have not included the data of Sims et al. (2003,
2002) as some of these data plot consistently as outliers.

The samples range in K,0/TiO, from 0.03 to 0.32, representing 90% of the K,0/TiO, variation of MORB
(see Figure 2). Based on the K,0/TiO, ratios 32% of the samples are D-MORB with less than 0.08 K,0/
TiO, and have (La/Sm)y of 0.57 + 0.1, consistent with the global average D-MORB for (La/Sm)y of 0.60.
Fifty percent is N-MORB with K,0/TiO, between 0.08 and 0.13 and have average (La/Sm)y of
0.68 + 0.12, consistent with global N-MORB with (La/Sm)y of 0.73 (Gale et al.,, 2013). At K,0/
TiO, > 0.12, the (Ce/Yb)y ratio transitions from <1.0 to >1, while (La/Sm)y remains <1, consistent with
the slightly “humped” pattern that is characteristic of many MORB (Hofmann, 1988). Samples with (La/
Sm)y greater than 0.9 and K,O/TiO, greater than 0.15 are transitional to enriched and make up 18% of
the samples. Only 4% of samples have (La/Sm)y greater than 1. Note that all transitional to enriched sam-
ples have Mg# < 0.50.

Our new data show that most of the N-EPR has relatively limited variation in Sr and Nd isotopic composition
(Figure 3a) but large variations in Pb isotopes with 2°°Pb/?**Pb ranging from 17.45 to 18.61 (Figure 3b).
About 50% of the Pb isotope variation is from the segment just north of the Orozco Transform. Excluding
the segment north of the Orozco Transform, 80% of the Nd and Sr isotopic compositions lie between
0.5131 and 0.5132 and 0.7024 and 0.7029, respectively. Incompatible element ratios that are not easily chan-
ged by melting or crystal fractionation also show significant variation with Ba/Th varying by a factor of 8,
La/Nb and Zr/Nb by a factor of 6, La/Sm by a factor of 5, and La/Th and La/Nb by a factor of 4. Previous
studies on the northern EPR of smaller geographic extent found that two source components could explain
the observed geochemical variations; see, for example, Sims et al. (2002), although the Pb isotopic variation
hints the presence of a third component (Waters et al., 2011). Over the extended geographic range of this
study two source components, even as each component is allowed to have a range in composition, it cannot
explain the complete data.
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6. Discussion
6.1. Magma Chamber Effects

It is commonly believed that at fast spreading rates melts undergo mixing in AMCs (Rubin et al., 2009; Rubin
& Sinton, 2007). AMCs occur more often beneath fast and intermediate spreading ridges (Carbotte et al.,
1998; Detrick et al., 1987; Sinton & Detrick, 1992) and are rarer beneath the slow spreading ridges
(Detrick et al., 1990; Singh et al., 2006). At the EPR it has often been proposed that apparent chemical homo-
geneity of the ridge basalts is caused by efficient mixing and buffering by an AMC beneath the ridge (Batiza
et al., 1996; Perfit et al., 1994; Perfit et al., 2012; Sims et al., 2002; Sims et al., 2003). Rubin and Sinton (2007)
and Rubin et al. (2009) argued that at fast-spreading ridges, where the magma supply is high, AMCs produce
a higher degree of crystal fractionation and more extensive mixing of magmas. Consequently, the basalts
processed through such a magma chamber should be more homogeneous as differences in input magmas
are averaged out and have lower Mg#. Bergmanis et al (2007), however, found substantial variations in
magma composition of historical lavas along a small portion of the southern EPR where a continuous
AMC reflector exists, suggesting that the magma chambers on time scales of centuries have limited ability
to produce homogeneous magmas.

In the 5-19°N area ridge segment C has an AMC reflector along almost its entire length, while segments
D, E, and G are partly underlain by an AMC (Carbotte et al., 1998; Detrick et al., 1987; Sinton & Detrick,
1992). It should be noted, however, that the AMC is not at a constant depth and thus not necessarily contin-
uous (Carbotte et al., 2013; Carbotte et al., 2015). The combination of the isotopic composition and trace
element variations over a large section of the ridge system that has robust magmatism allows us to assess
the importance of magma chamber processes (O'Neill & Jenner, 2012) and to what extent they homogenize
erupted magmas on a segment scale.

If magma chamber processes dominate trace element contents and ratios of MORB, it would permit the
argument that progressive mixing in steady state magma chambers will lead to large trace element enrich-
ments (O'Hara, 1977). Coogan and O'Hara (2015), Jenner et al. (1981), and O'Hara (1977) have suggested
that these enrichments can mimic those of mantle melting. It is important to recognize, however, that for
magma chambers undergoing fractional or equilibrium crystallization these large enrichments occur only
when there are very large mixing increments between relatively primitive and highly evolved magmas
(e.g., the entering magma increment occupies half the magma chamber volume). Otherwise, for small mix-
ing increments, enrichments are restricted to the equilibrium liquid line of descent (Langmuir & Hanson,
1980). Lissenberg et al. (2013) shows pervasive reactive melt migration affecting the lower oceanic crust at
the Hess Deep, but it is as of yet unclear to what extent this affects the erupted melts. It should be pointed
out that in the study area discussed here the complete trace element variation can be found at the high
MgO end of the compositional spectrum and the trace element variations correlate with the isotopic
composition. This strongly suggests that the trace element variations are not related to shallow level crustal
processes. While magma chamber processes lead to limited mixing and influence the extent of differentia-
tion, (e.g., Rubin & Sinton, 2007), their effects on trace element ratios derived from a homogeneous parental
magma are not supported by the inclusions of isotopic data.

