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ABSTRACT

This dissertation examines the effects of magma supply on mid-ocean ridge
magma reservoirs and eruption characteristics, using mapped lava flow fields erupted at
two locations along the Galdpagos Spreading Center. Low- and high-magma-supply
study areas at 95° and 92°W have similar spreading rates, but differ by 30% in the rate of
magma supply due to varying proximity to the Galapagos hotspot.

Detailed geologic maps of each study area incorporate observations of flow
contacts and sediment thickness, in addition to sample petrology, geomagnetic
paleointensity, and bathymetry data. Mapped lava flow fields are used to compare
characteristics of eruptions at the two locations. At the 92°W study area, lava
morphologies characteristic of higher effusion rates are more common, and eruptions
typically occur along elongated fissures with total eruptive volumes ranging from 0.002—
0.13 km’. In contrast, at the 95°W study area, eruptions typically produce axial
seamounts or more irregular clusters of pillow mounds, and eruptive volumes are an
order of magnitude larger (0.09 to 1.3 km”).

Whereas a seismically imaged melt lens exists ~1.7 km below the seafloor at the
92°W study area, no melt lens has been detected at the 95°W study area. Measurements
of CO; and H,O in olivine-hosted melt inclusions are used to constrain depths of magma
residence at the low-magma-supply study area. Results indicate that prior to three recent
eruptions, magma resided at depths of 3.0-3.4 km below the seafloor.

Compositional data were used to compare the characteristics of magmatic systems
at the two locations. At 92°W, the rate of magma supply is sufficient to sustain a shallow

melt lens (Blacic et al., 2004), within which the competing effects of fractional
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crystallization and frequent magmatic recharge result in eruption of lavas with low crystal
contents and highly variable MgO. In contrast, melt-rich bodies at 95°W are likely only
present intermittently; magmatic evolution at this location appears to be dominated by
processes involving crystal-rich mush, which is mixed in varying proportions with hotter,
more melt-rich magma during recharge events that closely precede eruptions. Limited

residence within melt-rich lenses allows mixing trends to be preserved in erupted lavas.
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CHAPTER 1. INTRODUCTION

1.1. Overview

This dissertation investigates the effects of variable rates of magma supply on the
characteristics of eruptions and magmatic systems along the Galdpagos Spreading Center
(GSC), an intermediate-spreading-rate mid-ocean ridge. Chapter 1 provides background
information and describes the structure of the dissertation. Because Chapters 2, 3, and 4
have been or are intended to be published as journal articles, there is significant overlap
between background information presented in Chapter 1 and the introductions to
Chapters 2, 3, and 4. Chapter 2 describes methods used to map individual eruptive units
at two locations along the GSC (95°W and 92°W) with differing rates of magma supply.
Mapped eruptive units are then used to compare characteristics of mid-ocean ridge
eruptions at the two study areas. Chapter 3 uses measurements of CO, and H,O in
olivine-hosted melt inclusions to constrain depths of magma residence at 95°W. Chapter
4 uses analyses of major and trace elements in samples from each eruptive unit (glass,
whole rocks, and minerals) to assess the effects of fractional crystallization,
crystallization within mush zones, assimilation of altered crust, magma mixing, and
recharge events in controlling lava compositions. This analysis is used to place
constraints on the characteristics of magmatic systems at the two areas, including
crystallinity, temperature, and frequency of magmatic recharge. Chapter 5 summarizes

the conclusions of Chapters 2, 3, and 4 and describes potential future work.

1.2. Background
1.2.1. Melt production and supply to the crust at mid-ocean ridges

At mid-ocean ridges, the divergence of lithospheric plates causes passive
upwelling of the underlying mantle (see review in McKenzie & Bickle, 1988). Mantle
melting begins when the temperature of the adiabatically ascending mantle exceeds its
solidus and begins to melt; melting should end when the mantle stops ascending and
begins to move laterally away from the ridge axis (e.g., Plank & Langmuir, 1992), when
the mantle temperature drops below the solidus as a result of conductive cooling from
above (e.g., Niu & Hékinian, 1997), or when clinopyroxene is exhausted. In cross-

section, mantle melting occurs within a triangular region beneath the ridge axis (Fig. 1.1)



(e.g., McKenzie & Bickle, 1988; Plank & Langmuir, 1992). In models of pooled,
accumulated fractional melting, melts produced throughout the triangular melting region
are aggregated and mix before erupting (e.g., O’Hara, 1985; Plank & Langmuir, 1992);
the mean extent of mantle melting is the ratio of the total mass of melt produced to the

total mass of mantle that passes through the melting region (Plank ez al., 1995).

(a) Normal mid-ocean ridge (c) Hotspot-influenced ridge

Anomalously

< I > .
— e thick crust
mantle
melting 4% dry melting
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_ 1 6% |- greater deptt
(b) Ultra-slow spreading ridge )
. dry solidus 1d f
or ridge near fracture zone eep zone O
Anomalously
thi ¢ low-degree
in crus A e d oL - hydrous
melting stops melting and
at greater —1 wet solidus 1 1 buoyant flow
|

depth

Figure 1.1. Mantle melting regions beneath mid-ocean ridges. Triangle represents
region in which mantle melts. Arrows represent flow paths of ascending mantle; size of
arrowhead is proportional to rate of flow. Maximum degree of mantle melting is shown
as a function of depth; note that the average degree of melting for pooled melts
produced throughout the melting regime will be significantly lower than the maximum
degree of melting because only a portion of the melting region reaches this maximum
degree of melting. (a) Mantle melting beneath a normal mid-ocean ridge. (b) Mantle
melting beneath an ultra-slow spreading ridge or near a fracture zone. Melting
terminates at greater depth, resulting in thinner crust. (c) Mantle melting in the
presence of hydrous mantle, such as along the hotspot-influenced Galdpagos Spreading
Center. Melting begins at greater depths; elevated water contents may contribute an
additional volume of deep, low-degree melts. Flow through this deep, hydrous melting
region may be enhanced because of reduced viscosity, leading to the production of
even greater volumes of low-degree melts. Modified from figures of Plank & Langmuir
(1992); Niu & Hekinian (1997); Robinson et al. (2001); Asimow & Langmuir (2003);
Cushman et al., (2004); and Ito & Mahoney (2005).

Figure 1.1 illustrates schematically the differences in melt production among
different mid-ocean ridge settings (normal, hotspot-influenced, and ultra-slow-spreading
ridges). Greater mantle potential temperatures at hotspot-influenced ridges allow melting
to begin at greater depths, resulting in a larger total volume of magma being produced
(e.g., Schilling, 1973; Klein & Langmuir, 1987). Some hotspots are characterized by

elevated water contents; the presence of water in the mantle should increase the depth of
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the onset of melting (Gaetani & Grove, 1998; Robinson et al., 2001). Because water
behaves highly incompatibly during mantle melting, it is efficiently extracted during
melting so that only low-degree melts are produced in the interval between the wet and
dry solidi (Asimow & Langmuir, 2003). The combination of the deep, low-degree
hydrous melting regime and the expanded dry melting region results in the production of
a larger volume of magma, with a lower mean extent of melting, at hotspot-influenced
ridges (Asimow & Langmuir, 2003). In contrast, at very slow spreading rates, conduction
to the surface becomes more significant, causing the termination of melting at greater
depths and correspondingly lower mean melt fractions and smaller total volumes of melt
production than at normal mid-ocean ridges (Bown & White, 1994; Niu & Hékinian,
1997; White et al., 2001) (Fig. 1.1). A similar effect is predicted to affect ridges adjacent
to fracture zones, due to the presence of relatively old, cold lithosphere (e.g., Detrick ef

al., 1993).

1.2.2. Variations in magma supply along the global mid-ocean ridge system

The dominant control on magma supply along mid-ocean ridges is spreading rate.
Full spreading rates that vary from ~5 mm/yr to 145 mm/yr correspond to variations in
magma supply to the crust from 0.03x10° to 0.87x10° m*/km/yr, assuming constant
crustal thickness of 6 km (Fig. 1.2). Variations in spreading rate along the global mid-
ocean ridge system are accompanied by well-documented variations in crustal structure
and characteristics of the volcanic eruptions that build the extrusive section of the oceanic
crust (see Sections 1.2.3, 1.2.4).

Magma supply can be decoupled locally from spreading rate. At mid-ocean ridges
affected by hotspots, elevated rates of melt production within the mantle result in the
production of anomalously thick oceanic crust. Such increased melt supply can arise from
either temperature anomalies or compositional variations, including increased water
contents, in the upwelling mantle. For example, the proximity of the Icelandic plume to
the Mid-Atlantic Ridge causes crustal thickness to increase from 7.5 km at 57°45°N
(Navin et al., 1998) to 11 km at 62°40°N (Weir ef al., 2001) and 19 km at 65°45°N
(Staples et al., 1997), and crustal thickness may reach 46 km at the peak of plume

influence (Allen et al., 2002); spreading rates remain relatively constant throughout this



region at 18-20 mm/yr (DeMets ef al., 2010). Similarly, along the Galapagos Spreading
Center, the influence of the Galapagos hotspot causes crustal thickness to increase from
~5.7 km at 97°W to ~7.9 km at 91.5°W (Canales et al., 2002; Detrick et al., 2002),
whereas spreading rates vary only from 51 to 55 mm/yr (DeMets et al., 2010).
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Figure 1.2. Variations in rate of magma supply as a function of spreading rate.
Isopleths show variations in rate of magma supply for crust of constant thickness (5 or
6 km). Locations where known spreading rates and crustal thickness can be used to
calculate the rate of magma supply are marked by squares (normal ridges) and
diamonds (ridges with anomalous rates of magma supply). Red line indicates variations
in magma supply along the Galapagos Spreading Center.

Anomalously thin crust is produced at ultra-slow spreading ridges (e.g., 1.9-3.3
km on the Gakkel Ridge (Jokat et al., 2003), 4 km on the Mohns Ridge (Klingenhofer et
al., 2000), 2.5 km on the Southwest Indian Ridge (Muller ef al., 1999)), and near fracture
zones (e.g., Detrick et al., 1993). These data indicate that rates of magma supply at ultra-
slow spreading ridges are ~30-70% lower than those predicted from an assumption of
constant 6-km crustal thickness throughout the spreading rate spectrum (Fig. 1.2).

Taken together, the observed ranges in spreading rate and crustal thickness
produce two orders of magnitude of variation in the total magmatic flux, or time-
averaged rate of crustal production along mid-ocean ridges (Fig. 1.2). Although spreading
rate 1s commonly used as a proxy for the rate of magma supply, there has been no
systematic study addressing the effects of variable magma supply, separate from those of
spreading rate, on eruptive processes or on the geometry and dynamics of sub-axial

magma chambers.



1.2.3. Magma reservoirs within the crust

At fast-spreading ridges, seismic data suggest that a shallow, melt-rich lens
overlies a larger, more continuous region of crystal mush along much of the spreading
axis (e.g., Sinton & Detrick, 1992; Dunn et al., 2000; Carbotte ef al., 2013). Magma
residence within shallow crustal magma reservoirs promotes fractionation and
homogenization of parental magma compositions, leading to the eruption of dominantly
aphyric lavas with widely varying degrees of fractional crystallization (e.g., Sinton &
Detrick, 1992; Rubin & Sinton, 2007). With increasing degrees of fractional
crystallization, the degree of compositional heterogeneity related to parental magma
composition (e.g., variability of incompatible element ratios) decreases, indicating
magma homogenization concurrent with fractionation (Rubin & Sinton, 2007; Rubin et
al., 2009).

At lower spreading rates, seismic studies typically do not detect axial melt lenses,
although low seismic velocities throughout the lower crust indicate the presence of small
fractions of melt (e.g., Detrick et al., 1990; Sinton & Detrick, 1992; Dunn et al., 2005).
Nevertheless, primary magmas in equilibrium with mantle compositions are exceedingly
rare among erupted lava compositions, indicating that even at relatively slow-spreading
ridges, magma tends to be modified within the crust prior to eruption (e.g., Stolper,
1980). It is unknown whether this modification occurs during magma ascent through
crystal mush, or within melt lenses that are either too small, or too ephemeral, to be
seismically imaged (e.g., Sinton & Detrick, 1992; Kelemen & Aharanov, 1998;
Lissenberg & Dick, 2007; Rubin & Sinton, 2007).

1.2.4. Eruption characteristics

Although the number of well-documented eruptions along submarine mid-ocean
ridges is still relatively small, preliminary observations suggest that those at faster-
spreading ridges produce relatively small volumes of lava (Perfit & Chadwick, 1998;
Sinton et al., 2002). Because the thickness of the extrusive layer appears to be

independent from spreading rate, smaller eruptive volumes and greater rates of crustal



production imply that eruption recurrence intervals must be shorter at faster spreading
rates (Perfit & Chadwick, 1998; Sinton et al., 2002).

The greater abundance of sheet flows relative to pillow flows at faster spreading
rates suggests that average effusion rates increase with spreading rate (Bonatti &
Harrison, 1988; Perfit & Chadwick). McClinton ef al. (2013) extended these observations
to the Galapagos Spreading Center by documenting the relative abundances of lava
morphology as a function of the rate of magma supply, and found that effusion rates are
also positively correlated with variations in the rate of magma supply (even in the
absence of variations in spreading rate). Slower average effusion rates should promote
focusing of effusion to point-source eruptions (e.g., Wadge, 1981; Bruce & Huppert,
1989; Whitehead & Helfrich, 1991; Head ef al., 1996), consistent with the observation
that fissure-fed eruptions are more common at fast-spreading ridges, whereas point-

source edifices dominate at slow-spreading ridges (Perfit & Chadwick, 1998).

1.2.5. Eruption-scale studies of mid-ocean ridges

Observations of fissure eruptions along divergent plate boundaries in Iceland’s
Northern Volcanic Zone (Saemundsson, 1991; Wright et al., 2012) and Ethiopia’s
Dabbahu-Manda Harraro Rift (Ebinger et al., 2010; Wright et al., 2012), geologic
mapping of submarine lava flow fields along the East Pacific Rise (Sinton ef al., 2002;
Soule et al., 2007), and radiometric dating of samples from eruptions along the East
Pacific Rise (Rubin et al., 1994, 2006, 2008; Bergmanis et al., 2007) indicate that at least
some lava flow fields are the products of multiple, relatively short-lived (hours to weeks)
eruptive events, which collectively comprise longer eruptive episodes lasting months to
years. For the purposes of this study, we define a lava flow field as the products of a
single eruptive episode, which may comprise the products of multiple eruptive events.
Whereas it will likely be impossible to distinguish individual lava flows erupted during
different eruptive events, greater time intervals between major eruptive episodes should
result in distinctions in sediment cover and/ or lava appearance on the composite flow
fields that are produced, which should allow them to be distinguished from one another.

Studying individual volcanic eruptions is the most direct way to assess the

eruptive and magmatic processes that produce the observed variations in mid-ocean ridge
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morphology and lava composition. Petrologic studies of lava flow fields have identified
spatial and temporal variations in temperature within magma bodies along the East
Pacific Rise (Bergmanis et al., 2007; Goss et al., 2010), and have demonstrated that
magma reservoirs can be compositionally heterogeneous as a result of variations in
source rock composition, frequency of magmatic recharge and eruption, extent of
differentiation, and efficacy and scales of mixing (Rubin et al., 1998; Rubin et al., 2001;
Sinton et al., 2002; Bergmanis et al., 2007; Goss et al., 2010). Measurements of eruptive
volume place constraints on magma reservoir size and eruption recurrence intervals
(Sinton et al., 2002). Variations in lava morphology, lengths of eruptive fissures, and the
partitioning of magma between intrusive and eruptive emplacement regimes have
implications on the evolution of magmatic transport processes and the local stress fields
during an eruptive episode (Bergmanis et al., 2007; Ferguson et al., 2010).

Despite these motivations, relatively few mid-ocean ridge eruptions have been
studied in detail (see Rubin et al., 2012 for review). Many studies of mid-ocean ridge
eruptions have occurred in response to specific eruptions that were either discovered
fortuitously by visual observation on the seafloor (e.g. Haymon et al., 1993), or detected
remotely by oceanographic surveys (e.g. Embley ef al., 1991) or seismic monitoring (e.g.
Dziak et al., 1995). Many of these eruptions happened recently enough that they can be
dated with high precision using radiometric techniques (Rubin et al., 1994; 1998; 2006;
Bergmanis et al., 2007), providing important constraints on eruptive chronologies and
recurrence intervals. The study of very recent eruptions facilitates detailed mapping and
characterization of the associated flow fields (Soule et al., 2007; Fundis et al., 2010)
because of striking contrasts in flow surfaces and sediment cover that are apparent for
very young lava flows.

One disadvantage of the eruption-response approach is that it severely limits the
number of eruptions for which we have data. Most flow field mapping in response to
perceived “events” has resulted in maps of the products of only the youngest unit in the
area. The longer-term eruptive histories for these areas therefore remain unknown,
precluding comparisons of successive eruptions along a given stretch of the mid-ocean
ridge system. In two cases there have been successive documented events within

approximately 15 year intervals: the 1991-2 and 2005 eruptions along the northern East
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Pacific Rise near 9°50°N (Soule et al., 2007), and the 1998 and 2011 eruptions of Axial
Seamount along the Juan de Fuca Ridge (JAFR) (Embley et al., 1999; Caress et al.,
2012). These cases provide insight into the slightly longer-term evolution of magmatic
systems.

The alternative approach is to use geologic mapping techniques to reconstruct
eruptive histories for segments of the mid-ocean ridge system, whether or not recent
eruptions have been observed (e.g., Sinton et al., 2002; Clague ef al., 2013), using
techniques similar to those used to reconstruct pre-historic eruptive sequences on land. In
the field, flow boundaries are identified and relative ages are determined using
distinctions in sediment cover, flow direction, fault density, and relationships of
superposition (e.g., Sinton et al., 2002). Absolute eruption ages can be determined by
radiometric dating (Rubin ef al., 1994; 1998; 2006; Bergmanis et al., 2007), geomagnetic
paleointensity measurements (Bowles ef al., 2005; Bergmanis et al., 2007; Bowles et al.,
2014), or radiocarbon dating of foraminifera in sediments overlying lava flows (Clague et
al., 2013). Regional geologic mapping campaigns can contribute greatly to our
understanding of mid-ocean ridge eruptive processes by providing constraints on the

range of eruptive activity that is possible at a given location.

1.3. Geologic setting: Galapagos Spreading Center

The GSC is an east-west-trending, intermediate-spreading-rate ridge that
separates the Cocos and Nazca Plates. Seafloor spreading along the GSC began ~25 Ma
(Hey et al., 1977), and has been strongly influenced by the presence of the Galdpagos hot
spot, which is currently located ~200 km to the south of the ridge near 91.5°W (e.g.,
Wilson & Hey, 1995). The average rate of magma supply to the crust (calculated as the
product of the spreading rate and crustal thickness along a 1-km segment of ridge, after
Sinton et al. (2003)) increases with proximity to the hotspot, from 0.26x10° m*/km/yr at
97°W to 0.46x10° m*/km/yr at 91°W. The increase in the rate of magma supply is
indicated by the greater crustal thickness near the hotspot (Canales et al., 2002). Other
parameters that vary systematically with proximity to the hotspot along the western GSC
include the amplitude of the mantle Bouguer anomaly (Canales et al., 2002), depth of the
seismically imaged melt lens (Blacic et al., 2004), axial depth (Canales ef al., 2002) and
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Figure 1.3. Bathymetry of western Galapagos Spreading Center and along-axis
variations in: spreading rate (DeMets et al., 2010), melt lens depth (Blacic et al., 2004),
Moho depth (Canales et al., 2002), magma supply (Sinton et al., 2003), seamount
abundance normalized to surveyed area (Behn et al., 2004), glass Mg# (molar
Mg/(Mg+Fe)) (Cushman ef al., 2004), glass K/T1 (Cushman et al., 2004), and glass
¥7S1/*Sr (Ingle et al., 2010). Modified from Detrick et al., 2002. Grey boxes and dashed
lines highlight locations of detailed study areas at 95°W (low magma supply) and 92°W
(high magma supply).



morphology (Schilling et al., 1982; Sinton et al., 2003; White et al., 2008), topographic
roughness in the axial zone (Sinton et al., 2003), seamount abundance (Behn ef al., 2004;
White ef al., 2008), and the chemical and isotopic composition (Schilling ef al., 1982,
2003; Cushman et al., 2004; Ingle et al., 2010) and crystallinity (Behn et al., 2004) of
erupted lavas.

Surveys of geochemical and isotopic variations along the western GSC have
noted increasing enrichments of incompatible elements with proximity to the hotspot, as
well as more radiogenic Sr and Pb isotope ratios, and less radiogenic Nd and Hf isotope
ratios (Schilling ef al., 1982, 2003; Cushman et al., 2004; Ingle et al., 2010). These
variations were attributed to mixing of varying amounts of depleted and enriched mantle
end-members by Schilling et al. (1982, 2003). In contrast, Cushman et al. (2004) and
Ingle et al. (2010) attributed these variations to lower mean extents of mantle melting
near the hotspot caused by a deep zone of low-degree hydrous melting. Superimposed on
variations in parental magma composition along the length of the GSC are variations in
the degree of fractionation reached prior to eruption (as indicated by, e.g., MgO content
or magnitude of Sr anomaly in glass samples), with more variable and greater maximum
degrees of fractionation occurring near the hotspot (Schilling et al., 1982; Cushman et al.,
2004; Ingle et al., 2010). In addition, propagating rifts are associated with local variations
in mantle melting and magmatic differentiation (Christie & Sinton, 1981; Schilling et al.,

1982; Sinton et al., 1983; Christie & Sinton, 1986; Rotella et al., 2009).

1.4. Structure of the dissertation

Chapter 2 describes methods used to produce geologic maps of lava flow fields
emplaced during individual eruptive episodes at two locations along the Galapagos
Spreading Center (92°W and 95°W) with differing time-averaged rates of magma supply.
Sequences of mapped eruptions at each study area are then used to compare eruptive
characteristics such as eruptive edifice morphology, eruptive volume, eruptive frequency,
and effusion rate. Results of this portion of the dissertation indicate that eruptions are
typically smaller, but occur more frequently, and have higher average effusion rates, at

relatively high rates of magma supply. Effusion along eruptive fissures typically persists
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throughout eruptions at high rates of magma supply, whereas effusion more commonly
focuses to a point source during eruptions at lower magma supply. Chapter 2 was
published in Geochemistry, Geophysics, Geosystems in August, 2012 (Colman et al.,
2012).

The depths of shallow magma reservoirs at intermediate- to high-magma-supply
mid-ocean ridges are well constrained by seismic reflection studies. Although magma is
likely to reside within the crust prior to erupting at slower-spreading ridges, shallow
magma reservoirs have rarely been detected by seismic studies at lower rates of magma
supply. Chapter 3 uses a petrologic approach to constraining depths of magma residence
prior to eruption wherein the CO, and H»O contents of olivine-hosted melt inclusions are
used to constrain pressures (and thereby depths) of melt inclusion entrapment at 95°W,
where a melt lens has not been seismically imaged. Samples for this study were selected
from three of the recent eruptive units at 95°W, allowing temporal variations in the
depths of magma residence to be documented. An additional sample from 94.2°W was
used to compare the depth of the seismically imaged melt lens to the depths of melt
inclusion entrapment. Chapter 3 was submitted to Earth and Planetary Science Letters in
April, 2014.

Chapter 4 uses compositional variations among samples from individual eruptive
units at each study area to constrain the relative importance of different magmatic
processes within shallow magma reservoirs prior to eruption. This study uses major and
trace element compositions of lava samples, as well as major element compositions of
mineral phases and observations of mineral textures. At the high-magma-supply study
area, the combination of efficient crystal fractionation within melt-rich magma reservoirs
and frequent eruptions results in the eruption of lavas with widely varying degrees of
fractionation. Assimilation of hydrothermally altered crust causes Cl contents to increase
with increasing degrees of fractionation, although effects on other major and trace
elements are not observed. At the low-magma-supply study area, magmatic recharge
appears to precede each eruption, so that lavas are mixtures of varying proportions of
relatively primitive and more evolved magmas, and erupted lavas do not reach the same
degrees of differentiation achieved at the high-magma-supply study area. Between

eruptions, the presence of mush-dominated magmatic systems causes magmatic

11



differentiation to occur via a process akin to in situ crystallization, so that erupted lavas
are the products of mixing between primitive magmas and magmas that have been
modified by evolution within a largely crystalline mush.

Finally, Chapter 5 summarizes the conclusions of these studies, and describes

plans for future work that would build on these results.
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CHAPTER 2. EFFECTS OF VARIABLE MAGMA SUPPLY ON MID-OCEAN
RIDGE ERUPTIONS: CONSTRAINTS FROM MAPPED LAVA FLOW FIELDS
ALONG THE GALAPAGOS SPREADING CENTER
2.1 Abstract
Mapping and sampling of 18 eruptive units in two study areas along the

Galapagos Spreading Center (GSC) provide insight into how magma supply affects mid-
ocean ridge (MOR) volcanic eruptions. The two study areas have similar spreading rates
(53 versus 55 mm/yr), but differ by 30% in the time-averaged rate of magma supply
(0.3x10° versus 0.4x10° m*/km/yr). Detailed geologic maps of each study area
incorporate observations of flow contacts and sediment thickness, in addition to sample
petrology, geomagnetic paleointensity, and inferences from high-resolution bathymetry
data. At the lower-magma-supply study area, eruptions typically produce irregularly
shaped clusters of pillow mounds with total eruptive volumes ranging from 0.09 to 1.3
km®. At the higher-magma-supply study area, lava morphologies characteristic of higher
effusion rates are more common, eruptions typically occur along elongated fissures, and
eruptive volumes are an order of magnitude smaller (0.002—0.13 km”®). At this site, glass
MgO contents (2.7-8.4 wt. %) and corresponding liquidus temperatures are lower on
average, and more variable, than those at the lower-magma-supply study area (6.2-9.1
wt. % MgO). The differences in eruptive volume, lava temperature, morphology, and
inferred eruption rates observed between the two areas along the GSC are similar to those
that have previously been related to variable spreading rates on the global MOR system.
Importantly, the documentation of multiple sequences of eruptions at each study area,
representing hundreds to thousands of years, provides constraints on the variability in

eruptive style at a given magma supply and spreading rate.

2.2. Introduction

Although mid-ocean ridge (MOR) magmatism is estimated to account for 75 % of
the recent global magmatic budget (Crisp, 1984), volcanic eruptions on submarine MORs
are notoriously difficult to observe directly, and their study necessitates a variety of
unconventional approaches. Along the global MOR system, the products of only about

two-dozen submarine eruptions have been mapped previously (Sinton ef al., 2002 and
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references therein; Soule ef al., 2007; Caress et al., 2012; Rubin et al., 2012). Among
these examples, observed and inferred variations in eruption rate, size, and frequency
correlate reasonably well with variations in spreading rate (Perfit & Chadwick, 1998;
Sinton et al., 2002). For most ridges, where crustal thickness is relatively constant,
spreading rate and magma supply necessarily co-vary over thousand to million year
timescales (Canales ef al., 2000; Bonatti ef al., 2003), although shorter-term fluctuations
about the steady value are also known (Sinton et al., 2002; Stakes ef al., 2006). Along the
Galéapagos Spreading Center (GSC), however, the Galdpagos hotspot causes a significant
increase in magma supply to the crust at roughly constant spreading rate, relative to non-
hotspot influenced ridges. The GSC thus provides a rare opportunity to study the effects
of magma supply on MOR eruptions, independent of variations in spreading rate.

Many models proposed for MOR evolution based on field observations and
geologic mapping (e.g., Ballard & van Andel, 1977; van Andel & Ballard, 1979; Perfit &
Chadwick, 1998), bathymetry (e.g., Kappel & Ryan, 1986), and numerical modeling
(e.g., Ito & Behn, 2008) suggest that activity along individual ridges might alternate
between predominantly tectonic and magmatic phases. As such, a given ridge segment is
likely to be constructed of eruptive units emplaced at a variety of crustal stress states, and
fed by magmatic systems that might vary in reservoir volume, crystallinity, temperature,
depth, and connectivity. The products of individual volcanic eruptions provide snapshots
of magmatic systems and eruptive processes at specific times in the evolution of a
spreading center.

Chemically heterogeneous lava flow fields from individual eruptions along the
East Pacific Rise (EPR) (e.g., Bergmanis et al., 2007; Goss et al., 2010) have been
interpreted to reflect spatial variations in temperature within magma bodies, which could
arise from variations in parental magma composition, the frequency of magmatic
recharge and eruption, the extent of differentiation, and/ or the efficacy and scales of
magmatic mixing (Rubin ef al., 1998, 2001; Sinton et al., 2002; Bergmanis et al., 2007;
Goss et al., 2010). Measurements of eruptive volume have been used to place constraints
on magma reservoir size and eruption recurrence intervals (Perfit & Chadwick, 1998;
Sinton et al., 2002). Variations in lava morphology (e.g., Fundis et al., 2010), lengths of
eruptive fissures (Gregg et al., 1996; Sinton et al., 2002; Ferguson et al., 2010), and the
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partitioning of magma between intrusive and extrusive emplacement regimes (e.g.,
Ferguson et al., 2010) have been used to understand the evolution of magmatic transport
processes and local stress fields during the course of individual eruptive episodes.

Relatively few MOR eruptions have been studied in detail (Rubin ef al., 2012).
Most studies have occurred in response to evidence acquired during the course of
seafloor investigations (e.g., Haymon et al., 1993; Auzende et al., 1996, Caress et al.,
2012), or detected remotely by oceanographic surveys (e.g., Embley et al., 1991;
Chadwick ef al., 1995) or seismic monitoring (Fox et al., 1995; Dziak & Fox, 1999; Fox,
1999). Lavas sampled from these eruptions are generally young enough that they can be
dated with high-precision radiometric techniques, providing constraints on eruptive
chronologies and recurrence intervals (Rubin et al., 1994; 1998; Bergmanis et al., 2007,
Rubin et al., 2012). The study of very recent eruptions also facilitates detailed mapping
and characterization of the associated flow fields because of striking contrasts in flow
surfaces and sediment cover between newly erupted and older lavas (Soule et al., 2007;
Fundis et al., 2010). Targeted mapping of individual detected eruptions has proven
particularly effective along MOR segments with short eruption recurrence intervals (e.g.,
Embley et al., 1991; Chadwick et al., 1998; Embley et al., 2000; Soule et al., 2007,
Caress et al., 2012).

One disadvantage of the eruption-response approach is that it results in few well-
characterized eruptions in a given area (Rubin et al., 2012). Most flow field mapping in
response to detected events has resulted in maps of only the youngest one or two units in
the area. The longer-term eruptive histories for these areas therefore remain unknown,
precluding comparisons of successive eruptions along a given length of the MOR system.
In two cases there have been successive documented volcanic events at approximately 15
year intervals: the 1991-2 and 2005-6 eruptions along the northern EPR near 9°50°’N
(Haymon et al., 1993; Tolstoy et al., 2006), and the 1998 and 2011 eruptions of Axial
Seamount along the Juan de Fuca Ridge (JAFR) (Embley et al., 1999; Caress et al.,
2012). These cases provide glimpses of the slightly longer-term evolution of magmatic
systems.

Regional mapping campaigns can contribute greatly to our understanding of MOR

eruptive processes by documenting the variations in eruptive activity that occur at a given
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location, even in the absence of “historic” eruptions (Sinton et al., 2002). For example,
Bergmanis et al. (2007) identified the five most recent eruptive units along a portion of
the southern EPR near 17°30°S and showed that significant variations in mantle source
composition and the extent of mixing in sub-axial magma reservoirs occurred over only a
few hundred years. Here, we present the results of geologic mapping investigations in
two areas of the GSC (Fig. 2.1) that differ in time-averaged crustal production rates
(Sinton et al., 2003) and volcanic morphology (Behn et al., 2004; White et al., 2008).
Our results allow us to constrain the effects of magma supply on the size, frequency, and
characteristics of individual eruptive episodes representing hundreds to thousands of

years of volcanic activity at each site.

2.3. Geologic setting: Galapagos Spreading Center

The western GSC is an east-west-trending, intermediate-spreading-rate ridge that
separates the Cocos and Nazca Plates (Fig. 2.1). The history and morphology of the GSC
have been strongly influenced by the presence of the Galapagos hotspot (e.g., Wilson &
Hey, 1995), which is located ~200 km to the south of the ridge near 91°30’W. Spreading
rates along the GSC increase from 48 mm/yr at 100°W to 61 mm/yr at 85°W (Fig. 2.1b)
(Argus et al., 2011). Crustal thickness increases with proximity to the hotspot, reaching
~8 km near 91°30°W (Fig. 2.1c) (Canales ef al., 2002). The seismically imaged axial
magma chamber (AMC) deepens away from the hotspot, with no AMC detected west of
94.7°W (Fig. 2.1¢) (Blacic et al., 2004). Other parameters that vary systematically with
proximity to the hotspot include axial depth (Canales ef al., 2002), axial morphology
(Sinton et al., 2003; White et al., 2008), topographic roughness in the axial zone (Sinton
et al., 2003), seamount abundance (Behn et al., 2004; White et al., 2008), and the
chemical composition (Cushman et al., 2004; Ingle et al., 2010) and crystallinity (Behn et
al., 2004) of erupted lavas.
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Figure 2.1. Regional setting and along-axis variations on the western Galdpagos
Spreading Center (GSC). Inset shows location of study areas relative to Central and
South America. Star marks presumed location of Gal4dpagos hotspot. (a) Regional
bathymetry based on global compilation of multi-beam data merged with satellite-
derived bathymetry data (Ryan et al., 2009). Black boxes outline locations of study
areas, shown in Figure 2.2. PR, propagating rift. (b) Spreading rate (Argus et al., 2011).
(c) Depths of axial magma chamber (AMC) seismic reflector (Blacic ef al., 2004) and
Moho (Canales et al., 2002). Solid circles, data from along-axis multichannel seismic
(MCS) profiles; open circles, data from cross-axis MCS profiles. Gala-01, Gala-02,
Gala-03, data from ocean bottom seismic refraction experiments (Canales et al., 2002).
(d) Crustal production rate calculated as crustal thickness (from Canales et al., 2002) x
spreading rate (Argus et al. (2011), after Sinton ef al. (2003).