The same conclusion is evidenced from consideration of the trace element data alone. There is a general
misconception in the literature that periodically replenished magma chambers can replicate the effects of
melting (e.g., the references above). This is not the case, because the mineralogy of crustal processes is
distinct from melting mantle lherzolite. All MORB with <8 wt.% MgO have plagioclase on the liquid line
of descent, and all gabbroic rocks have plagioclase as a dominant phase. During crystallization, plagio-
clase makes up some 50% of the crystallizing assemblage. Plagioclase has a partition coefficient for Sr
of about 2, leading to a bulk distribution coefficient of 1. This contrasts markedly with the mantle parti-
tion coefficient for Sr of about 0.02. Plagioclase also takes up Ba, and the partition coefficient for Ba (~0.3)
is higher than that for La (~0.1) and much higher than Rb (~0.02). During crustal processes, therefore, Ba
is more compatible than La and Rb, while during mantle processes Ba is more incompatible than La and
about the same as Rb. Crustal processes involving plagioclase keep Sr essentially constant, as Ba/La
declines, and other incompatible elements that are not included in plagioclase increase. This leads to clear
tests for the importance of magma chamber processes in controlling the trace element variations. As rare
earth elements increase, there should be a larger Sr (and Eu) anomaly, and as Ba increases, the Ba/La
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30 ratio should decrease. There should be no correlation between Sr con-

tents and enrichment in incompatible elements.
231 S ] If there are large mixing increments between a high MgO magma and
highly differentiated magmas, then the concave upward shape of the
£ 20F ° ° .G, 1 liquid lines of descent permits different samples that mix with a variety
< of highly differentiated magmas to have large variations in incompatible
= 5L eal =) elements at the same MgO content (see also Perfit et al., 2012). So the large
: gf R incompatible element variations at high MgO (see Figure 4) in this region
Lol B2 © c e are not necessarily evidence against the magma chamber hypothesis. But
ecl the tests outlined above do provide definitive tests. Figure 5a shows a
05 ° g correlation between La/Sm ratios and Sr concentrations. Large variations
60 e b1 in La/Sm at constant Sr content are expected if periodically replenished
Sh) magma chambers as envisaged by O'Neill and Jenner (2012) and
50 E; © A Coogan and O'Hara (2015) exist. Furthermore, as La or Ba contents
oF increase, a replenished magma chamber should cause the Ba/La ratio to
WO o | decrease, but data show that Ba/La ratio increases (see Figure 5b). Ba sees
™ e ® °e . the same high degree of enrichment than Th (see Figure 5c), while less
E 307 f:{ | enrichment is expected if crustal processes are important, because Th
e remains highly incompatible during crustal processes while Ba does not.
201 1 All of these lines of evidence are consistent with mantle control on the
ol | trace element variations, and periodically replenished magma chambers
are effectively ruled out as an important control on the trace element

0 ) ) ) observations, on the East Pacific Rise, and elsewhere.
0.3 0.4 0.5 0.6 0.7
Mgt 6.2. Geochemical Variations as a Function of Latitude

Figure 4. La/Sm and Zr/Nb versus Mg# as examples that most of the varia-
tion in trace element ratios is present in the relatively unfractionated basalts.

Gradients in isotopic composition in the Atlantic and Indian Oceans are
often influenced by hot spots (e.g., (Meyzen et al., 2007; Schilling, 1975)
which impose gradients over several hundred kilometers in isotopic and
trace element composition. The northern EPR investigated here does
not have any identified hot spots and yet exhibits substantial isotopic heterogeneity. Meyzen et al. (2007)
suggest that because the Pacific basin is not influenced by continental lithosphere, it reflects more distribu-
ted mantle upwelling, which is also consistent with mantle tomographic images suggesting broad and deep
upwelling associated with the East Pacific Rise (e.g., (Mégnin & Romanowicz, 2000). Shear velocities
beneath the northern East Pacific Rise are also associated with slow velocities to depths of 300 km. This
region thus appears to reflect a general upwelling of the upper mantle, and isotopic variations would be
expected to reflect the components of upper mantle composition in this region rather than the particular fla-
vor of hot spot. The isotopic data then provide constraints on this composition and the components that
make it up and also on how magmatic segmentation may or may not be related to relatively short-scale var-
iations in mantle properties.

For the northern EPR it has been shown that magmatic diversity in terms of major and trace elements varies
from one ridge segment to another and occurs on the scale of first- to fourth-order ridge discontinuities
(Langmuir et al., 1986; Reynolds, 1995), with “magmatic segmentation” referring to distinct chemical char-
acteristics from one segment to another. The isotopic data presented here allow assessment whether the
magmatic segmentation can be extended to source compositions.

There are significant and systematic isotopic variations with latitude along the ridge. Figure 1 shows the divi-
sion of the ridge in segments and subsegments that are recognized as tectonic segments as well as “isotopic”
segments. The isotopic segmentation is recognized as basalts from a segment differing in isotopic composi-
tion from basalts from neighboring segments. Segments, separated by either fracture zone or significant
OSC, are labeled alphabetically from south to north. Subsegments that are separated by third- or fourth-
order discontinuities and are also recognized by a change in isotopic composition of the basalts are
numbered increasing northward. The along-axis variation in isotopic composition and incompatible
trace element ratios is also shown in the supporting information (Figures S1 and S2). However, the
difference between segments is best shown when two or three chemical parameters are shown and
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Figure 5. Trace element variation testing the importance of low-pressure
fractionation. A. La/Sm versus Sr content showing an increase in Sr with
La/Sm. This increase cannot be explained by shallow magma chamber
processes and has to be related to source effects. B. Ba versus Ba/La. Samples
in B and C are only from south of the Orozco Fracture zone as the segment
north of it shows unusual Ba enrichments. Low-pressure fractionation
would increase Ba/La with increasing Ba concentration. This is not
observed. C. Ba versus Th. If the enrichment is due to plagioclase fractio-
nation, Th should enrich more than Ba. OSC = overlapping spreading

center.

samples are grouped by segment. These are shown in graphs such as
Figure 6 or supporting information movies. It is the combination of
several parameters that shows the differences between adjacent
segments as detailed below.

The southernmost ridge segment of our study area (segment A) is between
the 5.5°N OSC and the Siqueiros Fracture Zone and can be further divided
by a small offset OSC at 7.21°N. All analyzed basalts from this segment are
D- or N-MORBS, and those in the northern part (A2) are the most depleted
in terms of trace elements and have among the lowest K,0/TiO, ratios of
our study area. Although there is a gap in the isotope data between 6.80°N
and 8.00°N, the basalts north of the 7.21°0SC have lower 2°°Pb/?°*Pb and
87Sr/8Sr and more radiogenic ***Nd/***Nd, and there is almost no over-
lap in Pb isotopic compositions (see Figure 6a). The clustering of composi-
tions north and south of the 7.21°0OSC is observed for all four isotope
systems as well as in trace element ratios like La/Th, La/Nb, and Ba/Th.

There is a significant change in isotopic composition across the Siquieros
FZ, and in any plot of two isotopic compositions the fields for the basalts
from the segment north of the Siqueiros FZ (segment B) and those directly
south form separate clusters (see Figure 6a). This difference in composi-
tion again occurs for all isotope systems. In addition, the isotopic compo-
sitions of the basalts from segment B, between the Siqueiros FZ and the
9.11°N OSC, form two clusters separated by a deval at 8.61°N. The differ-
ence in composition of the clusters separated by the 8.61°N deval is espe-
cially clear for the Pb isotope systems where there is no overlap in
composition including 2°*Pb/*°°Pb. Except for one E-MORB, the
N-MORBs north of 8.61°N have less radiogenic 2°°Pb/?**Pb and 2*®*Pb/
204pp than those to the south (see Figures 3b, 3c, 6a, and S1). Carbotte et al.
(2015) indicate two additional devals south of the 8.61°N deval, but those
are not recognized by the chemistry with the present sampling frequency.

The third large segment, C, between the 9.06°N OSC and the Clipperton
Fracture zone, has five devals of which two (at 9.63°N and 9.93°N) mark
the separation of different clusters in isotope composition space. In gen-
eral, the 2°Pb/2**Pb and 2°°Pb/?°**Pb in this segment continue the trend
of decreasing values toward the north from the segment to its south
(Figures 6b, 6¢, and S1) and in Pb-Nd isotope space the samples from
the segment between the 9.06°N OSC and Clipperton are distinct from
the segments to the north and south (Figures 6c and S1). Twenty samples
from the subsegment between 9.63°N and 9.93°N show a very limited
range in Pb isotopic composition, and few of the samples fall outside the
cluster toward more radiogenic Pb isotopic compositions. The samples
between 9.93°N and the Clipperton Fracture Zone cluster at different Pb
isotopic composition than the subsegment just to the south or samples
north of the Clipperton Fracture Zone. This clustering is also observed
in incompatible trace element ratios. Figures 4b and 4c shows this cluster-
ing clearly in Sr-Nd-Pb isotope space where the most radiogenic Pb sam-
ples are from south of the 9.06°N OSC and north of Clipperton.

Samples from the segment between Clipperton and the 11.75°N OSC (seg-
ment D) form two clusters with a deval at 11.09°N separating them. The
clusters are easily recognized in Sr-Nd or Sr-Hf isotope space (see

Figure 6d). The samples immediately north of the 11.75°N OSC (segment E) form a cluster separate from
the segment to the south of it (see Figure 6f). North of the deval at 12.67°N (segment E2), the samples are
not as tightly grouped as for the segments to the south. But from south of the Clipperton Fracture Zone
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Figure 6. Variations in isotopic composition that show the clustering of chemistry of individual segments based on chemistry. Symbols as in Figure 2. Panels from
A to G display segments successive segment going northward. A. Segments A and B north and south of the Siqueiros Transform Zone can be identified based

d/"**Nd isotopic composition. Both segments can be further subdivided with chemistry changing across the 7.21°0OSC and the 8.61°N
208ph/294ph and decreasing 8751/t through segments B and C.

on 2%%Pb/2%pp and >N

deval. B. Change in chemistry across the 9.06°N overlapping spreading center. Decreasing
Segment C can be subdivided by devals at 9.63°N and 9.93°N. C. Change in chemistry across the Clipperton Fracture zone. D. Subdivision within segment D at

the 11.09°N deval. E. Continuous increase in 2°°Pb/?**Pb from 10°N to 14°N. F. Change in chemistry across the 11.75°N OSC. G. Clustering of adjacent segments

with separate chemistry in the northern part of the study area. Adjacent segments have distinct isotopic compositions.
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until the 14.14°N OSC (segment D and E) there is a clear gradient in 2°°Pb/?**Pb isotopic composition with it

becoming increasingly radiogenic to the north (see Figure 6e). Across the 14.14°N OSC there is a decrease in
206pp/2%4pp (see Figure 6€) to the north in samples from segment F.

The segment between the Orozco Fracture Zone and the 16.28°N OSC (segment G) is compositionally unlike
any other part of the EPR and has radiogenic Sr and unradiogenic Pb, Nd, and Hf (see Figure 4f). This seg-
ment is characterized by a detailed study of Mougel et al. (2014). Samples with the most extreme isotopic
compositions also have clearly distinct trace element composition (see section 6.3). Compared to its neigh-
boring segments, this segment has a low mantle Bouguer anomaly that may indicate thickened crust and
increased magma production (Carbotte et al., 2015). The northern boundary of this compositional “flavor”
is sharp and occurs at the deval at 15.96°N (see Figure 4f). The amount of data north of the 16.28°N OSC
(segment H) is relatively limited, but the segment directly north of 16.28°N is isotopically distinct from
the segment to its south and has more radiogenic Nd and Hf and less radiogenic Pb compared to the segment
to its south (see Figure 4f).

The difference between adjacent segments is not restricted to the isotopic compositions but is often also
observed with incompatible trace element ratios such as Ba/Th and La/Th, although the clustering of the
trace element ratios is less clear. The chemical segmentation persists when plotted in three-dimensional
space. In such diagrams that we present as movies S1 and S2 (supporting information), each ridge segment
has limited overlap with its neighboring segments. In *°°Pb/2**Pb versus 2°’Pb/?**Pb space adjacent ridge
segments occupy different locations on this diagram or have different slopes. The difference in slope requires
a change in at least one of the source components.

It is thus clear from this regional survey that there are variations in isotope values across ridge discontinu-
ities at all scales. Every transform and large offset OSC shows a discontinuous change in isotopic composi-
tion, and some third- and fourth-order discontinuities demonstrate these changes as well. Magmatic
segmentation in isotope values shows that the changes are not only occurring in the crust but also extending
to source compositions.