Two study areas with contrasting time-averaged rates of magma supply were
selected for detailed geologic mapping of individual lava flow fields in order to
investigate the effects of magma supply on MOR volcanic eruptions. The low- and high-
magma-supply study areas are located 330 km apart at 95°W and 92°W, respectively
(Figs. 2.1, 2.2). Over this distance, the average crustal magma supply (calculated as the

product of the spreading rate and crustal thickness, after Sinton ez al. (2003)) increases by
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Figure 2.2. Bathymetric maps and schematic cross-sections of low- and high-magma-
supply study areas. Cross-sections summarize structural differences as defined by
seismic data (Blacic ef al., 2004; Canales et al., 2002). At low magma supply, the
seafloor is deeper, seismic layer 2A (L2A) is thicker, the crust is thinner, and no melt
lens was imaged. White rectangles outline locations of geologic maps presented in
Figures 2.4-2.9. Mbsl, meters below sealevel; kmbsl, kilometers below sealevel. (a)
Low-magma-supply study area. (b) High-magma-supply study area.
roughly one third, from 0.3 x 10° m*/km/yr to 0.4 x10° m*/km/yr (Fig. 2.1d). Short-term
spatial and temporal variations in magma supply likely affect both areas, but are
unknown in the absence of time-series seafloor deformation data or other constraints.
The low-magma-supply study area makes up the western half of the third-order
spreading segment M5 of Sinton et al. (2003). A multi-channel seismic survey did not
detect an axial melt lens in this region; ~35 km to the east, at 94.7°W, a magma lens is 3-
4 km deep (Blacic ef al., 2004). A well-defined axial graben at least 2 km wide and 200
m deep is present throughout the 95°W study area (Fig. 2.2a). The axial graben widens to
6 km at the western end of the study area, as it approaches the tip of a westward-
propagating rift (Fig. 2.2a) (e.g., Hey et al., 1986; Sinton et al., 2003).
The high-magma-supply study area is roughly centered within the third-order

spreading segment E5 of Sinton et al. (2003). A seismically detected melt lens is present

at 1.6 km below the seafloor near the center of the segment, deepening to 2 km and 2.4
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km at the western and eastern segment ends, respectively (Blacic et al., 2004). Within
this area, the spreading center forms an axial rise that is cut by a shallow axial graben 10-
40 m deep (Fig. 2.2b). Differences in axial morphology and crustal structure between the

two study areas are summarized in Figure 2.2.

2.4. Eruptive unit definition and mapping

Observations of fissure eruptions along divergent plate boundaries in Iceland’s
Northern Volcanic Zone (Saemundsson, 1991; Wright et al., 2012) and Ethiopia’s
Dabbahu-Manda Harraro Rift (Ebinger et al., 2010; Wright et al., 2012), geologic
mapping of submarine lava flow fields along the EPR (Sinton et al., 2002; Soule et al.,
2007), and radiometric dating of samples from eruptions along the EPR (Rubin et al.,
1994; 2006; Bergmanis et al., 2007; Rubin et al., 2008) indicate that at least some lava
flow fields are the products of multiple, relatively short-lived (hours to weeks) eruptive
events, which collectively comprise longer eruptive episodes lasting months to years. For
the purposes of this study, we define a lava flow field as the products of a single eruptive
episode, which may comprise the products of multiple eruptive events. Lavas within a
mapped flow field should be similar in age, have erupted from a spatially related set of
vents, and display petrologic variations that represent co-magmatic evolution (non-
random compositional variation that may reflect variable degrees of fractionation or
magmatic mixing). With knowledge of eruption recurrence intervals and sedimentation
rates, distinctions can be made among lavas erupted during different eruptive episodes
from the past several hundred years, but not necessarily among eruptive events within a
single eruptive episode.

In the field, the relative ages of submarine lavas can be assessed using
observations of superposition and cross-cutting relationships, flow surface preservation,
and sediment cover. Freshly erupted lava flows have lustrous, glassy surfaces, on which
sediment begins to accumulate immediately (e.g., Haymon et al., 1993). Sedimentation
patterns vary depending on regional slope (steep flanks of mounds tend to shed sediment,
which accumulates at their bases) and flow morphology (for high-relief flow
morphologies, sediment accumulates first in low-lying pockets, which eventually fill and

coalesce) (van Andel & Ballard, 1979). Additionally, hydrothermal activity can locally
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enhance sedimentation rates (e.g., Chadwick et al., 1998), and bottom currents can
redistribute sediment. Bearing in mind these complications, sediment cover on submarine
lava flows should be a reasonable proxy for relative age (van Andel & Ballard, 1979).
Sediment accumulates relatively quickly along the GSC (1 mm/20-30 years) (Kleinrock
& Hey, 1989; Mix et al., 1991; Mitchell, 1998), allowing distinctions to be made among
multiple eruptive episodes within the last several hundred years. Similarly, side-scan
sonar data can be used to identify cross-cutting relationships between lava flows and fault
scarps, and backscatter intensity can be used to assess sediment cover and aspects of flow
surface roughness.

Radiometric and geomagnetic paleointensity dating techniques can be used to
determine the relative and absolute ages of lava flow fields. Although these techniques
are not available in the field, they have been used successfully to confirm that mapped
flow fields comprise lavas that are similar in age, and to constrain eruption recurrence
intervals (Bowles et al., 2006; Bergmanis et al., 2007) and the chronology of eruptive
events within eruptive episodes (Rubin et al., 1994, 1998, 2006).

Lavas erupted during a single eruptive episode are typically delivered to the
seafloor via a set of spatially related eruptive fissures, although they need not be
contiguous. In some cases, eruptive fissures are visible (Gregg ef al., 1996; Sinton et al.,
2002; Soule et al., 2007), but elsewhere they are obscured by low effusion-rate lavas and/
or later eruptions (e.g., Chadwick & Embley, 1994; Embley et al., 2000; Sinton et al.,
2002). Individual eruptive episodes may include effusion from multiple distinct fissure
segments (e.g., Chadwick et al., 1995; Soule ef al., 2007). In the absence of mappable
eruptive fissures, vent location can be inferred from lava flow directions (e.g., Ballard &
van Andel, 1977) and topographic considerations.

At divergent plate boundaries, lavas erupted during individual eruptive episodes
commonly have a limited range in modal mineralogy and phenocryst content, and define
coherent trends in chemical variation (Rubin ef al., 1998; 2001; Sinton ef al., 2002). The
variations, however, can be more complicated than those associated with simple
fractionation, as exemplified by the N1 eruption at 17°30°S on the EPR, where magma
mixing-controlled variations in magmatic temperature coincide with a third-order

discontinuity in the ridge (Bergmanis et al., 2007). Similarly, the major and trace element
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compositions of lavas erupted during the 2005-6 eruption at 9°50’N on the EPR vary
along the length of an eruptive fissure system spanning several 3 and 4™ order offsets
(Goss et al., 2010). Although many MOR eruptions in Iceland also show coherent spatial-
compositional trends (Sinton et al., 2005), complicated magmatic processes appear to be
more common in hotspot-affected regions with anomalously thick crust (e.g., Maclennan

et al., 2008; Gronvold et al., 2008; Eason & Sinton, 2009).

2.5. Methods
2.5.1. Field investigations: AT15-63 shipboard operations

In March-April 2010, the Galapagos Ridge Undersea Volcanic Eruptions
Expedition (AT15-63, R/V Atlantis) carried out geologic mapping at two study areas
along the GSC (Figs. 2.1, 2.2; see also www.soest.hawaii.edu/gruvee). Observations of
the seafloor were made during thirteen dives at each study area (twenty-six total), using
the human-occupied submersible A/vin (operated by the Woods Hole Oceanographic
Institution, WHOI). Alvin dive tracks averaged 3.6 km in length, covering a total of ~46
km at each study area. Individual dives visited targets identified from bathymetric maps
and previously collected DSL 120A acoustic backscatter data (White et al., 2008). Divers
used relationships of superposition between lava flows and changes in sediment cover,
lava flow direction, and lava morphology to infer boundaries between eruptive units. In
addition, 300 rock samples were collected for petrologic study. The submersible was
navigated using gyro-compass measurements of heading and Doppler-derived speeds in
conjunction with ultra-short baseline (USBL) navigation fixes. Because this navigation
system is dependent on communication with the ship, error is accumulated when the
submersible loses contact with the ship, for example in close proximity to fault scarps.
After the cruise, dive tracks were adjusted manually, where necessary, so that measured
depths and diver observations of prominent features were consistent with bathymetric
maps.

Night programs during the cruise included photographic surveys and sampling
with the deep-towed camera sled TowCam (Fornari, 2003), and bathymetric surveys
using the autonomous underwater vehicle (AUV) Sentry (both operated by WHOI).

TowCam deployments covered 40 km of seafloor (average 2.5 km per tow), and were
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used both for reconnaissance over potential dive targets, and to visit lower priority
locations, frequently farther off-axis. The camera system was towed 5-8 m above the
seafloor at a speed of 0.25-0.5 knots, taking color digital photographs of regions ~3-5 m
across at 10 s intervals. The camera was connected to the ship via a fiber-optic cable,
allowing real-time selection of sampling sites and classification of lava morphology and
age relationships. A total of 47 glass samples (wax cores) and 3 rock samples were
retrieved with TowCam.

Sentry was used to map the seafloor at high resolution (1-2 m spatial; < 0.5 m
vertical) (McClinton et al., 2012). Sentry was equipped with a Reson 7125 400 kHz
multi-beam sonar system, and operated concurrently with TowCam. Flying at 60-80 m
above the seafloor, Sentry mapped 38 km” and 47 km? of seafloor at the low- and high-
magma-supply study areas, respectively. Mapping of the seafloor at this high resolution
reveals morphological details including mounds from which larger volcanic edifices are
constructed, lava channels, collapse pits, inflated regions, and even individual
hydrothermal chimneys. High-resolution bathymetry data were used to plan A/vin and
TowCam deployments, and to extrapolate observed contacts to regions of the seafloor

that were not visited by 4lvin or TowCam.

2.5.2. Shore-based investigations
2.5.2.1. Lava composition

Where rock samples were available, they were characterized in hand sample; thin
sections were made of selected samples from each eruptive unit. Major element
compositions of volcanic glass from 331 samples (including rock samples from Alvin and
glass chips from TowCam) were determined using the University of Hawai‘i JEOL JXA-
8500F, five-spectrometer electron microprobe. Average compositions and typical
mineralogy of samples from each flow field are presented in Table 2.1. Analytical
procedures and the full dataset of glass microprobe analyses are available in the

supplementary materials.

22



o [}l=uU
efigop

o /=uU
ouebeT

0 G=u
Je\ 19p 040
o [L=u
0|1UP020D
o [l=uU
euenb)

0 g=u
souesny
0 p=u
sao|nQ

o [l=uU
epeuedwg
o0 pog=u
10D

0 6z=U
SOUIN

o 0L=U
saseyy

0 p=u
ouinbuly
0 6=U
Jebing

o0 Ggl=Uu
uobeiqg

0 9=u
ebnuo]

0 gz=u
oyng

0 Gz=u
aloN [
o /l=uUu
se|ofli4

000 €00 €00 €0 +¥O0 6L0 OO SO PO €O 90

ouAyde  ggy| €66 €10 120 Z£0 122 8L 269 610 €L 9%l 681 €£6¥

000 000 00O 200 L0 OFO 000 FO I'0 €00 €0

ouwAyde  ggi| 666 L0 020 280 962 6Lk 66Z L0 20L 29L L L8y

000 100 00 900 L0 ¥LO 000 20 'O 00 80

ouAyd-Beid % L > BglLL 966 SL'0 Z20 PO LOE GOL 886G 020 g2k 9vL 622 00§
000 00 200 GO0 20 90 00 €0 g0 00 80

ouAyde  ggyt 1’66 ¥L'0 G20 0S0 /.2 60k 09 020 22k ¥l 02 908

000 00O 00 200 L0 800 0O O I'0 200 vO0

ouAyde  pp1L L'66 P¥L'0 G20 0S0 /.2 60k 09 020 22k ¥k v02 90§

000 OO0 00 OO0 €0 90 00 20 g0 +v00 L0

ouhyde  ggi 666 €10 220 ¥e0 9.2 61k 00L 610 gL 6VL v6L 88

100 00 800 20 90 6¥0 OO kO 20 8L0 L'k

ouAyde 4801 886 P¥IL'0 ¥S0 980 SS€ SZ €8¢ $20 8€L €€l 252 0¢€S

100 €00 GO0 OLO +0 2r0 200 90 +0 8L0 G

ouhyde iy} 966 LL'0 980 9S50 /[2€ €6 I8V ¥2O0 +vV¥L ¥EL 6.2 €0S

100 900 00 2L0 20 800 GO0 €0 €0 L0 VI

ouhyde  pipL 966 ¥L'0 ¥20 SPO S22 60k 929 020 22 OvL v02 ¥O0S

000 100 200 900 20 OL0 100 20 'O Y00 90
ouAyde  goy1 ¥'66 810 Y0 $90 8€ 88 98v G20 6F%L L€l €62 §0S

000 200 200 600 20 20 100 20 I'0 00 €0
10 %g >:Beld %G1-G  L/LL €10l €0 ¥L'0 vLO0 e 02k 2g¥l. 020 G vvE ISE VIS
dlAya 000 00 000 200 O 'O 000 2O 'O ¥00 €0
-Beid pue -0 %e> g/|| L00L €L0 2L0 L0 Ske 22k €9/L 6L0 €Lk YL 8L OIS
OLAYA-|O %g > 000 100 000 200 00 900 100 L0 'O 200 €0
‘ouAyd-beid %451-01L gLl L'00F 20 OO0 800 OLg 92+ G6Z 6L0 80k gvk 82+ 90S
000 00 000 €00 00 Z00O 100 L0 I'0 200 €0
ouAyd-beid %G-¢ 6811 266 20 OLO0 OL0 2kg €2k 928 810 90L 9%l 921 96¥
OWAYQ-10 %g > 000 000 000 200 00 800 000 FO 'O €00 10
‘ouAyd-Beid %02-G1  B8LL 800L 20 OO0 800 GS2¢ L2k €1'8 6L0 90L /L¥lL €+ S0S
000 00 000 900 1O 20 00 L0 20 €00 GO
ouAyd-l0 % 2>  z6LL L'00F €10 E€L0 €F0 S22 6k /28 6L0 O LvE SPE 66V
OUAYQ-10 %g- L 000 100 000 200 +O0 00O 100 O 1'0 €00 €0
‘ouAyd-beld %G1L-G> /811 966 2’0 KO 'O L2 92k 828 810 v¥OL 8Vl /21 86¥
OUAYQ-|0 %S-¢ 000 100 100 €00 20 8L0 100 20 20 .00 V0
‘ouAyd-Beid %02-G61  g/LL 966 €10 €10 €10 S22 22eL 8yZ 020 €L  LvL 2blL  €0§
Abojessuiw sjdwes  (D.)dwal wns S 0°d O O®N OeD OPW OuN .08d °O%lY °Oll  °OIS

Addns ewbew ybiH

Addns ewbew mo

sHun aaidnia DSH woly seae| Joy suonduosap aidwes pue uonisodwod [eaiwayd abeiany g alqeL

23



2.5.2.2. Geologic interpretation

Following each A/vin dive and TowCam deployment, preliminary geologic maps
were prepared showing the locations of apparent flow contacts and other features such as
faults, fissures, collapse structures, and flow directions. TowCam images and screen shots
from Alvin dive video were assigned locations and geo-referenced. After the conclusion
of the cruise, the preliminary geologic maps were used in conjunction with dive videos
and transcripts to draw inferred flow boundaries. DSL 120A side-scan sonar data from a
December 2005 survey (White et al., 2008) and the high-resolution bathymetry from
Sentry were used to extend unit boundaries beyond the visually observed contacts, and to
help constrain relative ages. Glass composition and sample descriptions were also used to
refine flow field boundaries, and to correlate noncontiguous segments of lava flow fields,

where consistent with observations of sediment cover.

2.6. Eruptive edifice morphology

Eruptive unit morphologies at the two study areas can be classified on the basis of
vertical relief and plan-view basal elongation. We use the four edifice morphologies
(smooth flows, hummocky ridges, hummocky mounds, seamounts) described by Head et
al. (1996) along the Mid-Atlantic Ridge (MAR), but note that the sizes of the features
observed within our study areas are somewhat different (see below). Both smooth flows
and hummocky ridges are elongated parallel to the spreading axis (Head et al., 1996).
Smooth flows are low-relief lava flow fields that typically occur within topographic lows,
and may be composed of pillows or sheet flows (Fig. 2.3a) (Head et al., 1996). The
inferred eruptive vents feeding these flow fields are aligned along fissures that are up to
several kilometers long. Lava is efficiently transported away from the vents via lava
channels and inflated lobate lava flows, producing laterally extensive (up to 2.2 km wide)
fields. Hummocky ridges have greater relief than smooth flows (maximum 40-50 m tall,
except where flow is focused) (Fig. 2.3d). All hummocky ridges observed within our

study areas are discontinuous along axis. Several of the hummocky ridges are
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significantly longer than those observed along the MAR (2-11 km long within our study
areas, vs. 1-2.5 km long along the MAR) (Head et al., 1996) .

Unlike smooth flows and hummocky ridges, hummocky mounds and seamounts
are essentially equi-dimensional (Head et al., 1996). Hummocky mounds are made up of
clusters of smaller mounds that may be conical or have small summit plateaus (Fig. 2.3b).
The hummocky mounds along the GSC are generally larger than those observed along
the MAR (1.5-3 km diameter; 90-200 m tall within our study areas, vs. 0.05-0.5 km
diameter; < 50 m tall along the MAR). Seamounts are more regular in shape, with
plateau-like summit regions (Fig. 2.3¢); these edifices are associated with the largest-
volume eruptions at each study area, and are similar in size to those observed along the
MAR (2-2.7 km diameter; 150-300 m tall at our study areas, vs. 0.5-3 km diameter; 50-
350 m tall along the MAR). Collapse craters are locally present within the summit

regions.