6.2.1. Importance of Geological and Temporal Variability

The occurrence of these regularities is surprising in view of high-resolution geological studies that have
taken place on both the northern and southern East Pacific Rise. Careful near-bottom studies have shown
that lava flows can flow across a Deval (Goss et al., 2010; Bergmanis et al. 2007). In this case any variations
that might have been organized with respect to the smallest scales of segmentation would be obscured.
Indeed, lava flows have been mapped to extend up to 15 km along axis (J. Sinton et al., 2002), which would
cause boundaries to be diffuse rather than sharp. Bergmanis et al, (2007), however, conclude that most flow
of lava is vertical and that ordinarily lateral movement along axis is limited in cases such as the East Pacific
Rise where magma supply from the mantle is more or less continuous along strike. Where there is a point
source of magma, such as in Hawaii, dikes may propagate large distances carrying magma from the point
source along a rift zone. But where there is a continuous supply of magma, the crack may propagate but
nonetheless be filled largely from magma below. In this case, even single eruptive episodes might preserve
discontinuities in composition along strike. It is also noteworthy that along the southern EPR, large offset
OSCs (e.g., 20° 30" S) are also sites of abrupt steps in chemical composition.

Bergmanis et al. (2007) also note that the importance of temporal variation where older lava flows, still
exposed near the axis, tends to be of a more enriched composition. The temporal extent of variations is
virtually unexplored terrain that would require extensive time series data at the same scale as zero age
sampling (e.g., see Ferguson et al. 2017)—a daunting task.

6.3. Significance of Isotopic constrasts Across Segment Boundaries

There are many other locations along the ridge system where ridge offsets correspond with discontinuities
in chemistry (e.g., Langmuir & Bender, 1984) including isotopic composition. These include the Chile Ridge
in the Pacific (Sturm et al., 1999), east of the Prince Edward Fracture Zone in the Indian Ocean basin
(Meyzen et al., 2005), the Kane Fracture Zone (Machado et al., 1982), the Menard Transform Zone
(Hamelin et al., 2010), the Hayes Transform Zone (Smith et al., 1998), the propagating rifts that bound
the Galapagos hot spot (Ingle et al., 2010; Schilling et al., 2003; Sinton et al., 2003), the Australian
Antarctic Discordance (Hanan et al., 2004; Klein et al., 1988), the north Atlantic at the Gibbs, Tjornes
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and Jan Mayen Fracture Zone (Blichert-Toft et al., 2005; Schilling et al., 1999), as well as subaerial Iceland
(Shorttle et al., 2013). In the southern EPR the second-order discontinuity at 20°30’S also is a major bound-
ary (Mahoney et al., 1994). These are all major offsets that generally also correspond with marked changes
in the depth of ridge axis and thus would seem to be reflecting larger-scale characteristics of mantle flow or
composition. What is novel in the present study is the high resolution of the data that demonstrates the
existence of discrete isotopic clusters of composition on very short length scales and across ridge offsets that
include not only transform faults and large offsets OSCs but also the small offset third- and fourth-order
discontinuities (devals).

How can spatial variability of heterogeneity in the subridge mantle be preserved during melt transport and
ponding in a magma lens? The observed magmatic segmentation indicates that there is limited lateral flow
and mixing in crustal magma chambers even where there is a subaxial magma lens. This supports the
“multiple supply” model of continuous magma input along axis even in the presence of an axial magma body
(Langmuir, 1987; Langmuir et al., 1986), a conclusion also reached by Bergmanis et al (2007) for their
studied portion of the southern EPR.

The gradient in isotopic composition as is observed in Figure 4e also shows a larger wavelength hetero-
geneity than the magmatic segmentation. If there is an existing ridge, parallel gradient in isotopic compo-
sition of the subridge mantle and individual ridge segments average out melts from a subset of the
gradient then these averages will have distinct compositions. This process could be partly responsible
for the clustering of the isotopic compositions. It would imply that even melts from deeper reaches of
the melt regime would consistently aggregate at the same side of a discontinuity and that transport across
a plane extending from a discontinuity is minimal. Additionally at many locations in our study area the
clustering is such that there is almost complete separation between segments and minimal overlap. This
suggests that the location of the discontinuity may at least in part be a consequence of differences in
source composition.

The mechanism that would couple source composition with surface tectonics is most likely related to phy-
sical differences of the sources. At this section of the EPR the source seems to consist of three components
(see discussion below); each most likely has a different solidus and different melting behavior. The limited
variation in ridge depth indicates that the potential temperature variations along the ridge are limited and
that the mantle below the EPR follows the same P-T path before melting starts. However, the different
mixtures of the three components will have different solidi and different melting rates. The solidus of peri-
dotite alone can vary by about 100 K dependent on its fertility (Hirschmann, 2000). If different lithologies are
considered, the difference in solidus temperature can be even larger. With an enthalpy of melting of about
600 I.g™* and a specific heat of 1.0-1.5 J-g”*-K ™", the difference in solidus temperature will quickly result
in fairly large temperature gradients; that is, the differences in solidus temperature become the difference
in the ambient temperature of the mantle. Thermal diffusivity is not fast enough to eradicate the tempera-
ture difference; over 1 Myr differences in temperature over a distance of approximately 20 km can be eradi-
cated, but larger-scale gradients will persist longer. Thus, the compositional differences at depth will be
translated in temperature differences at shallower depths in the melting regime. Water content is an impor-
tant control on the mantle viscosity and mantle flow beneath the ridge (Hirth & Kohlstedt, 1996). Since
water behaves similar to Ce during melting (Michael, 1988; Saal et al., 2002), the different onsets of melting
will result in variations in water content even if water contents were initially uniform. The removal of water
and the decrease in temperature both will increase the viscosity of the residue. A natural “break” in physical
parameters occurs where the contrast between chemical compositions is largest. Both variations in chemical
composition and the distribution of heterogeneities can affect the physical parameters of the mantle such as
temperature and viscosity and, in turn, affect segmentation.