Figure 2.3. Representative maps of eruptive morphology classifications, after Head et
al. (1996). Morphologies are shown as seen in < 1 m resolution Sentry data (McClinton
et al., 2012). Contour interval: 20 m, except 2 m for smooth flows. (a) Smooth flows.
(b) Hummocky mounds. (¢) Seamount. (d) Hummocky ridge.

2.7. Eruptive Units
Each study area has been divided into three geographic sub-regions (western,

central, and eastern), within which we can constrain relative age relationships among
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mapped units. Within each sub-region, eruptive units are presented from oldest to
youngest. Eruptive units were named based on their appearance in map view or defining
characteristics. Three common sediment cover classifications are used (e.g., Fox et al.,
1988): light, moderate, or heavy. Light sediment cover consists of a dusting of sediment
on flow surfaces, with slight accumulations in pockets between pillows; sheet flow
morphology and details such as striations on pillow lobes are easily discerned. With
moderate sediment cover, pockets between pillows contain significant accumulations of
sediment (but are not filled); jumbled sheet flow surfaces are partially obscured. Under
heavy sediment cover, sediment-filled pockets between pillows are coalescing; lobate and
sheet flows are blanketed with sediment such that flow morphology is obscured. The
mapped unit boundaries, major element compositions, and representative outcrop photos
are presented in Figs. 2.4-2.9. A table describing observed hydrothermal features is
provided in the supplementary materials.

Samples collected at both study areas are predominantly basalts (less than
52 wt. % Si10, (LeBas & Streckeisen, 1991)). Fractionation of olivine, plagioclase, and
clinopyroxene drives melt compositions to higher FeO* (total iron) and TiO; contents
until Fe-Ti- oxides become stable at ~4 wt % MgO; basalts with greater than 12 wt. %
FeO* and 2 wt. % Ti0O; are classified as FeTi basalts, after Byerly et al. (1976). At the
low-magma-supply study area, FeTi basalts are rare (2 % of samples), whereas at the
high-magma-supply study area, they account for half of all samples. Small volumes of
basaltic andesite (greater than 52 wt. % Si0; (LeBas & Streckeisen, 1991)) are present in
the eastern sub-region of the high-magma—supply study area (see Section 2.7.2.3, below).

2.7.1. Low-magma-supply study area
2.7.1.1 Western region (95°04°W-94°59"W) (Figure 2.4)

Two eruptive units, Buho and Pulgar, were mapped in the northern half of the
axial graben shown in Figure 2.2a. The Pulgar flow field is made up of a cluster of
hummocky mounds. The flanks of the mounds are constructed of unornamented, elongate
pillows, whereas lobate flows are more common at the summit plateaus of individual
hummocks. Samples from Pulgar have 10-15 vol. % plagioclase phenocrysts and less

than 2 vol. % olivine phenocrysts, and cluster tightly in composition (7.9-8.0 wt. %
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MgO). Pulgar has moderate to heavy sediment cover (somewhat heavier at the nearly flat
summits of mounds), but heavier sediment and greater fault density on the surrounding

seafloor indicate that Pulgar is younger than the regions surrounding it.
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Figure 2.4. Western region, low-magma-supply study area. (a) Geologic map of
region; see legend for symbols. Unit boundaries are symbolized according to how well
constrained they are. (b) Compositional fields for eruptive units within the central
region. Colors correspond to those used in the geologic map: yellow, Buho; teal,
Pulgar; black, older units from western region; grey, other low-magma-supply samples.
Dashed line labeled “f.c.” on plot of MgO vs. K/Ti shows liquid line of descent
predicted by MELTS for fractional crystallization at 500 bars, with oxygen fugacity
two log units below the fayalite-magnetite-quartz buffer (Ghiorso & Sack, 1995;
Asimow & Ghiorso, 1998). (c) Photos of seafloor within each eruptive unit showing
typical sediment cover and lava morphology; colors same as in compositional plots.

The Buho flow field is the largest mapped eruptive unit, and comprises an axial
seamount 2.6 km in diameter and smaller clusters of hummocky mounds to the east and
west. The plateau-like summit region of Buho’s central seamount has undulating
topography, broken by two collapse craters each 400 m in diameter and greater than 50 m
deep. Lavas throughout the flow field have highly ornamented pillow morphology, with
abundant cm-scale buds protruding from 1-2 m-diameter pillow lobes. Samples are
basalts with less than 2 vol. % olivine phenocrysts and greater intra-flow compositional
variation than Pulgar (7.5-8.6 wt. % MgO). Similar mineralogy and geomagnetic
paleointensity of samples collected throughout Buho (J. Bowles, unpublished data)
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support mapping this large flow field as a single eruptive unit. Buho’s light to moderate
sediment cover and lower fault density indicate that Buho is younger than Pulgar. At the
same MgO content, samples from Pulgar and Buho have different K/Ti ratios (0.09-0.10
and 0.12-0.13, respectively), indicating that they were derived from different parental

magmas.

2.7.1.2. Central region (94°59°W-94°52°W) (Figure 2.5)

A sequence of four mapped lava flow fields in the central region of the low-
magma-supply study area exhibits considerable variability in eruptive style. The most
prominent eruptive edifice in the central region is Pinguino, an axial seamount 1.7 km in
diameter that rises ~200 m above the adjacent graben floor. The northern and southern
flanks of Pinguino are cut by east-west-trending faults, and are partially obscured by
talus. Side-scan sonar and TowCam imagery of the summit region reveal several partially
collapsed tumuli; lobate lavas are more abundant at the summit than on the flanks.
Samples from Pinguino have 7.5-7.8 wt. % MgO and less than 3 vol. % olivine and
plagioclase phenocrysts. The heavy sediment cover observed throughout the summit
plateau indicates that Pinguino is the oldest eruptive unit in this sub-region.

The next oldest flow field in the region is Dragon, a relatively small cluster of
hummocky mounds that is slightly elongated parallel to the spreading axis, and centered
within the axial graben. Dragén’s steep flanks are constructed of ornamented pillow
lavas. Samples from Dragdn define a tight compositional field with 8.2-8.4 wt. % MgO,
and have 3-5 vol. % plagioclase phenocrysts. Sediment cover is moderate to heavy even
on the steep flanks.

Much of the floor of the axial graben in this sub-region is covered by the broad,
gently south-sloping Del Norte flow field, which was erupted from a series of vents near
the northern wall of the axial graben and flowed predominantly to the south, where it
ponded within the inner axial graben. The areal distribution of Del Norte lava suggests
eruption from a fissure at least 3 km long; the eruptive fissures cut through older,
compositionally distinct pillow mounds, which are now surrounded by Del Norte lavas.

Predominantly north-south-trending lava channels apparently dispersed lava across the
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Figure 2.5. Central region, low-magma-supply study area. (a) Geologic map of region;
see legend for symbols. Unit boundaries are symbolized according to how well
constrained they are. (b) Compositional fields for eruptive units within the central
region. Colors correspond to those used in the geologic map: red, Frijoles; orange, Del
Norte; green, Dragdn; blue, Pinguino; black, older mound crosscut by Del Norte
eruptive fissures; grey, other low-magma-supply samples. Dashed line labeled “f.c.” on
plot of MgO vs. K/Ti shows liquid line of descent predicted by MELTS for fractional
crystallization at 500 bars, with oxygen fugacity two log units below the fayalite-
magnetite-quartz buffer (Ghiorso & Sack, 1995; Asimow & Ghiorso, 1998). (¢) Photos
of seafloor within each eruptive unit showing typical sediment cover and lava
morphology; colors same as in compositional plots.

axial graben floor. A characteristic stratigraphic sequence of basal sheet flows overlain
by lobate flows and small pillow mounds was observed in several locations within this
unit, likely indicating decreasing effusion rates as the eruption progressed. Samples from
Del Norte are basalts with 5-15 vol. % plagioclase phenocrysts and 1-2 vol. % olivine
phenocrysts, and 8.3-8.4 wt. % MgO. In contrast, a sample from the older mound that is
cut by Del Norte’s eruptive fissures has lower MgO (6.5 wt. %) and is more phenocryst-
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rich. Del Norte is younger than Dragdn, as shown by a high-lava mark (post-drainout
feature (Fornari et al., 2004)) of Del Norte lavas ~10 m above the surrounding flow
surface on the eastern flank of Dragon, and Del Norte lavas that bury small-offset faults
cutting Dragon. Del Norte flows are cut by 10-15 m-high fault scarps at both sides of the
graben, indicating that at least some major tectonic event(s) post-dates Del Norte
emplacement.

The youngest lavas mapped in the low-magma-supply study area are the Frijoles
pillow mounds, which form a discontinuous hummocky ridge centered within the axial
graben, ~800 m south of the fissures inferred to have fed the Del Norte eruption. The
eastern extent of the Frijoles unit deviates to the south along the flank of the axial graben
where Pinguino blocks the middle of the graben. The Frijoles pillow mounds were
erupted along a 10.6 km-long eruptive fissure, unlike the more equi-dimensional
eruptions that predominate in the study area. Sentry bathymetry of the mounds shows that
the western mounds have relatively low relief, with broad, nearly horizontal summit
plateaus. The eruption appears to have focused near the center of the eruptive fissure,
where a large, steep-sided cluster of hummocky pillow mounds reaches heights of nearly
200 m above the surrounding seafloor. Samples range from 7.2 to 7.9 wt. % MgO and
contain 15-20 vol. % plagioclase phenocrysts, 2-5 vol. % olivine phenocrysts, and sparse
clinopyroxene phenocrysts. The relative age of this youngest unit in the sub-region is
confirmed by direct observation of contacts between lightly sedimented Frijoles lavas
overlying more heavily sedimented Del Norte lavas in several locations. In addition,
Sentry bathymetry provides multiple examples of Frijoles mounds that bury Del Norte
lava channels and tumuli, and faults that crosscut Del Norte lavas. Yellowish sediment in
the summit region of some of the mounds suggests the previous occurrence of diffuse
flow hydrothermal activity nearby, similar to stains and coatings observed by Embley ef
al. (2000) on the CoAxial segment of the JAFR.

The major and minor element compositions of the four most recent eruptive units
in the central subregion of the low-magma-supply study area require at least two parental
magmas (Fig. 2.5). Based on these data, it is possible that Frijoles and Del Norte could be
related by fractionation of a single parental melt composition. However, the difference in

K/T1 between Dragén and Del Norte (0.10-0.11 and 0.12-0.13, respectively) at the same
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MgO content requires that they were derived from different parental magmas. Variations
in the major and minor element compositions within each of these eruptions appear to be

consistent with fractional crystallization.
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Figure 2.6. Eastern region, low-magma-supply study area. (a) Geologic map of
region; see legend for symbols. Unit boundaries are symbolized according to how well
constrained they are. (b) Compositional fields for eruptive units within the central
region. Colors correspond to those used in the geologic map: orange, Altares; purple,
Tortuga; black, other eastern sub-region lavas older than Altares; grey, other low-
magma-supply samples. Dashed line labeled “f.c.” on plot of MgO vs. K/Ti shows
liquid line of descent predicted by MELTS for fractional crystallization at 500 bars,
with oxygen fugacity two log units below the fayalite-magnetite-quartz buffer
(Ghiorso & Sack, 1995; Asimow & Ghiorso, 1998). (c) Photos of seafloor within each
eruptive unit showing typical sediment cover and lava morphology; colors same as in
compositional plots.

2.7.1.3. Eastern region (94°51.5°W-94°48’W) (Figure 2.6)

A third axial seamount, Tortuga, is located in the eastern region of the low-
magma-supply study area. As with the other axial seamounts that were visited, its lower
flanks are obscured by an apron of pillow talus. The summit plateau has a mixture of
pillow flows and inflated lobate flows similar to features at Pinguino. Deep, east-west
trending fissures dissect the summit plateau, exposing pillow and lobate flows. Samples

from Tortuga have 15-20 vol. % plagioclase phenocrysts and less than 2 vol. % olivine
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phenocrysts, with 8.0-8.2 wt. % MgO. Heavy sediment cover suggests that Tortuga is
similar in age to Pinguino, Dragén, and Pulgar.

The Altares flow field is the easternmost mapped eruptive unit in the low-magma-
supply study area, and consists of a cluster of hummocky mounds that is somewhat
elongated along a trend oblique to the spreading axis. The flanks of the mounds are
mantled with elongate pillow lavas, and lobate flows are more common at the plateau-
like summit regions. Samples from Altares have 5-15 vol. % plagioclase and less than 2
vol. % olivine, and contain 7.4-7.6 wt. % MgO. Sediment cover is light to moderate. Near
the center of the flow field, a pinnacle built of elongate pillows (apparently erupted at
very slow effusion rate) rises ~100 m above the summit plateau. Despite being more
evolved compositionally (6.8-6.9 wt. % MgO) than the remainder of the flow field, this
pinnacle does not exhibit a significant difference in sediment cover from the rest of
Altares. If the pinnacle formed during a later eruptive event, it must have occurred soon
after the end of the Altares eruption. K/Ti increases with decreasing MgO in Altares
samples, suggesting that compositional variation in this flow field is dominated by
magma mixing between at least two variably fractionated batches of magma. The
difference in K/Ti between Altares and Tortuga requires different parental magmas for

these two units.

2.7.2. High-magma-supply study area
2.7.2.1. Western Region (92°0.5°W-91°59°W) (Figure 2.7)

The western region of the high-magma-supply study area is intensely faulted, and
lacks prominent mounds and ridges, making the identification of flow boundaries
difficult. In addition, submersible dives experienced stronger currents throughout the
92°W study area, suggesting that sediment redistribution may be more significant here.
Two eruptive units within the western sub-region, Lagarto and Lobo del Mar, are
distinguishable mainly on the basis of compositional differences. A third eruptive unit,
Calor, is mapped as the westernmost extent of one of the eruptive units in the central
region of the high-magma-supply study area (see Section 2.7.2.2, below) based on
similarities in composition and sediment cover. The Lobo del Mar flow field erupted

from a series of vents aligned along an eruptive fissure near the center of the axial

32



graben. A network of lava channels connects these fissures to a partially collapsed lava
lake slightly south of the axis. Samples from this flow field are FeTi basalts with 5.8 to
6.2 wt. % MgO. Notably, samples from the Lobo del Mar flow field are slightly (<1 %)
plagioclase-phyric; samples from every other eruptive unit sampled in the high-magma

supply-study area are aphyric.
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Figure 2.7. Western region, high-magma-supply study area. (a) Geologic map of
region; see legend for symbols. Unit boundaries are symbolized according to how well
constrained they are. (b) Compositional fields for eruptive units within the central
region. Colors correspond to those used in the geologic map: yellow, Calor; peach,
Lagarto; green, Lobo del Mar; grey, other high-magma-supply samples. Dashed line
labeled “f.c.” on plot of MgO vs. K/Ti shows liquid line of descent predicted by
MELTS for fractional crystallization at 500 bars, with oxygen fugacity one log unit
below the fayalite-magnetite-quartz buffer (Ghiorso & Sack, 1995; Asimow &
Ghiorso, 1998). (c) Photos of seafloor within each eruptive unit showing typical
sediment cover and lava morphology; colors same as in compositional plots.

The westernmost mapped flow field in the high-magma-supply study area is the
Lagarto flow field, which includes jumbled sheet flows and more laterally extensive
regions made up of lobate flows and pillows. In the eastern region of the flow field, there
is a north-south-trending channel system within the inner axial graben. Samples from the

Lagarto flow field have much higher MgO (7.8 to 8.2 wt. %) than those from Lobo del

33



91°59'W 91°68'W 91°57'W 91°56'W 91°65'W 91°54'W

Fl-ovKlﬁsld (b) (0
iRos .

[ Empanada o & 124 % D .”
[JCalor S €10 o

[ Cocodrilo = oo

ElIguana <y ®

younger

- x 214
Il Cobija QT
w 212 m
observed contact ‘E’ -2 “..
T =7 extrapolated contact 035
inferred from bathymetry = _° )
T fault scarp 5 g:(s) hﬁ)' T Rl Cong
A active hydrothermal vent : + e

A inactive hydrothermal vent 40 50 6.0 70 O
_— Alvin divetrack MgO (wt. %)
TowCam towline
_—Dredge
O  Sample

Figure 2.8. Central region, high-magma-supply study area. (a) Geologic map of region;
see legend for symbols. Unit boundaries are symbolized according to how well
constrained they are. (b) Compositional fields for eruptive units within the central
region. Colors correspond to those used in the geologic map: red, Nifios; orange,
Empanada; yellow, Calor; green, Cocodrilo; blue, Iguana; purple, Cobija; grey, other
high-magma-supply samples. Dashed line labeled “f.c.” on plot of MgO vs. K/Ti shows
liquid line of descent predicted by MELTS for fractional crystallization at 500 bars,
with oxygen fugacity one log unit below the fayalite-magnetite-quartz buffer (Ghiorso
& Sack, 1995; Asimow & Ghiorso, 1998). (c) Photos of seafloor within each eruptive
unit showing typical sediment cover and lava morphology; colors same as in
compositional plots.

Mar, although their major and minor element compositions are consistent with derivation
from a common parental magma by fractional crystallization. Sediment cover on the two

eruptive units is not sufficiently different to assign relative ages.

2.7.2.2. Central region (91°59°W-91°53’W) (Figure 2.8)
Of the six eruptive units that were mapped in the central sub-region of the high-

magma-supply study area, Cobija extends the farthest off-axis. Cobija is a smooth lava
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flow field that consists of a mixture of low-lying pillow, lobate and sheet lavas. Samples
from Cobija are aphyric basalts with 6.6-7.3 wt. % MgO. Cobija has heavy sediment
cover, and preliminary geomagnetic paleointensity data indicate an eruptive age of ~400
years (Bowles et al., 2011). Lavas with similar sediment cover and composition are
observed both to the north and south of the axis, and likely belong to the same eruptive
episode, with intervening areas buried by more recent eruptive activity.