It is easy to envisage that differences in solidus with associated differences in temperature, magma produc-
tion, and rheology can have an influence on the location of second- or higher-order discontinuities. These
are more transient features that can move along the ridge or disappear. However, first-order discontinuities
can be hundreds of kilometers in length; the Clipperton FZ can be traced for over 1,000 km. If the chemical
differences persist over such a distance, it would imply large length-scale consistent variations with a rela-
tively sharp transition between two mantle compositions. Linear-type features are observed at Hawai'i
where the difference between Loa and Kea trend on Hawai'i persists on the surface for at least 400 km
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Table 1 (Weis et al., 2011) and exceeds the length of many fracture zones. There
Orgpestine G e 1epese Wi B e ims are also two parallel trends of volcanoes of distinct isotopic composition
Parameter Depleted Gabbro Enriched  at the Society Islands extending for approximately 400 km (Payne et al.,
Sr 30 186.8 260 2013). Whether the geochemical differences on either side of a first-order
Nd 3 15.534 14.5 discontinuity persist in older crust is unknown as there are to our knowl-
Pb 0.1 0.228 1.1 edge only two studies that investigated the temporal variation in composi-
Rb oz DLl LY tion for a significant length off-ridge. Similar isotopic compositions of
(L; ;83 1;; 62 3Z basalts up to 50 km (800 kyr) from the ridge axis was observed at 9 N on
Ba 1 17 100 the EPR (Regelous et al., 1999). A study of the temporal variation at the
TH 0.05 0.096 0.75 VEMA fracture zone shows that the Sr and Nd isotopic composition of
U 0.01 0.026 0.417 the basaltic crust on the south side of the fracture zone is essentially con-
g}; g'ig ;'22 1; stant over the length of the study area (350 km representing about 20 Ma;
87Sr/0sr 0.7023 0703125 07020  Cipriani et al, 2004).
BN/ *Nd 0.513289 0.51303 0.51297 6.3.1. Complexities of Sampling the Melting Regime
206py204py, 18.2 17.4 19 Rudge et al. (2013) and Shimizu et al. (2016) have recently suggested that
207 204

Pb/™""Pb 15.36 1547 15.6 complex mixing in the melting region can produce a diversity of trace ele-

ment and isotope compositions by independent melting of two lithologi-
cally independent sources. In essence, a pyroxenite lithology begins to melt at greater depth, and these
melts mix with shallower melts of peridotite as the pyroxenite also continues melting to the surface.
Because both lithologies melt fractionally, and fractional melting affects the trace elements to an extreme
while not affecting the isotopes, a huge diversity of trace element compositions is produced for each separate
isotopic composition. The individual melts then form two large vertical linear arrays on plots of an incom-
patible element ratio (x) versus an isotope ratio (y), and diverse mixtures of these melts can then create a
box of compositions that have little relevance to the source compositions. Depending on the way these
diverse melts are mixed, complex and nonintuitive results can be produced, including chemical arrays that
are derived from two components that appear to reflect three components or linear arrays that do not extend
to the endmember isotopic compositions. While this model has mathematical appeal, the question is
whether the process proposed occurs in the mantle, and if so how one might distinguish it from more con-
ventional interpretations of mixing of endmembers.

We are using the basalt compositions to determine endmember melt composition that mix to form the che-
mical variations. It should be understood that these melt compositions are sampling a source, but there is a
potential bias in this sampling as the isotopic compositions and trace element ratios can reflect an incom-
plete sampling of the source (Salters & Dick, 2002; Stracke et al., 2011). How the mantle is sampled and
how the melts are transported can potentially effect the composition of the melts (Rudge et al., 2005;
Shorttle & MacLennan, 2011; Stracke & Bourdon, 2009). The question then is whether the differences
between segments relate to differences in source composition or are they related to differences in the way
sources are melted and sampled before eruption.

The first important aspect is that these complexities proposed by Rudge et al. (2013) do not occur for Pb
isotopes. The Pb isotopes still reflect the mixing endmembers. Since the Pb isotope data alone in this study
region require three components, it is evident that the conclusion of three endmembers is not an artifact of
complex mixing of melts in the mantle.

Rudge et al. (2013) propose that there is efficient mixing of pyroxenite and peridotite sources below 85 km
and that this intermediate composition then forms a kind of mixing endmember with shallow fractional
melts of pyroxenite and peridotite. In this case one would predict a common enriched member for all the
segments. However, this is not observed. The Pb isotopes are particularly significant in this regard as the
individual ridge segments have different slopes in 2°°Pb/***Pb->°"Pb/?**Pb space indicating a different mix
of source components for the individual segments.

There are other tests of the Rudge et al. (2013) model. For low values of their mixing parameter (N), there
should be no correlation between incompatible element contents and isotope ratios. Such correlations, how-
ever, are present in the EPR data. For high values of N (well-mixed melts), correlations reappear with Nd
isotopes but only at the expense of greatly damping the total variance of both trace elements and isotopes.
The EPR data show large variations in incompatible element concentrations, inconsistent with large
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values of N. Furthermore, their reported model results show no correla-
tions between highly incompatible elements and Pb isotopes, and the
EPR data show quite good correlations.

1e Chemical variation can also be created during magma transport between
point of origin and eruption by reactive melt transport (Spiegelman &
Kelemen, 2003; Katz & Weatherley, 2012). However, melt transport can-
not create isotopic variation. Thus, to explain the variation in the basalts
still requires three components; the question becomes whether some of
the variations between ridges can be explained by variations in reactive
melt transport as opposed to source variations. Trace element variations

0.5132 f

0.5131

143N d/144Nd

0.5130 [

0.5129

as the result of reactive porous flow as opposed those from source varia-
tion are difficult to distinguish. The range in trace element variations
that can be created is largest for the highly incompatible elements.
Therefore, one would not expect correlations between isotopic composi-
tion and incompatible trace element ratios, and the data in fact are
well correlated.

Therefore, there is no aspect of the EPR data that supports the complex-
ities of chemical transport nor the fractional mixing process that Rudge
et al. (2013) propose. Why would this be? The Rudge et al. (2013) model
requires separation of sources at depth and complete separation of pyrox-
enite melts from peridotite melts at all depths above 85 km. This requires

156 [

207pb/204pPp
T

154

large and physically separate pyroxenite bodies on the scale of tens to hun-
dreds of meters or more. It is possible that the heterogeneities are on a
smaller scale, which permits mixing of melts within the melting column
rather than completely separate melting regimes for the two lithologies
as they model. If low degree melts are the origin of the heterogeneities
(e.g., Donnelly et al, 2004), then enriched domains lie along grain bound-
aries. If melts are always of peridotite, some peridotites have higher
incompatible element concentrations owing to a larger proportion of the
low-degree melt component. Mixing then takes place in the source region
of a single lithology, albeit with different volatiles contents that may influ-

ence the onset of melting. In this case, a classical approach to mixing end-

172

17.6

206pp,204p,

184 18.8 192 members remains appropriate and is not complexified by physically
separated lithologies.