Moving inward toward the spreading axis in the central region, there are two
younger flow fields, Cocodrilo and Iguana. Both flow fields contain a mixture of pillow,
lobate, and sheet lavas. Samples from both Cocodrilo and Iguana range from basalts to
FeTi basalts (5.9-6.3 and 6.0-6.7 wt. % MgO, respectively), but the two flow fields have
different K/Ti ratios (0.33-0.35 and 0.30-0.33), indicating that they either evolved from,
or mixed with, different parental magmas. Differences in sediment cover at the
boundaries between the two flow fields demonstrate that Cocodrilo is slightly younger
than Iguana. Significant portions of these eruptive units appear to have been buried by
younger flows.

Calor 1s a hummocky ridge that stretches 8.3 km along axis. The off-axis
boundaries of the western half of the Calor flow field were not observed, but are
presumed to be similar in width to the more extensively-mapped eastern half (1 km
wide). Calor is less sedimented than Cocodrilo and Iguana, and preliminary geomagnetic
paleointensity measurements indicate that they are less than ~200 years old (Bowles et
al., 2011). Samples from Calor are FeTi basalts that are compositionally similar to those
from Iguana (6.0-6.4 wt. % MgO; 0.30-0.32 K/Ti). In April 2010, several high-
temperature hydrothermal chimneys were active near Calor’s eastern boundary.

The Empanada flow field comprises a broad, 100 m-tall axial seamount and a
series of associated sheet flows to the east. The seamount, located near 92°W, is the only
relatively large, point-source flow field mapped within the high-magma-supply study
area. The flanks of the seamount consist of pillow lavas, whereas lavas at the summit
plateau are lobate, with some large, collapsed tumuli that rise 5-10 m above the
surrounding flow surfaces. The low-lying sheet flows were erupted from vents just south
of the axial graben, apparently during a high-effusion-rate phase before effusion along

the eruptive fissure focused to the seamount itself. Samples from both the seamount and
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the adjacent sheet flows are FeTi basalts (4.2-5.0 wt. % MgO; 0.28-0.29 K/T1). Although
there is not a significant difference in sediment cover between Empanada and Calor and
preliminary geomagnetic paleointensity measurements of the two units are
indistinguishable (Bowles ef al., 2011), Empanada is less faulted than Calor and appears
to have buried the middle of the Calor ridge, suggesting that it is younger.

To the east of Empanada and Calor, the Nifios flow field forms a discontinuous
pillow ridge up to 40 m tall along the spreading axis. The ridge is widest (~650 m)
between 91°54°W-91°55’W, and narrows along axis to both the east and west. The
majority of the flow field is composed of pillow lavas. An inflated region and sheet flow
extending to the south of the ridge near 91°54’W likely represents the earliest exposed
phase of the eruption. Samples from the Nifios ridge are FeTi basalts that range from 4.2
to 4.6 wt. % MgO, while those from the sheet flow have 4.5-4.6 wt. % MgO. Nifos is
only lightly sedimented and is probably the most recent eruptive unit in the central sub-
region, although the geomagnetic paleointensity of samples is indistinguishable within
error from those of Calor and Empanada (Bowles ef al., 2011). Inward-facing faults with
scarps 10-20 m high cut the Nifios field, indicating post-emplacement tectonic activity.
Evidence of recent hydrothermal activity abounds within the Nifios flow field.
Temperatures greater than 300°C were measured in fluids emanating from a cluster of
active hydrothermal chimneys (two 9-10 m high, and one smaller chimney) in the
western region of the Nifos flow field. Extinct chimneys up to 15 m tall, and beds of
clam and mussel shells where diffuse venting presumably occurred, occur along fissures

and fault scarps throughout the eruptive unit.

2.7.2.3. Eastern Region (91°53’W-91°51"W) (Figure 2.9)

Two relatively young eruptive units (Dulces and Gusanos) bury a series of fault
scarps that dissect much of the eastern region of the study area. The Gusanos flow field
consists of two narrow hummocky ridges (~150 m wide), aligned along the spreading
axis. Samples from this unit are aphyric basalts (6.8-7.1 wt. % MgQO). Sediment cover is
light throughout the unit. Inactive hydrothermal chimneys are present within, and to the

north of, the western Gusanos ridge.
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At either end of each Gusanos ridge are small (~0.2 km in diameter), equi-
dimensional hummocky mounds belonging to the Dulces flow field. The pillows that
make up these mounds are large (~1 m in diameter). Samples from Dulces are FeTi
basalts and basaltic andesites that are the most fractionated compositions in either study
area (2.7-4.0 wt. % MgO) (Table 2.1), and thin sections contain abundant plagioclase,
clinopyroxene, and olivine microphenocrysts. The Dulces mounds appear to postdate the
Gusanos ridges, but both units were apparently emplaced relatively recently. A portion of
the Cocodrilo flow field extends into the eastern sub-region, but substantially thicker
sediment cover and greater fault density (including faults that are buried by Gusanos and
Dulces flows) indicate that the Gusanos and Dulces flow fields are younger than
Cocodrilo. Lack of flow contacts precludes a more precise definition of the ages of these

units relative to the others in the central high-magma-supply study area.
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Figure 2.9. Eastern region, high-magma-supply study area. (a) Geologic map of
region; see legend for symbols. Unit boundaries are symbolized according to how well
constrained they are. (b) Compositional fields for eruptive units within the central
region. Colors correspond to those used in the geologic map: pink, Dulces; orange,
Gusanos; green, Cocodrilo; grey, other high-magma-supply samples. Dashed line
labeled “f.c.” on plot of MgO vs. K/Ti shows liquid line of descent predicted by
MELTS for fractional crystallization at 500 bars, with oxygen fugacity 1 log unit
below the fayalite-magnetite-quartz buffer (Ghiorso & Sack, 1995; Asimow &
Ghiorso, 1998). (c) Photos of seafloor within each eruptive unit showing typical
sediment cover and lava morphology; colors same as in compositional plots.
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2.8. Eruption characteristics
2.8.1. Lava composition

Samples from the low-magma-supply study area consistently have higher
phenocryst contents than those from the high-magma-supply study area, where
phenocrysts were only observed in samples from the Lobo del Mar flow field (Table 2.1).
This observation is consistent with eruption from the seismically imaged melt lens at the
high-magma-supply study area, which is expected to contain crystal-poor magma, and
from crystal-rich magma reservoirs at lower magma supply, in agreement with the global
systematics of MORs (Sinton & Detrick, 1992). It is notable, however, that the largest
flow field in the low-magma-supply area, the Buho flow field, is nearly aphyric. It is
presently unclear whether this anomalous eruption was fed from a large, melt-rich
magma reservoir or rather from a smaller reservoir that was replenished during the course
of the eruption.

At both study areas, mapped eruptive units exhibit only limited compositional
heterogeneity with compositional trends that can largely be explained by moderate
degrees of fractional crystallization (except within the Altares flow field, where variable
K/T1i requires multiple parental magmas). Only two mapped flow fields (Dulces and
Buho) have ranges in MgO greater than 1 wt. %. The limited variability of MgO content
within individual eruptive units suggests that melt reservoirs are relatively well-mixed,
even at low magma supply. For example, the Frijoles flow field extends 10.8 km along
axis at the low-magma-supply study area, with only 0.7 wt. % range in MgO and 0.01 in
K/Ti, despite previous eruptions in the same region with different MgO and K/Ti
contents.

In contrast to the limited compositional variation within eruptive units, there are
striking compositional differences between successive eruptions. The common
juxtaposition of successive flow fields with compositions that cannot be related by
fractional crystallization requires either eruption from separate melt reservoirs within the
crust, or magma recharge to the same reservoir(s) occurring at time scales similar to
eruption intervals. This observation is consistent with those in Bergmanis et al. (2007) for

the very-fast-spreading southern EPR.
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2.8.2. Lava temperature

Lava compositions in the high-magma-supply study area have lower average
MgO with a wider compositional range than those at low magma supply (average MgO =
6.2 wt. %, range = 5.7 wt. % at high magma supply, compared to 8.0 wt. % and 2.9 wt. %
at low magma supply). MgO content decreases with decreasing temperature in basaltic
magmas crystallizing olivine + plagioclase + clinopyroxene. Liquidus temperatures of
glass samples from each eruptive unit calculated using MELTS (Ghiorso & Sack, 1995;
Asimow & Ghiorso, 1998) confirm that eruption temperatures of lavas at the high-
magma-supply study area are more variable, but cooler on average (1080-1180°C), than
those at low magma supply (1170-1210°C) (Table 2.1; Fig. 2.10). A similar relationship
has been observed with spreading rate along the global MOR system, i.e., that lavas from
fast-spreading ridges (high magma supply) have cooler eruption temperatures than lavas
from slow-spreading ridges (Sinton & Detrick, 1992). Rubin & Sinton (2007)
emphasized the correlation between eruption temperature and magma chamber depth, and
attributed this result to low but variable crustal temperatures at shallow depths where
melt lenses reside at relatively fast spreading rates. Magma reservoirs are predicted to
exist at greater depths at our low-magma-supply study area (Blacic et al., 2004), where
erupted lavas are generally hotter but less variable in eruption temperature, presumably
because the mid- to lower crust is farther removed from the effects of vigorous
hydrothermal cooling.

Variations in MgO content (and calculated liquidus temperatures) are also
documented within some of the most densely sampled individual eruptive units. Along
the Frijoles eruptive fissure, the region with the greatest eruptive volume does not
coincide with the highest temperatures (Fig. 2.11). This result is similar to that for the N1
eruption along the SEPR, where Bergmanis et al. (2007, Fig. 8) noted that the maximum
erupted volume along axis corresponded with relatively low eruption temperatures and a
local minimum in the AMC depth. In the case of the Frijoles eruption, it is unclear
whether the variation in MgO records a spatial or temporal variation in lava temperatures
and we lack data on the along-axis depths of the reservoir feeding the eruption. Cooler

lava temperatures could be erupted from regions where the AMC is shallower, or
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Figure 2.10. Lava liquidus temperatures calculated using MELTS (Ghiorso & Sack,
1995; Asimow & Ghiorso, 1998). (a) Histograms of lava liquidus temperatures at low
and high magma supply along the GSC. Patterned bars are samples from low (n=151)
and high (n=178) magma supply study areas, this study. Solid bars are dredge samples
from G-PRIME cruise; low magma supply (n=40) is taken as west of 94.4°W, where
magma supply is < 0.3x10° m*/km/yr; high magma supply (n=62) is taken as east of
94.4°W. (b) Liquidus temperature (upper panel) and liquidus melt viscosity (calculated
using method of Giordano et al. (2008)) of rock samples along axis for low (left) and
high (right) magma supply study areas. Colors of dots correspond to eruptive units (see
legend at bottom).

conceivably from the cooler edges or ends of the melt reservoir, although the latter seems
unlikely to coincide with high eruption volumes. Alternatively, it is possible that lava
temperatures along the length of the eruptive fissure were initially high, and cooled
progressively during the course of the eruption. In this case, one might find the lowest

temperatures where effusion continued the longest (see Section 2.8.5).
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Figure 2.11. Along-axis variation in eruptive volume for fissure eruptions at low (Frijoles) and
high (Nifios, Gusanos, and Dulces) magma supply study areas. Eruptive units were binned by
latitude (0.25 arc minute bins for Frijoles; 0.1 arc minute bins for other units) and volumes
calculated as for unit volumes, using bathymetry and a horizontal basal surface. Red and
orange dots in Frijoles and Nifios plots show along-axis variations in liquidus temperatures
(calculated using MELTS (Ghiorso & Sack, 1995; Asimow & Ghiorso, 1998)) for samples
collected in each flow field. For both the Frijoles and Nifios eruptions, the highest liquidus
temperatures correspond to what are thought to be the earlier parts of the eruptions (see text for
discussion).

41



2.8.3. Eruptive volume

Eruptive volumes of low-relief units (smooth flows) and higher-relief units
(hummocky mounds and ridges and seamounts) within our study areas were estimated
using two different methods. For relatively high-relief units, we assume a pre-existing
horizontal basal surface at the average depth of the unit’s boundary, and calculate the
volume between this surface and the mapped seafloor depth. The assumption of a
horizontal basal surface results in an overestimate of unit volumes if the mapped unit
buried pre-existing edifices, and an underestimate if the flow unit filled pre-existing
depressions.

For the low-relief Del Norte flow field, we multiplied the mapped lava flow area
by an average thickness of 15 m (based on observed collapse depths, flow front heights,
and the thicknesses of flows exposed on fault scarps) to obtain a flow unit volume,
similar to methods of Gregg et al. (1996), Sinton et al. (2002), and Soule et al. (2007) for
low-relief units along the EPR. The 15-m thickness that we estimate is significantly
greater than the 1-2 m used by Soule et al. (2007) for the latest eruption at 9°50° N along
the EPR, but is similar to the maximum thickness of the 2011 Axial volcano flow field
(as measured by repeat bathymetric surveys) where it “filled a shallow depression and
inflated” (Caress et al., 2012). The Del Norte flow field occurs within a similar confining
structure, provided by the axial graben, and appears to have had a similar emplacement
history.

The areas and estimated volumes of mapped flow fields are presented in
Table 2.2. For Del Norte and Calor, each of which was partially buried by successive
eruptions, we present an additional estimate of the total (original) area and eruptive
volume. In several other cases (Cobija, Cocodrilo, Iguana, Lagarto, Lobo del Mar), there
has been too much post-eruptive faulting and/ or burial to make reasonable estimates of
original flow field areas and hence, eruptive volumes. Additionally, we have not
attempted to account for the possibility that some eruptions (particularly those located
near the boundaries of each study area) extended along axis outside the study areas.

Bearing in mind the uncertainties associated with the estimation of flow field
thicknesses and original outcrop areas, our results indicate that erupted volumes range

over one to two orders of magnitude at each study area, similar to the variation in
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Table 2.2. GSC lava flows: dimensions and descriptions
Flow field Mapped unit Mapped outcrop

name length (km) area (km?) Volume (km?3) Comments
Frijoles 108 6.0 0.98 youngest mapped unit at low magma supply study area:
discontinuous chain of pillow mounds
dominantly sheet and lobate flows erupted from north
Del Norte 6 pre
8.2 (9.4)° 0.12(0.14)° of axial graben; locally, small pillow mounds
%_- Buho 74 14.6 131 axial seamount with summit collapse craters flanked by
=3 ' ' ' smaller, clusters of highly ornamented pillow mounds
: Tortuga 23 39 0.36 ama} seamount; summit region predominantly inflated,
£ partially collapsed flows ) _
= Dragén 5 18 0.09 irregular, steep-sided cluster of slightly ornamented pillow
£ ' ' mounds, roughly centered within axial graben
g Pulgar 18 5 0.12 cluster of unornamented pillow mounds; most mounds
- have summit plateaus where lobate flows predominate
Pinguino 24 3 0.24 axial seamount; summit region predominantly inflated,
' ’ partially collapsed flows
Altares 37 35 0.1 irregularly shaped cluster of pillow mounds; 100-m tall
' ' ' pinnacle rises from summit plateau of largest mound
Nifios 6.1 2 0.03 youngest unit in DSA2: pillow ridge with recently active
hydrothermal activity
intermediate-aged pillow ridge hosting several actively
Calor 8.3 a a
3.46 (5.25) 03 (.03) venting hydrothermal chimneys
Empanada 3.5 3.9 0.13 small axial seamount and associated low-lying sheet flows
>
_& Dulces 2.7 0.1 0.002 discontinuous chain of small pillow mounds
=
§ Gusanos 2.1 0.3 0.005 discontinuous pillow ridges aligned along spreading axis
> Iguana 5.5 0.7 _ pillows, lobate flows, and jumbled to hackly sheet flows,
£ ' ' partially buried by more recent units
5 Cocodrilo 9.6 29 . broad mounds made up mostly of pilllow and lobate flows,
T ' ' partially buried by more recent units
Lobo del Mar 17 0.6 . chain of eruptive vents, channels, and associated off-axis
' ' lava lake (partially collapsed)
Lagarto -- 0.3 -- pillow, lobate, and channelized sheet flows.
Cobija 5.6 24 _ oldest mapped flow field: low-relief pillow, lobate, and
' ' sheet flows

-- Units for which sufficient outcrop does not exist to make reasonable estimates of volume.

a2 Areas and volumes in parentheses include regions presumed to have been buried by later eruptive activity (Del Norte; Calor)
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eruptive volume documented at other locations along the MOR system (Perfit &
Chadwick, 1998; Sinton et al., 2002).

Mapped eruptive volumes at the low-magma-supply study area are greater on
average, and range to significantly greater values (0.091-1.3 km?) than those at the high-
magma-supply-study area (0.0022-0.13 km®). The inverse correlation between magma
supply and average eruptive volume along the GSC agrees with that between spreading
rate and eruptive volume proposed for the global MOR system (Perfit & Chadwick, 1998;
Sinton et al., 2002). We show here, however, that significant variations in average
eruptive volume can arise from variations in magma supply, independent of spreading

rate (Fig. 2.12).
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Figure 2.12. Eruptive volume variations versus spreading rate. Variability in eruptive
volume for eruptions on most ridges is at least an order of magnitude (exception is
northern East Pacific Rise, for which there are only two documented eruptions). GSC
eruptive volumes demonstrate non-spreading rate-related variation in eruptive volume.
GSC volumes are reported in this paper. Those from other ridges are from Sinton et al.
(2002), Soule et al. (2007), and references therein. MAR, Mid-Atlantic Ridge; JAFR &
N. Gorda, Juan de Fuca and North Gorda Ridges; NEPR, northern East Pacific Rise;
SEPR, southern East Pacific Rise.