Figure 7. Mixing calculations for the three chosen endmembers in isotopic
composition space. G is gabbroic component, DM is depleted mantle, and 6.4. Compositional Trends and Mixing Relationships

EM is enriched mantle. Symbols as in Figure 2. Tick marks at mixing curves
are 5% increments of a component.

The large range in incompatible trace element ratios and isotopic compo-
sitions clearly indicates the mantle source beneath the N-EPR is heteroge-
neous. The ridge basalts and off-axis seamount basalts also overlap in
composition and share chemical characteristics (Niu et al., 2002) although the off-axis seamount basalts
are more heterogeneous than the N-EPR ridge basalts (Brandl et al., 2012; Fornari et al., 1988; Graham
et al., 1988; Niu & Batiza, 1997; Niu & O'Hara, 2008; Shimizu et al., 2016; Zhang et al., 2016; Zindler
et al., 1984). It has been argued that seamount basalts, by nature of their relatively small volume, faithfully
reflect the source heterogeneity of the subridge EPR mantle, and the majority of the geochemical variability
of the lavas that erupted in the N-EPR region is controlled by a two-component mantle: an enriched and low
solidus component and one depleted in incompatible elements (Fornari et al., 1988; Graham et al., 1988; Niu
& Batiza, 1997; Niu & O'Hara, 2008; Zindler et al., 1984). A cursory look of the N-EPR ridge basalt chemistry
shows overlap with the seamount basalt chemistry, but compositional trends of MORB particularly from seg-
ment G, north of the Orozco Transform, require a third component (see Figure 3b). While the variations in
Sr, Nd, and Hf isotope ratios of EPR basalts are similar to those of the seamount basalts, individual segments
show overlapping variations with a different slopes which excludes mixing of just one enriched and one
depleted component and indicates the presence of a third component. The presence of an additional compo-
nent becomes very evident in compositional space that includes the Pb isotopes (Figure 3). For example, in
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Figure 8. Mixing calculation on isotopic composition versus incompatible
element ratio showing that the compositional range at the EPR can be
explained by three component mixing. Tick marks at mixing curves are 5%
increments of a component. Symbols as in Figure 2.

206pp/294pp versus “*Nd/**Nd (and 2°°Pb/***Pb vs. ¥7Sr/*°Sr) diagrams
segment G displays a compositional trend with significantly different
slope than the other ridge segments. The ®’Sr/*¢Sr->°°Pb/***Pb
variations also show a range in Sr-isotope composition for given 2°°Pb/
204py isotope ratio that requires more than two components.

Three-component mixing calculations can reveal whether three compo-
nents could explain all the variations. We choose (1) a depleted compo-
nent—depleted in incompatible elements and with radiogenic Nd, Hf,
and unradiogenic Sr and Pb; (2) an enriched component—enriched in
incompatible elements and with unradiogenic Nd, Hf, and radiogenic Sr
and Pb; and (3) a component modeled after a gabbroic composition with
unradiogenic Nd, Hf, 206pp /294pp, and 2°%Pb/?**Pb with comparatively
high concentrations of Ba (high Ba/Nb, Ba/Zr, and Sr/Nd; a positive
Eu-anomaly; low Ce/Pb and low La/Sm and relatively high 87Sr/35sr;
and a high U/Pb ratio. The basalts with the least radiogenic Pb isotopic
compositions also have high Al,03 content and positive Eu-anomaly
(Donnelly, 2002; Mougel et al., 2014) indicating the presence of abundant
plagioclase and their ancient origin. The high abundance of plagioclase is
consistent with the low Ce/Pb and U/Pb the latter resulting in low 2°°Pb/
204pp isotopic compositions. As noticed by Donnelly (2002) and Mougel
et al. (2014, 2015) this component is different than any of the named
mantle endmembers; they argue for a metagabbroic pyroxenite.

We used a gabbro composition similar to that reported by Hart et al.
(1999) and Zimmer et al. (1995). The isotopic composition of this com-
ponent is similar to that of a 1.7-Ga gabbro from oceanic crust that
has been modified during subduction (Stracke, Bizimis, et al., 2003),
and we call this a metagabbro and assume an eclogitic/pyroxenitic
lithology, that is, it has been subducted and recycled deep into the man-
tle and amphibole is absent. The absolute concentrations of trace ele-
ments of a melt from this bulk composition are poorly constrained
and somewhat arbitrary. The temperature difference between the soli-
dus and liquidus of a gabbro is small, and as long as there is no residual
garnet the bulk gabbro and the melt will be relatively similar. The
absence of fractionation of the LREE from the HREE indicates that
there is no residual garnet and that the magmas derived from this com-
ponent represent a relatively large degree of melting (Mougel et al,,
2014). Concentrations that are twice that of the modified gabbro are
used in the simple melt mixing calculations.