Axial seamounts with broad summit plateaus are consistently the largest eruptive
units at both study areas; these features are larger and more common at the low-magma-
supply study area. Empanada is the only axial seamount within the high-magma-supply
study area. Smith & Cann (1992) used a magmastatic model to argue that the height of
eruptive edifices with large summit plateaus is limited by the depth of the magma

reservoir feeding the eruption, with greater depths required to produce tall seamounts.
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Empanada’s height (~100 m) agrees remarkably well with the prediction of the Smith &
Cann model for an AMC depth of 1.7 km (the depth of the seismically imaged melt lens
at high magma supply). If this model holds for the low-magma-supply study area, where
we lack seismic imaging of an AMC, the magma reservoirs feeding the Buho, Pinguino,
and Tortuga eruptions should have been 2.5-3 km deep.

Both the Buho and Empanada seamounts represent high-standing parts of eruptive
units that are surrounded by co-eruptive, lower relief smooth flows or hummocks.
Although we do not have temporal resolution within these eruptive sequences, a likely
scenario is that the eruptions began as longer fissures that progressively closed down to
long-lived centers at the location of the seamounts (e.g., Wadge, 1981). Thus at least
some MOR axial seamounts represent only parts of more extensive eruptive sequences.
Buho and Empanada are relatively young features and their flanks have not been
completely obscured by later activity. Whether or not other axial seamounts, including
older features like Pinguino or Tortuga, might also represent the high-standing remnants

of more extensive lava sequences is unclear.

2.8.4. Eruption recurrence intervals

There are three submarine locations where multiple eruptions have been observed
(9°50°N EPR, Axial Seamount (JAFR), and the Coaxial segment of the JAFR) (see Rubin
et al., 2012 for review). Eruption recurrence intervals are 10-20 years in each of these
locations, although it is unclear how representative the associated eruption recurrence
intervals are of eruptive activity over longer time periods (Rubin ez al., 2012). In the
absence of repeat eruptions, three general approaches have been used to calculate
eruption recurrence intervals along other MORs: calculating the number of meter-wide
diking events needed to accommodate seafloor spreading (e.g., Hooft et al., 1996;
Curewitz & Karson, 1998); dating sequences of lava flows, using one or a combination of
radiometric techniques, geomagnetic paleointensity, and sediment thickness (Bergmanis
et al., 2007); and using the average eruptive volume and time-averaged rate of production
of extrusive lavas (Perfit & Chadwick, 1998; Sinton et al., 2002).

Simple estimates based on meter-wide dikes overestimate eruptive frequencies

because not all intruded dikes reach the surface (25-50 % in Hawai‘i and Iceland (e.g.,
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Hooft et al., 1996)). Furthermore, there could be systematic variations in the fraction of
dikes that erupt depending on, for example, the rate of magma supply, regional stress
state, and depth of the reservoirs from which dikes initiate (Behn et al., 2006; Buck et al.,
2006; Bialas et al., 2010). In addition, the percent of spreading accommodated by
faulting (as opposed to diking) appears to vary systematically with spreading rate;
estimates presented by Cowie ef al. (1993) suggest that at the slow-spreading MAR, 10-
20% of spreading is accommodated by faulting, compared with 5-10% along the fast-
spreading EPR. The spreading rates of 53 and 55 mm/yr at our study areas (Argus et al.,
2011) generate essentially indistinguishable diking recurrence intervals of 19 and 18
years for 1-m wide dikes at the low-and high-magma-supply study areas, respectively,
assuming steady state diking behavior.

Constraints from geomagnetic paleointensity measurements at the high-magma-
supply study area suggest that there have been at least six eruptions along one 10 km-
long ridge segment in the past 400 years (Bowles et al., 2011), yielding an average
eruption recurrence interval of 67 years. The paleointensity data suggest that eruptions
within this region might be episodic, with hundreds of years of relative quiescence in the
interval between the 400year-old eruption and several more recent eruptions that appear
to cluster more closely in time (Bowles et al., 2011). A several-hundred-year period
between eruptive episodes approaches the recurrence intervals of recent rifting phases
along slow-spreading subaerial ridges in Iceland and Ethiopia (e.g., Wright et al., 2012).
Qualitative observations of sediment thickness at the two GSC study areas suggest that
the intervals between eruptions are longer at low magma supply, where there are greater
differences in sediment cover between successive eruptive units.

Using the spreading rate (Argus ef al., 2011), thickness of seismic layer 2A
(Blacic et al., 2004), and estimated eruptive volumes, we can generate a third estimate for
the eruption recurrence interval required to build the extrusive layer at each study area.
Layer 2A is thicker at the low-magma-supply area (0.6 km and 0.4 km at low- and high-
magma-supply study areas, respectively) (Blacic et al., 2004), so the volumetric rate of
production of layer 2A is actually greater there. Because the median eruptive volume is

also greater at low magma supply, the calculated median eruption recurrence interval is
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~4 times longer near 95°W (183 years along a 25 km-long ridge segment vs. 46 years at

high magma supply).

2.8.5. Average effusion rates

Analog modeling studies have shown that submarine lava morphology is
controlled by the relative rates of heat loss and lateral advection of a flow, with
efficiently cooled or slowly-moving flows producing pillow lavas, inefficiently cooled or
quickly-moving flows producing sheet flows (e.g., Griffiths & Fink, 1992; Gregg & Fink,
1995), and lobate flows having intermediate characteristics. At a given location, the rate
of cooling is unlikely to vary greatly, but there may be significant variation in the rate of
advection caused by differences in effusion rate, slope, and lava viscosity. Flow
morphology in submarine lava flow fields has been used as a proxy for eruption rate (e.g.,
Gregg et al., 1996), but to derive actual rates, reasonable estimates of lava viscosity and
pre-existing slopes must be employed.

Along the GSC, we can use observed lava morphologies to qualitatively compare
effusion rates within eruptive units and more generally between the two study areas
(Table 2.2). Pillow lavas are the most common lava morphology at both study areas, but
lobate and sheet flows account for a larger proportion of flows at high magma supply.
Using an automated seafloor classification system, McClinton et al. (2012) mapped lava
morphology within the high-magma-supply study area, and found 47% pillows, 31%
lobates, and 12% sheets. Similar work in the low-magma-supply study area found 85%
pillows, 5% lobates, and 5% sheets (J. McClinton, personal communication, 2011). These
estimates are consistent with observations during dives and camera tows, which indicated
that sheet flows were rare in the low-magma-supply study area, with the exception of
parts of the Del Norte flow field, and that lobate flows were generally restricted to the
summits of hummocks and seamounts. Correlations between lava morphology and
spreading rate (and, thus, magma supply) have been observed elsewhere (e.g., Bonatti &
Harrison, 1988; Perfit & Chadwick, 1998; Meyer & White, 2007). Similarly, studies of
lava morphology within individual spreading center segments at 9°N and 16-19°S along

the EPR indicate that low-effusion rate eruptions are more common at discontinuities in
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the ridge axis, where eruptive activity is distributed over a wider region across axis
(White et al., 2002, 2009).

Our lava morphology observations suggest that effusion rates are, on average,
greater at the high-magma-supply study area, despite evidence that eruptions with a range
of effusion rates have occurred in both study areas. Analog models predict that
decreasing viscosity will also cause lava morphology to transition from pillow to lobate
to sheet flows, even at a constant effusion rate (e.g., Gregg & Fink, 1995). Melt viscosity
is affected by temperature, major element composition, and volatile content (e.g.,
Giordano et al., 2008). Although the lower silica and higher alkali and water contents of
glasses from the high-magma-supply study area (Cushman et al., 2004) would tend to
lower lava viscosity there for a given temperature and MgO content, the higher degrees
of fractionation and lower liquidus temperatures at the high-magma-supply study area
have a counter-balancing effect. Viscosity calculations using the method of Giordano et
al. (2008) yield liquidus melt viscosities ranging up to 340 Pa-s at high magma supply,
compared to a maximum liquidus melt viscosity of 70 Pa-s at low magma supply (Fig.
2.10).

Using viscosity and lava morphology to estimate actual effusion rates for each
eruption (or for different phases of individual eruptions) requires consideration of
crystallinity and crystal morphology, which can increase the bulk viscosity by orders of
magnitude (e.g., Costa et al., 2009; Vona et al., 2011). Quantification of these parameters
is beyond the scope of the present discussion, but several examples demonstrate that to
first order, the observed variations in lava morphology are not simply a function of bulk
magma viscosity. The Buho eruption in the low-magma-supply study area has one of the
lowest liquidus melt viscosities (averaging 22 Pa-s), and is essentially aphyric, but all
mapped regions of the flow field contain ornamented pillow lavas indicative of low
effusion rates, even on steep seamount flanks. In contrast, Del Norte has the same
liquidus melt viscosity and slightly higher crystallinity, but flow morphologies range
from pillows to sheets. These observations require variations in effusion rate that are
independent of lava viscosity.

Observations of eruptive edifice morphologies at each study area provide

additional constraints on effusion rates. Laboratory experiments and models of magma
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flow within a dike indicate that high flow rates are required to maintain effusion along
the length of a fissure (e.g., Wadge, 1981; Bruce & Huppert, 1989; Whitehead &
Helfrich, 1991; Head ef al., 1996). Magma flowing through a dike is cooled by
conduction through the dike walls, causing increased viscosity and consequently
decreased velocity. Conduit widths decrease where magma freezes along the dike walls;
conversely, in regions of greater flow, thermal erosion of the dike walls is possible
(Wadge, 1981). If the effusion rate is not sufficient to maintain an open channel within
the dike, flow will cease. The prevalence of moderately long fissure eruptions (Fig. 2.13)
at the high-magma-supply study area supports the interpretation that effusion rates are
generally higher there than at the low-magma-supply study area, since high effusion rates
should allow more of the fissure length to remain active for longer durations. It is
notable, however, that the longest eruptive fissure recognized in either area is the Frijoles
eruption in the low-magma-supply area. Prolonged effusion along a fissure could
effectively decrease the elongation of the associated flow field (the ratio of the flow
field’s length to its width), as lavas are emplaced away from the fissure itself, but the
length of the fissure along which lava is erupted should still reflect the effusion rate at the

time the fissure was active, assuming the entire length of the fissure was active at once.
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Figure 2.13. Plan-view geometry of mapped eruptive units. Symbol size corresponds to
flow field volume. Blue circles, low-magma-supply study area; green triangles, high-
magma-supply study area.

Variations in lava morphology and eruptive edifice morphology within several of
the mapped lava flow fields indicate spatial and temporal variations in effusion rate over
the course of individual eruptive episodes. The Del Norte, Nifios, and Empanada flow
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fields each include extensive low-lying regions where sheet flows predominate, overlain
by localized pillow mounds; these sequences suggest an initial high effusion rate phase
after which effusion rates waned (McClinton et al., 2011). Similarly, the along-axis
distribution of lava along the Frijoles, Buho and Empanada flow fields indicates a
focusing of flow near the center of what were probably the initial eruptive fissures (Fig.
2.11). These eruptive histories are consistent with decreasing effusion rates and
localization of flow observed during subaerial basaltic fissure eruptions in Iceland
(Thorarinsson et al., 1973; Wadge, 1981; Harris et al., 2001) and Hawai‘i (Richter et al.,
1973; Lockwood et al., 1987), and inferred from seafloor observations on the MAR
(Ballard & van Andel, 1977). Other hummocky ridges, such as the Gusanos and Nifios
eruptive units at the high-magma-supply study area, appear to have less flow localization
(Fig. 2.11).

Despite the evidence for variable eruption rates within some eruptions, the
combined flow morphology and eruptive edifice morphology observations strongly
suggest that average effusion rates are higher at the high-magma-supply site, and that the
observed variations cannot be attributed to differences in magma viscosity. The high
effusion rates at high magma supply could be caused by higher average magma driving
pressures in the high supply magma reservoirs. The declining eruption rates and flow
localization of several units during the course of the eruptions may have been driven by

declining magma driving pressures late in the eruptive episodes.

2.9. Relevance to other mid-ocean ridges

The increase in magma supply along the GSC is associated with proximity to the
Galapagos hotspot, which affects magma chemistry and crustal structure in ways that
would not be expected at MORs unaffected by hotspots. Despite this abnormality, the
increased magma supply near the hotspot allows a melt lens to persist at shallow depths
within the crust, and the higher average degrees of fractionation observed along the GSC
associated with this shallow melt lens are entirely consistent with global ridge
systematics (e.g., Rubin & Sinton, 2007). However, hotspot-related enrichments in H,O
and incompatible elements at a given MgO content in our high-magma-supply area (e.g.,

Cushman et al., 2004; Ingle et al., 2010) are not typical of most fast-spreading ridges.
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The elevated H,O content, in particular, should decrease melt viscosity, with potential
increases in effusion rates and the abundance of sheet flows relative to pillow lavas.
Nevertheless, an increase in fissure eruptions at our high-magma-supply study area is
consistent with the observed trend with increasing magma supply normally associated
with spreading rate (Sinton et al., 2002), even though it may be augmented by differences
in melt viscosity that are uncharacteristic of melt supply at “normal” ridges.

Although the GSC provides a rare opportunity to isolate the effects of variable
magma supply from those of spreading rate, these two parameters are coupled along most
of the global MOR system. To facilitate comparison with other ridges, we calculate the
equivalent “normal” MOR spreading rate for each study area as the product of crustal
thickness and spreading rate, assuming a uniform, 6 km-thick crust. The equivalent
spreading rates are 50 and 67 mm/yr for the low and high-magma-supply study areas,
respectively, both within the range of intermediate spreading rates. Thus the difference in
spreading rates (and rates of magma supply) considered here is only about 10 % of the
total range in spreading rates in the global MOR system. It is therefore perhaps surprising
that our observations indicate profound differences in eruption characteristics over such a
small difference in overall supply. But eruption characteristics correlate well with magma
chamber depth along the GSC, illustrating the sensitivity of magma chamber depth to
small variations in magma supply at intermediate spreading rates (e.g., Small &

Sandwell, 1989; Purdy ef al., 1992; Sinton & Detrick, 1992).

2.10. Conclusions

Detailed mapping of eruptive units at low- and high-magma-supply study areas
along the GSC allows us to quantify the range in eruption characteristics within each
study area. At both study areas, the frequent juxtaposition of different flow fields with
compositions that cannot be related by simple fractional crystallization is consistent with
melt reservoirs that are either discontinuous or poorly mixed along axis, or replenished
with compositionally distinct magmas at time scales that approach the eruption
recurrence interval. Systematic variations in average lava temperature, eruptive volume,
lava morphology, and eruptive unit morphology with increasing magma supply are

generally consistent with those observed globally with increasing spreading rate.
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Eruptions within our high-magma-supply study area commonly have magma
ascent rates sufficient to sustain eruptions along fissures greater than 5 kilometers in
length (assuming entire fissure lengths are active simultaneously). Lava temperatures
within the study area vary by over ~100°C, and moderate to high degrees of fractionation
are typical. The vast majority of these eruptions appear to be fed by the seismically
imaged, mid-crustal AMC, which is thought to be a persistent feature at the high-magma-
supply study area. Preliminary constraints suggest that the average repose period between
highly episodic major rifting and eruption episodes is on the order of several decades.

At our lower-magma-supply study area, eruptions tend to be larger in volume and
less frequent (with repose periods of hundreds of years), have lower average effusion
rates, and are more likely to focus to a point source. Magma chambers at low magma
supply are thought to reside deeper within the crust, although a melt lens has not been
seismically imaged at the low-magma-supply study area, and erupted lava temperatures
are correspondingly hotter and more uniform. Long-lived, slow eruptions of large
volumes of crystal-bearing lava (less than 15 % phenocrysts) have built much of the
upper oceanic crust in this region.

Whereas the variation in typical eruptive activity between the two study areas
provides insight into the dependence of MOR eruptive processes on magma supply and
consequent depths of magma reservoirs, the variability in eruptive characteristics can be
used to place constraints on the range of conditions that are possible at each study area.
Uncommon high-effusion-rate fissure eruptions of low-viscosity lava occur in the low-
magma-supply area, and point-source edifices can form in the high-magma-supply area.
These observations indicate that a range of stress states and magma chamber conditions
are possible at a given location. Several individual eruptive units exhibit a range of
edifice and lava morphologies that suggest eruption rates declined during the course of
on-going eruptions.

This study demonstrates the variability of eruptive processes within two areas
characterized by quantified differences in long-term magma supply that are not
associated with changes in spreading rate. It is only because we have multiple examples
within each area that systematic differences between areas become evident. Although the

differences in average characteristics between areas generally accord with our present
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understanding of the effect of variable magma supply on magma chamber depths and
attendant magmatic processes, the variability within areas has not been previously
documented. It is clear that similar systematic investigations over a wide range of other
ridges will be required to better understand the fundamental processes controlling the
variability of eruptive processes, within and between eruptions, and to constrain the

effects of larger variations in magma supply on eruptive processes.
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CHAPTER 3. CONSTRAINTS FROM MELT INCLUSIONS ON DEPTHS OF
MAGMA RESIDENCE AT INTERMEDIATE MAGMA SUPPLY ALONG THE
GALAPAGOS SPREADING CENTER

3.1. Abstract

Shallow, seismically imaged melt lenses are a ubiquitous feature of mid-ocean
ridges with high magma supply; melt lenses deepen and become less continuous along-
axis as the rate of magma supply decreases. Despite compelling evidence for evolution of
magma within the crust prior to eruption at lower magma supply, melt lenses are rarely
detected along ridge segments with rates of magma supply lower than 0.3x10° m*/yr/km,
and the depths of magma residence prior to eruption are therefore unknown. We use ion
microprobe measurements of H,O and CO; concentrations of olivine-hosted melt
inclusions to calculate vapor saturation pressures that constrain crystallization depths at
two locations along the Galapagos Spreading Center (95°W and 94.2°W). These sites
were chosen to examine crystallization pressures in the presence (94.2°W) and absence
(95°W) of a seismically imaged melt lens. At 95°W, where magma supply is too low to
sustain a seismically resolvable melt lens, samples were selected from each of the three
most recent eruptive units, allowing us to document temporal variations in the depth of
magma residence at this location. Clusters in melt inclusion entrapment depths for these
eruptions range from 3.0 to 3.4 km below the seafloor, indicating that magmas at 95°W
resided at a narrow range of mid-crustal depths prior to eruption, generally consistent
with the global trend of increasing melt lens depth with decreasing rate of magma supply.
A discrepancy between seismic data and the peak in melt inclusion entrapment depths at
94.2°W may reflect temporal variability of magmatic systems at this location. This study
demonstrates the potential for using measurements of the concentrations of H,O and CO,
in olivine-hosted melt inclusions to determine the depths of crustal magmatic systems
that feed mid-ocean ridge eruptions, even in locations where seismic studies have not

detected melt lenses.

3.2. Introduction
Along fast-spreading mid-ocean ridges, relatively high rates of magma supply

promote the formation of quasi-steady-state, shallow, axial magma reservoirs (e.g.,
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Phipps Morgan & Chen, 1993a; Sinton & Detrick, 1992). Seismic reflectors interpreted
as melt-dominated lenses overlying low-seismic-velocity zones of crystal mush are nearly
ubiquitous along fast-spreading ridges; with decreasing spreading rates, melt lenses
deepen and become less continuous along axis (see review in Dunn & Forsyth, 2007).
Hooft & Detrick (1993) showed that the depth of the seismic melt lens along the East
Pacific Rise is significantly deeper than the magma’s level of neutral buoyancy in the
crust. Rather, melt lens depths along fast-spreading ridges appear to be controlled by the
thermal structure of the crust (e.g., Carbotte et al., 2013; Hooft ef al., 1997; Phipps
Morgan & Chen, 1993a; Purdy, 1992).

Despite compelling petrological evidence for evolution of magma within the crust
prior to eruption at slower spreading rates, melt lens reflectors have rarely been imaged at
full spreading rates less than ~50 mm/yr (e.g., Sinton & Detrick, 1992), and
comparatively little is known about the locations or longevity of magma reservoirs that
feed eruptions in these settings. Modeling by Phipps Morgan & Chen (1993a) suggests
that a threshold exists at intermediate spreading rates, below which rates of magma
supply are not high enough to overcome cooling by robust hydrothermal systems in the
upper crust, and shallow melt bodies cannot be sustained. With no persistent shallow melt
body, is there still a preferred depth for magma reservoirs at slower spreading rates, or do
lower rates of magma supply promote the creation of ephemeral melt lenses at multiple
levels within the crust?

Enhanced melt production along the Galapagos Spreading Center (GSC) near the
Galéapagos hotspot (located ~200 km south of the ridge near 91.5°W) generates trends in
axial depth and morphology, eruptive style, degree of magma fractionation, and depth of
seismically detected melt lenses that mimic variations with spreading rate along the
global mid-ocean ridge system (Canales et al., 2002; Detrick et al., 2002; Sinton et al.,
2003; Behn et al., 2004; Blacic et al., 2004). Between 98°W and 91.5°W along the GSC,
the time-averaged rate of magma supply to the crust (calculated as the product of
spreading rate (DeMets ef al., 2010) and crustal thickness (Canales et al., 2002), after
Sinton et al. (2003)) increases by ~50 percent, making the GSC an ideal location to

assess the influence of magma supply on mid-ocean ridge magmatic systems (Fig. 3.1b).
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Figure 3.1. Bathymetry and rate of magma supply along Galapagos Spreading Center.
(a) Bathymetric map of western Galapagos Spreading Center (GSC); lighter shading
indicates shallower depths. Black line, regions of the GSC where an axial melt lens
was seismically detected during the G-PRIME research cruise (Blacic et al., 2004).
Black circle, dredge sample EW56D (Cushman et al., 2004). Black rectangle, 95°W
study site. Inset, location of GSC in the eastern equatorial Pacific Ocean; black
rectangle, location of bathymetric map of western GSC. (b) Variation in rate of magma
supply along the GSC, calculated as product of spreading rate (DeMets et al., 2010)
and crustal thickness (Canales ef al., 2002), after Sinton et al. (2003).

The 2000 G-PRIME research cruise documented along-axis variations in the
depth of the seismic melt lens reflector between 91.3°W and 94.3°W. Close to the
Galéapagos hotspot, where the rate of magma supply is relatively high, the melt lens is
imaged as a nearly continuous, high-amplitude reflector 1-2 km below the seafloor (bsf)
(Blacic et al., 2004). West of 92.5°W, coincident with a change from an axial high to a
transitional axial morphology, the melt lens deepens rapidly and becomes less
continuous; depths of 2.5-4.0 km bsf were recorded by cross-axis multichannel seismic
lines (Blacic et al., 2004). West of 94.4°W, no melt lens has been detected seismically,
despite running cross-axis seismic lines at 94.7°W and 95.1°W (Blacic et al., 2004), and
the depths of magma residence in the crust prior to erupting therefore are unknown.

Because the solubilities of H;O and CO, are pressure-dependent, measurements
of their concentrations in volatile-saturated glass can be used to determine the melt

equilibration pressure (Dixon et al., 1995). Volatile contents of selvage glasses from the
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Figure 3.2. Bathymetric maps of study sites and sample locations. (a) Shaded relief
map of 94.2°W study site showing locations of dredge sample EW56D and seismic
reflection lines (white lines) constraining axial melt lens depth (Blacic et al., 2004).
Black lines, axis location from Sinton et a/. (2003). Bathymetry is global compilation
of multi-beam sonar data merged with satellite-derived bathymetry data (Ryan et al.,
2009) (b) Shaded relief map of 95°W study site showing lava flow fields for three
most recent eruptive units (Colman ef al., 2012). White circles, locations of samples
used in this study. Bathymetry is multi-beam sonar data (higher resolution data
obtained from the autonomous underwater vehicle Sentry).

chilled exteriors of submarine lava flows commonly reflect partial degassing during or
after the magma’s ascent to the surface, with equilibration pressures intermediate
between those of the seafloor and the magma reservoir (Dixon & Stolper, 1995; le Roux
et al., 2006; Shaw et al., 2010; Soule et al., 2012; Wanless & Shaw, 2012). However, the
volatile contents of olivine-hosted melt inclusions can preserve the pressures at which the
melt inclusions were trapped (Saal et al., 2002; Shaw et al., 2010; Wanless & Shaw,
2012).

Detailed submersible-based geologic mapping at 95°W along the GSC has

identified lava flow fields emplaced during a sequence of three recent eruptions with
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known relative ages (Fig. 3.2b) (Colman et al., 2012). At that location, no melt lens has
been seismically observed (Blacic et al., 2004). Here, we use CO, and H,O
concentrations of naturally glassy, olivine-hosted melt inclusions from this sequence of
eruptions to determine the depths at which the melt inclusions were trapped. In addition,
we have measured CO; and H,O in melt inclusions from a sample dredged near the ridge
axis at 94.2°W, close to the western-most seismically imaged melt lens; this provides a
comparison with the depth of the seismically detected melt lens at that location

(Fig. 3.2a).

3.3. Study locations
3.3.1. 94.2°W

A G-PRIME dredge near 94.2°W (sample EW56D) was located roughly 3 km
north of the spreading axis shown by Sinton ef al. (2003) (Fig. 3.2a). Because the
seafloor in that region has not been mapped at the scale of individual eruptive units and
the sample was not observed in situ, its age is unknown. It could have been erupted
recently from a slightly off-axis vent, or erupted on axis and flowed off axis.
Alternatively, based on the spreading rate and distance from the eruptive axis, it could be

as much as ~100,000 years old.

3.3.2.95°W

Using visual observations, sample compositions, and high-resolution bathymetry
data (McClinton et al., 2012), Colman et al. (2012) identified and mapped lava flow
fields produced during eight recent eruptive episodes at 95°W (Fig. 3.2b). This study uses
samples collected by the submersible A/vin from three of these mapped eruptive units
(described as the Dragon, Del Norte, and Frijoles flow fields in Colman et al. (2012);
referred to henceforth as the oldest, intermediate-aged, and youngest eruptive units,
respectively). The oldest of these eruptions produced a small cluster of pillow mounds
roughly centered within the axial graben. The intermediate-aged flow field erupted from
fissures to the north of the inner axial graben; flows traveled south and ponded on the
axial graben floor. Flow morphologies in this eruptive unit range from sheets to pillow

lavas (Colman et al., 2012; McClinton et al., 2013), indicating that effusion rates were
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high, at least at the onset of the eruption. Collapses in lobate flows within this flow field
reveal large lava tubes. The youngest flow field was erupted from a fissure near the
center of the inner axial graben and comprises a 10.8-km-long, discontinuous chain of
pillow mounds. Observed flow contacts and differences in sediment thickness and fault
density confirm that these eruptions were separated in time (likely spanning roughly two
thousand years), in addition to being compositionally distinct (Colman et al., 2012).
Samples AL4597-05 (IGSN: JMS000041) and AL4598-08 (IGSN: JMS000053) were
collected from the youngest mapped eruptive unit at 95°W, AL4598-11 (IGSN:
JMS000056) is from the intermediate-aged unit, and AL4599-03 (IGSN: JMS000059) is
from the oldest unit (Fig. 3.2b).

3.4. Methods
3.4.1. Volatile and major element concentrations

We measured the concentrations of volatiles (H,O, CO,, CL, F, S) and major
elements in 83 naturally glassy, olivine-hosted melt inclusions from five samples. After
crushing and sieving selvage glass from the exterior of each sample, olivine crystals with
fully enclosed glassy melt inclusions were hand-picked for analysis. Melt inclusions were
exposed following methods described by Shaw et al. (2010). Prior to exposing melt
inclusions, they were visually inspected for the presence of vapor bubbles using a
binocular microscope. Only one of the analyzed melt inclusions contained a vapor
bubble, although the sample set contained additional melt inclusions with bubbles. When
present, vapor bubbles were exposed, measured, and corrected for following the
procedure described by Shaw et al. (2010) (Table 3.3). Reflected light images of
polished, exposed melt inclusions and host olivines are included in the supplemental data.

Volatile concentrations were measured using the Cameca 1280 ion microprobe at
Woods Hole Oceanographic Institution (Table 3.3). Major element compositions of the
melt inclusions (Table 3.3) and their host olivines (Table 3.5) were measured using the
JEOL JXA-8500F electron microprobe at the University of Hawai‘i. Analytical
conditions are provided in the appendix (Section 3.11.1), in addition to average values
and reproducibility for standards during repeat analyses (Table 3.2). Analytical

uncertainty on H,O and CO, measurements is ~10 % relative (20).
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3.4.2. Saturation pressures

Saturation pressures were calculated from H,O and CO; concentrations using
VolatileCalc (Newman & Lowenstern, 2002), which is based on the solubility model of
Dixon et al. (1995) and is well calibrated for normal mid-ocean ridge basalts at pressures
less than 3 kbar. Similar to the approach of Wanless & Shaw (2012), the saturation
pressures were converted to depths of entrapment using a depth-dependent average
crustal density and accounting for the depth of the seafloor. A crustal density profile was
calculated based on the seismic velocity structure of the crust (Canales ef al., 2002) and
the relationship between density and seismic velocity (Carlson & Herrick, 1990). We
then used this profile to calculate the average density of overlying crust as a function of

depth (see Appendix, Section 3.11.3 for details and uncertainty analysis).

3.5. Modification of melt composition during and after melt inclusion entrapment
Melt inclusion compositions can be modified after entrapment by continued
crystallization on, or diffusion through, the melt inclusion walls (see review in Kent,
2008). Before using melt inclusion data to constrain the conditions of melt inclusion
entrapment, we assess whether their compositions are representative of the magmas from
which they were trapped. Here, we are specifically concerned with the CO, and H,O

concentrations of melt inclusions.

3.5.1. Boundary layer effects

Boundary layers form at the edges of rapidly growing olivine crystals when the
crystallization rate exceeds the diffusion rate of a given element, progressively enriching
the boundary layer in incompatible elements and depleting it in compatible elements (see
review in Kent, 2008). These boundary layers are most enriched in the most slowly
diffusing incompatible elements. If the boundary layer is trapped within a rapidly
growing olivine crystal, the composition of the resulting melt inclusion will not be
representative of the parental melt. Because diffusion rates for CO; in basaltic melts are

relatively slow (comparable to that of Al (Zhang & Ni, 2010; Zhang et al., 2010)), we

60



might expect CO, concentrations to be elevated in melt inclusions that trapped boundary
layers.

In a study of natural basalts and picrites, Kuzmin & Sobolev (2004) documented
1-3 um-wide boundary layers enriched in incompatible elements, but did not detect
boundary layer effects in melt inclusions larger than 20 um. All melt inclusions measured
in our study were greater than 20 um in diameter (Table 3.3). Because CaO diffuses more
rapidly than Al,O; in basaltic melt, Faure & Schiano (2005) noted that boundary layer
development results in elevated Al,03/CaO ratios, compared to melts affected only by
simple fractional crystallization. In our samples, both the inclusion size and the lack of
anomalous Al,03/CaO indicates that the majority of melt inclusions are not affected by
boundary layer effects. The CO, and H,O concentrations of melt inclusions with apparent
over-enrichments in Al,Oj; relative to CaO are within the range defined by melt

inclusions that do not exhibit potential boundary-layer effects.

3.5.2. Post-entrapment crystallization

Post-entrapment crystallization of olivine on melt inclusion walls can modify melt
inclusion compositions (see review in Kent, 2008). Diffusive equilibration between the
melt inclusion rim and host olivine, and between the host olivine and carrier melt, can
make it difficult to determine how much post-entrapment equilibration has occurred
(Gaetani & Watson, 2000; 2002; Danyushevsky et al., 2002; Laubier et al., 2012).
Fortunately, low degrees of post-entrapment crystallization have little effect on
incompatible element concentrations (e.g., Laubier et al., 2012).

To quantify the magnitude of effects related to post-entrapment crystallization on
CO; concentrations, we have followed the procedure used by Shaw et al. (2010) to
correct melt inclusion compositions. We assumed no diffusive equilibration and
incrementally added (or subtracted) olivine in equilibrium with the melt inclusion to the
melt inclusion glass composition until it reached compositional equilibrium with the
olivine near the melt inclusion rim. We used an olivine-melt distribution coefficient of
0.308 to calculate the composition in equilibrium with the melt at each step, as predicted
by the olivine-melt equilibrium model of Toplis (2005), assuming that the fraction of

total iron present as Fe*™ is 0.15 (Cottrell & Kelley, 2011). In all cases, the amount of
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olivine added was less than 11 wt. %. Depths of entrapment for post-entrapment-
crystallization-corrected melt inclusions are provided in Table 3.4; the difference
between depths calculated from corrected and raw melt inclusion compositions is less
than 10 percent except in five melt inclusions with relatively low pressures of entrapment
(<400 bars). Recognizing uncertainties in the extent to which melt inclusions and host
olivines have been affected by diffusive equilibration in addition to post-entrapment
crystallization (e.g., Gaetani & Watson, 2000; 2002; Danyushevsky et al., 2002), and
noting that the effects of small amounts of olivine crystallization on H,O and CO,
concentrations are minimal, we use pressures of entrapment calculated using raw H,O

and CO; concentrations in the following discussion.

3.5.3. Diffusive exchange of volatiles with carrier melt

Diffusive loss (or gain) of H,O from melt inclusions can occur where a gradient in
H,O concentration exists between melt inclusion and carrier melt (e.g., Portnyagin et al.,
2008; Lloyd et al., 2012; Bucholz et al., 2013; Hartley et al., 2014; Le Voyer et al.,
2014). Such a gradient is unlikely to develop at the moderate confining pressures found
on the seafloor (~250-280 bars in our study area) and relatively low volatile contents of
normal mid-ocean ridge basalts (< 0.3 wt. % H,O in our samples). Under these
conditions, H,O behaves essentially as an incompatible element (e.g., Cushman et al.,
2004; Ingle et al., 2010), and gradients in H>O concentration between melt inclusions and
carrier melts are not observed. Furthermore, at the low H,O concentrations that are
typical of mid-ocean ridge magmas, loss (or gain) of H>O due to diffusion will not affect
the pressure estimates (Wanless & Shaw, 2012).

Due to the relatively low solubility of CO, in basaltic melt, strong gradients in
CO; concentration develop between melt inclusions and their carrier melts during magma
ascent and eruption as CO; exsolves from the carrier melt. A simple, one-dimensional,
radially symmetric diffusion model (e.g., Cottrell et al., 2002; Qin et al., 1992) can be
used to assess the timescales relevant to diffusive loss of CO, from melt inclusions (see
Appendix Section 3.11.4 for discussion and more detailed results of diffusion models).
Small melt inclusions close to the rims of their host olivine crystals are modified most

rapidly (Cottrell et al., 2002; Qin et al., 1992). For a conservative case considering the
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smallest melt inclusions we analyzed (10 um radius) with only 5 pm olivine separating
the melt inclusion from the carrier melt, it takes two years to decrease the CO;
concentration of melt inclusion by even one percent at magmatic temperatures. Thus, it is
highly unlikely that melt inclusion CO, compositions would be modified on the
timescales of eruptions by diffusive equilibration with carrier melts.