The initial choices for the other components are relatively obvious. For
the depleted component we used the depleted basalts from the Garrett
Transform Fault at the south EPR (Wendt et al., 1999), which in terms
of trace elements and isotopes are the most depleted of the EPR. Off-axis
seamount basalts are the most enriched basalts of this part of the Pacific

crust (Niu et al., 2002), and a composition similar to the ssamount basalts is taken as the enriched compo-
nent. Endmember compositions are listed in Table 1 and shown in Figures 7 and 8. The estimated enriched
and depleted endmember compositions are similar to the endmember compositions proposed in the other
studies (Castillo et al., 2000; Donnelly, 2002; Lundstrom et al., 1999; Niu et al., 2002). Waters et al. (2011)
based on U-Th disequilibria, trace elemental and isotopic compositions, argued that the chemical variation
at the 9-10°N is due to mixing of melts from different sources as opposed to mixed sources which subse-
quently melt. However, it should be noted that this modeling solution is nonunique. The lack of correlation
of major elements such as Nag or CaO/Al,O5 with isotopic compositions also indicates that melts from
different stages of melting and/or fractional crystallization are mixed.
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Table 2

Loadings of the Chemical Parameters on the Principle Components

Parameter PC1 PC2 PC3 PC4 PC5
878r/86sr 0.286 —0.156 0.046 —0.001 0.116
143Nd/1*Nd —0.295 0.139 0.064 0.143 0.126
206py,/204py, —0.048 0.516 0.114 —0.166 —0.020
207py, /204py, 0.192 0.313 0.065 —0.335 0.459
208py,/204py, —0.060 0.519 0.080 —0.156 0.104
Ba/Th 0.290 —0.280 0.020 —0.053 0.112
Th/U 0.258 0.148 —0.024 0.372 0.527
Ba/La 0.347 —0.119 —0.059 0.015 —0.005
La/Th -0.310 —0.166 —0.002 —0.364 0.028
Nb/Th —-0.117 —0.128 0.891 0.065 —0.089
La/Nb —-0.290 —0.139 —0.316 —0.430 0.052
Sr/Nd 0.141 —-0.279 0.246 —0.508 0.349
Ce/Yb 0.300 0.160 0.077 —0.231 —0.428
La/Sm 0.304 0.202 0.016 —0.179 —0.354
Ba/Zr 0.348 —0.032 —0.075 —0.089 —0.130
Percentage 51.11 22.68 6.68 5.49 4.81
Cumulative percentage 51.11 73.79 80.47 85.96 90.77

Mixing calculations using Table 1 endmembers reproduce the general trends and most of the compositional
variation in trace element and isotope ratios. The variations displayed by the basalts all fall internal to the
field defined by the proposed components and the mixing lines between them. Note that no segment repre-
sents mixing between pure components (see “°°Pb/?**Pb vs. #Sr/*°Sr and 2°°Pb/***Pb vs. “*Nd/***Nd;
Figure 7). It is also important to note that the majority of the samples contain a large amount of the depleted
component. It implies that the depleted mantle plays the major role in controlling the composition, but all
three components are present under all segments and are sampled to different degrees. The presence of the
gabbro component is well shown in the *°Pb/>***Pb versus '**Nd/'**Nd variation where the gabbro compo-
nent is extremely obvious for the samples from the G1 segment and also for segment G2, H, and F. For the
latter three even if the two other endmembers are changed to less radiogenic *°°Pb/>**Pb compositions the
three segments deviate in 2°°Pb/?**Pb for given “**Nd/***Nd from the trend formed by the other segments
(excluding G1) that a third component is needed.

Principal component analysis using 15 parameters was used in this analysis: Ba/Th, Th/U, Ba/La, La/Th,
Nb/Th, La/Nb, Sr/Nd, Ce/Yb, La/Sm, Ba/Zr as well as the Sr, Nd, and Pb isotopic compositions reveal that
two components can explain 74% of the observed variation and this is consistent with the elongated trends
observed for the individual ridge segments. In order to investigate whether the principle component analyses
was dominated by the large data set on the relatively small segment G2 with the strongly deviating Pb iso-
topic composition, we did the analysis both with and without the data of the Moguel et al (2014). There
was no significant difference in the loadings on the principle components nor was there a significant change
in the number of components needed to explain the data.

Two components are explained by PC1 in Table 2 and have significant loadings for all parameters except for
the Pb isotopic composition and Nb/Th and Sr/Nd and explain 51% of the variation. With a positive loading
for ”Sr/*°Sr and a negative for '**Nd/'**Nd PC1 is related to the enrichment depletion that gives rise to the
negative correlation between Sr and Nd isotopic compositions and levels of enrichment in the mantle. PC2
has the highest loading for the Pb isotopic composition and explains another 23% of the observed variations.
The loadings of the parameters on the components are in Table 2, and the loadings of the first three com-
ponents are in Figure 9. Samples from segment H, F, and G1 and G2 have significant loadings of PC2 indi-
cating that the gabbro-like component is present. PC2 represents a significant part of the variation of all
samples, indicating that the gabbroic component is ubiquitous beneath the EPR. This is especially clear
in Sr-Nd-Pb isotope space and Nd-Pb isotope, Ba/Th space (see movies in supporting information).
Another 17% of the variation can be explained by an additional three components. Parameters sensitive
to source and crystal fractionation or melting like La/Sm, Ba/Zr, and Ce/Yb do not require a separate com-
ponent; that is, they are correlated with the isotopes. This indicates that source processes as opposed to
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The compositional variation of individual ridge segments is often more
linear creating the impression that only two endmembers are present.
These two endmembers at the segment scale are both a mixture of the
three components. Waters et al. (2011) suggest that two components
explain most of the variation in the 9-10°N on-axis basalts but that Pb-
isotope variation in off-axis E-MORB and in our data shows that this seg-
ment (C) looks like binary mixing with a relatively small amount of the
gabbro-like component. Donnelly (2002) also proposed similar three-
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Figure 3). Especially segments E1 and E2, F and G1 have different slopes
from the main trend. This indicates the presence of at least
three components.

Earlier studies have argued that the subridge mantle at the EPR is variably
1 polluted by a low-solidus enriched component (Castillo et al., 2000;
Lundstrom et al., 1999; Niu & Batiza, 1997; Zindler et al., 1984), and this
could explain the E-MORB and off-axis seamounts. Waters et al. (2011)
argued, based on the enriched trace element character of the E-MORB
from the 9-10°N EPR and their larger 230Th excesses than N-MORB, that
these E-MORBs are a mixture of an early melting component from a
garnet pyroxenite and a shallow melt from a peridotite-pyroxenite source.
If the enriched component would be an enriched lithology such as pyrox-
enite or eclogite ,then the major element composition of the melts from
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Figure 9. Loadings of the parameters on the first three principle

components.
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the enriched lithology, like SiO, and CaO/Al,O3, would be noticeably dif-
ferent (Hauri, 1996; Pertermann et al., 2004; Pertermann & Hirschmann,
2003). However, trace element ratios and isotope ratios do not correlate
with Nag (at the segment level or as a whole) or with other major ele-
ments. The **Th excesses of E-MORB, however, require melting in the
presence of garnet. Donnelly (2002) explains E-MORB by melting of meta-
somatized peridotite but to relatively small amount and in the spinel
stability field and no residual garnet.

00 01 02 03 04
PC1

Trace element ratios display relatively coherent variation with isotope ratios (Figure 10). Incompatible
element-enriched basalts (samples with higher Ba/La, Ba/Zr, and Sm/Yb) display unradiogenic Nd and
Hf and radiogenic Sr and Pb isotope ratios. The incompatible element enrichment could be either an
enriched source or a low degree melt; the isotope and trace element ratios with isotope ratios are consistent
with E-MORBs preferentially sampling radiogenic Sr-Pb and unradiogenic Nd-Hf compositions of either a
trace element enriched source or a low degree of melting.

Stracke and Bourdon (2009) argued that the incompatibility of Ba, La, and Sr is significantly different in
peridotite versus pyroxenite. Pyroxenite melts will have lower Ba/Th and La/Nb and higher Sr/Nd than
a peridotite-derived melt. The enriched component in this study has low La/Nb but high Ba/Th and low
Sr/Nd, inconsistent with a pyroxenite lithology and an enriched source as chosen by Stracke and
Bourdon (2009). Thus, if the enriched component is pyroxenitic, then its source will need to have even
higher Ba/Th and lower Sr/Nd than calculated as the endmember composition, which is not likely.
Therefore, our preferred model would be an enriched peridotitic source for the enriched component. In
this case though the 29T excesses require the enriched (metasomatized) peridotite to start melting in
the garnet stability field and thus represent a high degree of melting. To generate an E-MORB from a
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peridotite that undergoes a large degree of melting requires the peridotite
to be more enriched than if the E-MORB represents a low degree of
melting. That raises the question whether this enrichment is then still
compatible with the E-MORB isotopic compositions in a reasonable time
frame. The study by Donnelly (2002) suggests based on the correlations
between isotopic compositions and parent-daughter ratios that the
E-MORB source is several hundreds of millions years but less than
1 Ga old.

*F
: g; We used the most enriched E-MORB (CH75-1) from segment B2 to cal-
oH culate the age of the metasomatism if CH75-1 represents a large degree
ol

. of melting. We calculated the potential source of CH75-1 if it represents

a melt of more than 5% melting of which part took place in the garnet
stability field. We used the melting models and partition coefficients of

Sm/Yb

09 |

0.8 L

Salters and Longhi (1999) and Salters et al. (2002). We can than calculate
the age of that source with the isotopic composition of CH75-1. Its isoto-
pic compositions dictate that prior to being metasomatized the peridotite
has to have been depleted relative to bulk silicate Earth. We used a three-
hd 1 stage evolution model with bulk silicate earth, depleted mantle, and
metasomatized mantle. The composition of the depleted mantle was
taken from Salters and Stracke (2004) with a 2-Ga age. The intersection
of this evolution line with that of the calculated metasomatized source
yielded the age of metasomatism. The calculations show that metasoma-
tized peridotite can yield lavas like CH75-1 by 10-15% melting of which
a portion, 20-30%, of the melting took place in the garnet stability field

17.2 17.5

Figure 10. Incompatible trace element ratios versus isotopic composition
showing that these parameters are correlated in a broad sense.

206pp/204pt

18.0 with the bulk of the melting in the spinel peridotite field with the age
of metasomatism more than 200 Ma but less than 1 Ga. The Rb/Sr iso-
tope system consistently has a younger age compared to the Hf-Nd and
Pb system. This younger age is attributed to the somewhat fractionated
nature of CH75-1 with a Mg# of 0.5 and 5.62 wt.% MgO. Thus, the Sr
concentration could have been lowered by plagioclase fractionation, resulting in a higher Rb/Sr and con-
sequently higher Rb/Sr for the calculated source and thus younger age. This calculation does not exclude
pyroxenite as contributing to the E-MORB but indicates a metasomatized peridotite. Given these
calculations and the high Ba/Th and low Sr/Nd, we prefer a metasomatized garnet peridotite as the source

for E-MORB.

It has been proposed that trace element variations and fractionations can be enhanced during melt transport
by reaction of the melt with the matrix it is traveling through. (Spiegelman & Kelemen, 2003). There are
several lines of argument against this process being responsible for the trace element variations. The first line
of evidence is the correlation between the trace elements and the isotopic compositions. The second line of
evidence comes from the nature of the trace element variations. For example, to explain the range in Ba/Th
by dynamic melting, the accompanying trace element concentration is much larger than the observed con-
centration range for either Ba or Th. Since the trace element variation requires different components, there is
also no need to call on these melt transport processes to further fractionate the trace elements, although the
process cannot be completely excluded.

7. Conclusions

The following can be concluded with respect to magmatic processes and source composition at the northern
East Pacific Rise:

1. Geochemical clustering coincides with the ridge discontinuities, even those with very small offsets.
Correlation between the source related chemical characteristics and segmentation of the ridge crest
implies that mantle composition is a factor influencing discontinuities. Variations in source composition
or melting behavior are likely factors that influence segmentation. Geochemical observations are incon-
sistent with melt transport across the discontinuities.
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2. Trace element variability correlates with isotopic variability and therefore is dominated by source pro-
cesses. The correlations between incompatible element ratios and Sr contents, and the highly incompa-
tible element behavior of Ba, demonstrate that the regional variations are derived from variations in
source and extent of melting, not crustal magmatic processes.

3. Along-axis variation in MORB chemistry within a segment is consistent with melt transport being mostly
vertical with limited along axis transport.

4. Recent models proposing melting of physically separated pyroxenite and peridotite lithologies are not
consistent with the combined major element, trace element, and isotope variations.

5. Compositional variability can be explained by the presence of three endmembers—depleted mantle,
enriched mantle, and recycled, ancient, and gabbro. The high-resolution sampling and analysis reveal
that the each segment has a characteristic chemical signature, occupying different compositional space
and/or displaying different trends. All three components contribute along this section of the East
Pacific Rise. There is no evidence for recycled upper crust as a primary source component.
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