Having demonstrated that the H,O and CO; concentrations in this suite of melt
inclusions are representative of magma compositions at the time of entrapment, we can

use melt inclusion saturation pressures to calculate depths of entrapment (Table 3.3).
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3.6. Results

3.6.1. Volatile concentrations

Selvage glasses at 94.2°W and 95°W have volatile concentrations similar to those
reported by Cushman et al. (2004) at those locations (0.23 wt. % H,0, 163 ppm CO; at
94.2°W; 0.20-0.24 wt. % H,0, 150-200 ppm CO; at 95°W). Melt inclusions have similar
H,O concentrations to selvage glasses at each location (0.18-0.26 wt. % at both 94.2°W
and 95°W) but range to significantly higher CO, concentrations (132-557 ppm at
94.2°W; 130-819 ppm at 95°W) (Fig. 3.3), indicating melt inclusion entrapment within

the crust prior to eruption.
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3.6.2. Saturation pressures and entrapment depths

Saturation pressures in selvage glasses at both locations are somewhat greater
than seafloor pressure (selvage glass saturation pressures are 330-438 bars, compared to
seafloor pressures of 251-281 bars), indicating that magmas are super-saturated with
volatiles when erupted. Selvage glass samples collected along the length of the GSC have
similar degrees of super-saturation (Fig. 3.4). Interestingly, the degree of super-saturation
increases to the east, despite decreasing depths of magma residence. This trend could
reflect more rapid average eruption rates at relatively high rates of magma supply (le
Roux et al., 2006), consistent with along-axis variations in lava morphology (McClinton
et al.,2013; White et al., 2008) and eruptive style (Behn et al., 2004; Colman et al.,
2012).

Time-averaged rate of magma supply (10° m3/yr/km)
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Figure 3.4. Along-axis variations in axial magma reservoir depths and other features of
the Galapagos Spreading Center (GSC), 91°-95.5°W. Bars, saturation depths of
individual melt inclusions (MlIs); colors as in Fig. 3.3. Error bar indicates uncertainty on
individual MI depth determinations. Black triangles, peaks in probability density
functions (PDFs) for MIs from individual samples, interpreted as depths of magma
residence prior to each eruption. Gray circles, seismic reflection constraints on axial
melt lens depths from cross-axis multichannel seismic lines; uncertainty smaller than
size of symbols (110 m) (Blacic ef al., 2004). Inverted gray triangles are saturation
depths for GSC selvage glasses, demonstrating volatile super-saturation of erupted lavas
(Cushman et al., 2004).
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Figure 3.5. Comparison of
median K/Ti of melt inclusions
and selvage glasses from each
eruptive unit. Melt inclusions
show greater K/T1 variation than
their host lavas, but have the
same median composition
within uncertainty; range of
compositions for samples from
each population indicated by
colored lines. Diamond, most
recent eruption (AL4598-08 and
AL4597-05); square,
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(AL4598-11); triangle, oldest
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flow fields and total range in
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from Colman et al. (2012).

At 94.2°W, saturation pressures of melt inclusions range from 292 to 1180 bars

(Fig. 3.3), corresponding to entrapment depths of 0.2-3.5 km bsf (Fig. 3.4). At 95°W,

most saturation pressures of melt inclusions are between 288 to 1298 bars (0-3.8 km bsf).

Two melt inclusions from the most recent eruption record higher crystallization pressures

of 1612 and 1695 bars (4.9 and 5.2 km bsf).

3.6.3. Melt inclusion and carrier lava K/Ti

Unlike most major elements, the incompatible element ratio K/Ti should be

essentially unchanged by post-entrapment crystallization (e.g., Kent, 2008), and is

therefore a useful monitor of compositional variation among melt inclusions from each

eruptive unit. Compositional variations among lavas from each eruptive unit at 95°W are

well characterized (Colman et al., 2012). Within each of these eruptive units, the range

65



and standard deviation of K/Ti of melt inclusions is greater than that of the carrier melt,
but the median value of the melt inclusions is the same as that of the carrier melt within
uncertainty (Fig. 3.5). Lava compositions typically have reduced variability relative to
melt inclusions at a given location, consistent with mixing of melts prior to eruption (e.g.,
Maclennan, 2008; Laubier, 2012).

Variations in K/T1 and other incompatible element ratios within the most recent
eruptive unit suggest that it is the product of mixing between a relatively evolved, high-
K/Ti magma and a relatively primitive, low-K/Ti magma prior to eruption. Melt
inclusions from this eruptive unit span a greater compositional range than selvage
glasses, but the median K/T1 of melt inclusions is the same as that of the carrier melt
within uncertainty (Fig. 3.5), consistent with melt inclusions being trapped concurrent
with magma mixing. Evidence for recent mixing within the two previous eruptions at
95°W is less compelling. Differences in K/Ti between samples from the intermediate-
aged and oldest eruptive unit at the same MgO content are inconsistent with derivation
from a single parental magma, and indicate that magmatic recharge occurred between the

two eruptions (Colman et al., 2012).

3.7. Preferred depths of melt inclusion formation

In each of the samples studied, melt inclusion depths of entrapment cluster about
a given depth (or depths) rather than being evenly distributed over the range of values
measured (Fig. 3.3). Wanless & Shaw (2012) noted clusters in depths of entrapment in
suites of melt inclusions from 9°N and 13°N on the East Pacific Rise and from the Cleft
and Vance segments of the Juan de Fuca Ridge, despite large overall ranges in
entrapment depths. In both locations along the East Pacific Rise, the peaks in melt
inclusion entrapment depths were within uncertainty of the seismically imaged melt
lenses; along the Juan de Fuca Ridge, where the seismically imaged melt lens is deeper,
the peaks in the melt inclusion entrapment depths were also deeper (Wanless & Shaw,
2012). In order to interpret the clusters in entrapment depth from our study areas, we
consider the conditions likely to create preferential entrapment of melt inclusions at

certain depths.
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3.7.1. Generation of peaks in melt inclusion entrapment depths

Experimental studies indicate that melt inclusions can form from two-stage
cooling sequences, wherein early, rapid cooling promotes skeletal growth, followed by
slower cooling that allows polyhedral crystal faces to develop, trapping enclosed melt to
form inclusions (Kohut & Nielsen, 2004; Faure & Schiano, 2005; Goldstein & Luth,
2006). Faure & Schiano (2005) noted that melt inclusions also can form from
embayments in polyhedral olivine crystals at constant, low cooling rates of 1-2°C/hr in
the absence of a rapid-cooling-rate period. However, at the same slow cooling rates,
Goldstein & Luth (2006) did not observe melt inclusion formation. In experiments with
uniformly high cooling rates, dendrites are produced but fully enclosed melt inclusions
are rare (Kohut & Nielsen, 2004; Faure & Schiano, 2005; Goldstein & Luth, 2006).

In a mid-ocean ridge setting, the variable crystal growth rates required by the two-stage
mechanism for melt inclusion formation are most likely to occur within crustal magma
reservoirs. Crystals subjected to higher degrees of undercooling at magma chamber
margins may develop skeletal morphologies; subsequent transport to the warmer interior
of the magma body (e.g., by convection) could allow polyhedral growth, trapping melt
inclusions (Colin et al., 2012; Faure & Schiano, 2004; Kohut & Nielsen, 2004). Melt
inclusions from the Mid-Atlantic Ridge have been interpreted in this context (Colin et al.,
2012; Faure & Schiano, 2004). Skeletal morphologies can also develop during recharge
of a magma reservoir as a result of magma mixing between primitive and evolved
magmas (Faure & Schiano, 2004; Kohut & Nielsen, 2004). In this case, initially rapid
crystal growth rates within the more primitive magma slow as the magmas equilibrate,
allowing melt inclusion entrapment.

Melt inclusions formed at uniformly low slow cooling rates (as in low-cooling
rate experiments of Faure & Schiano, (2005)) can likely form throughout the lower crust,
as well as in the interior of magma reservoirs. If melt inclusions form over a broad range
of depths within the crust during magma ascent from the mantle, peaks in the distribution
of their entrapment depths should occur when magma stalls at a certain depth, i.e., in
magma reservoirs, as observed in melt inclusion studies from higher-magma-supply
ridges (e.g., Wanless & Shaw, 2012). Thus populations of melt inclusions formed by

either one or both of the experimentally identified mechanisms (one-step or two-step
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cooling) should have peaks in the distribution of entrapment depths corresponding to
magma reservoir depths. If magma ascends through multiple magma reservoirs en route
to the surface (e.g., Kelemen & Aharanov, 1998), olivine crystals that crystallized at
greater depths may be left behind, so that shallower entrapment depths would be sampled
preferentially (Wanless & Shaw, 2012). In this case, we may only see a peak in
entrapment depths from the shallowest reservoir in which the magma resided prior to

eruption.
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3.7.2. ldentification of peaks in depths of entrapment
To identify peaks in the distribution of entrapment depths for each eruptive unit,
probability density functions (PDFs) were generated for each sample (see Rudge, 2008

for discussion). Bandwidths used to generate each PDF are given in Table 3.5.

3.7.3. Peaks in melt inclusion entrapment depths at 94.2°W
For the 94.2°W sample, the melt inclusion PDF peak is at 2.6 km bsf (Fig. 3.6b).
At that location, the seismically imaged melt lens is significantly deeper, at 3.9 £ 0.11 km

bsf (Blacic et al., 2004) (see Fig. 3.2a for locations of seismic lines relative to sample
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location). In fact, only one analyzed melt inclusion from 94.2°W has an entrapment depth
within uncertainty of the seismic melt lens at that location. We consider two possibilities
for the discrepancy between melt lens depth and the peak in the PDF: (1) significant
crystallization occurs above the melt lens at this location and (2) this sample erupted at a
time in the past when the melt lens was located at a shallower depth. If this lava was
erupted recently, the discrepancy between the seismic melt lens depth and the peak in the
distribution of melt inclusion entrapment depths suggests that a significant amount of
crystallization occurred more than one km above the seismic melt lens. Perhaps magma
stalled within the shallow crust during its ascent, allowing for significant melt inclusion
entrapment at that depth. For this scenario to be consistent with the seismic data, the
shallow magma reservoir within which the melt inclusions formed must have been
ephemeral, perhaps present only shortly prior to eruption, or too small to be seismically
detected.

Alternatively, this sample may not be related to the currently imaged melt lens.
Observations from ophiolites and tectonic exposures through the oceanic crust (Pito and
Hess Deep) suggest that fluctuations in melt lens depth through time may be common
(e.g., Gillis & Coogan, 2002; Coogan et al., 2003; Gillis, 2008). Since this sample was
collected ~3 km north of the ridge axis, the age and location of eruption with respect to
the ridge axis are unknown. If the depth of the melt lens at this location is temporally
variable, the difference in depths could reflect changes in the depth of the melt lens at
that location between the time when the sample was erupted and the time when the
seismic survey was done.

Within 10 km to the east and west of 94.2°W, at similar time-averaged rates of
magma supply, seismically imaged melt lenses exist at shallower depths (2.9 £0.11 km
bsf) (Blacic et al., 2004), which are within uncertainty of the 94.2°W melt inclusion PDF
peak. If the difference in melt lens depth between these locations were a persistent
feature, we might expect the extrusive layer to be thicker at 94.2°W, where the seismic
melt lens is deeper (Buck et al., 1997). Instead, there does not appear to be a systematic
relationship between the thickness of seismic layer 2A (interpreted as the extrusive layer)
and the depth of the seismic melt lens at this scale (layer 2A thickness is 497-514 m
where the melt lens depth is 3.9-4.0 km bsf, compared with 430-505 m where the melt
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lens depth i1s 2.9 km bsf (Blacic et al., 2004)). In contrast, along the length of the GSC,
there is a general trend of increasing layer 2A thickness with deepening of the melt lens
(Blacic et al., 2004), consistent with co-variations in these parameters over longer time
periods. Thus an alternative explanation would be that the peak in the PDF for the sample
from 94.2°W reflects a shallower depth of the melt lens at the time in the past when the

sample was erupted.

3.7.4. Peaks in melt inclusion entrapment depths at 95°W

At 95°W, the melt inclusion PDF peaks for the three most recent eruptions are at
depths of (from oldest to most recent eruption) 3.0 km bsf, 3.0 km bsf, and 3.4 km bsf
(Fig. 3.6a). Despite the common depth of magma residence between the oldest and
intermediate-aged eruption, differences in K/T1 at the same MgO content require that
they had different parental magmas, indicating either that recharge occurred between
eruptions or that they were fed from separate magma reservoirs at similar depths (Colman
et al.,2012). The two samples from different locations in the youngest eruptive unit yield
indistinguishable PDF peaks that are ~0.4 km deeper than those of the earlier two
eruptions. The limited range of melt inclusion entrapment depths associated with these
three eruptions suggests that there is a preferred depth of magma residence at this lower
rate of magma supply, at least over the time period represented by this eruptive sequence
(roughly two thousand years (Colman et al., 2012)).

Sample AL4598-11 has an additional cluster of melt inclusions with near-seafloor
entrapment depths (Fig. 3.6a). This sample was collected ~560 m from its eruptive
fissure. In contrast, samples AL4598-08 and AL4597-05 were collected within 200 m of
their eruptive fissures and do not contain melt inclusions with near-seafloor saturation
pressures. The melt inclusions with shallow entrapment depths have decreased variability
in K/Ti relative to the other melt inclusions from this eruption and cluster more tightly
about the average lava composition for the flow field (Fig. 3.5), suggesting that they were
trapped after the parental magma had been homogenized. Additionally, the degrees of
volatile super-saturation of these melt inclusions relative to the seafloor are similar to
those of selvage glasses along the GSC. We hypothesize that low-pressure melt

inclusions in sample AL4598-11 were trapped after eruption during a relatively low-
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cooling-rate-period (several hours), possibly during transport across the seafloor within
lava tubes such as those observed in collapses within the flow field (Gregg & Fornari,
1998; Soule et al., 2012). This scenario is consistent with the experimentally observed
mechanisms for melt inclusion formation; cooling rates may be elevated during eruption,
followed by a low-cooling-rate period during tube-fed flow (Gregg & Fornari, 1998)
when melt inclusions can be formed. Thus, our results suggest that melt inclusions can
form over a range of conditions; samples collected close to eruptive vents will be least

likely to contain melt inclusions that were trapped after eruption.

Time-averaged rate of magma supply (x10° m3/yr/km)
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Figure 3.7. Depths of axial magma reservoirs along the global mid-ocean ridge system.
Rate of magma supply per km of ridge is calculated as the product of spreading rate and
crustal thickness, after Sinton ef al. (2003). See Table 3.7 for compilation of seismic data
and spreading rates used in magma supply calculations. Circles, seismic reflection
constraints on magma reservoir depths (Reykjanes, Sinha et al., 1997; Lucky Strike
segment of Mid-Atlantic Ridge (MAR), Seher ef al., 2010; 94.2°W Galdpagos Spreading
Center (GSC), 93°W GSC, 92.5°W GSC, 92°W GSC, Blacic et al., 2004; Cleft Segment
of Juan de Fuca Ridge (JAFR), Vance Segment of JAFR, Canales et al., 2005; 13°N East
Pacific Rise (EPR), Detrick et al., 1987; 9°N EPR, Carbotte et al., 2013; 14°S EPR, 17°S
EPR, 20°S EPR, Hooft et al., 1997). Seismic reflection depths are average and range of
cross-axis seismic data as reported by authors, except where cross-axis lines were not
available or where along-axis lines detected shallower melt lens depths. Triangles, peaks
in probability functions for melt inclusion depths (data for EPR and JdFR from Wanless
& Shaw, 2012); error bars represent 26 uncertainty on individual melt inclusion depth
determinations. Square, drill core constraints on magma reservoir depth at super-fast
spreading rates (ODP Site 1256, Wilson et al., 2006). Dashed line, magma reservoir
depths predicted by thermal model of Phipps Morgan & Chen (1993a), with spreading
rate converted to rate of magma supply assuming 6 km crustal thickness.
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3.8. Global perspective on depths of seismically detected axial melt lenses

Because crustal thickness is relatively invariant over much of the world’s
spreading system (e.g., White et al., 1992), global rates of magma supply are dominated
by the approximately 20-fold variation in spreading rate. Nevertheless, crustal thickness
and the rate of magma supply can vary independently from spreading rate (e.g., Carbotte
et al., 1998; Detrick et al., 2002; Hooft et al., 1997; Phipps Morgan & Chen, 1993b).
Here, we have calculated time-averaged rates of magma supply for those mid-ocean
ridges where there are constraints on magma reservoir depths (Fig. 3.7), following Sinton
et al. (2003). Note that on-axis crustal thickness along the Juan de Fuca Ridge has not
been measured, and the rates of magma supply calculated at that location assume 5-7 km
thick crust. By comparing magma residence depths as a function of magma supply,
instead of spreading rate, we can explicitly compare hotspot-affected mid-ocean ridges,
where the oceanic crust is anomalously thick (e.g., Galapagos Spreading Center,
Reykjanes Ridge), to “normal” mid-ocean ridges.

At rates of magma supply greater than 0.4x10° m*/yr/km, there is strong
geophysical evidence for the existence of quasi-steady-state axial melt lenses at shallow
crustal depths (~1-2 km bsf) (e.g., Dunn & Forsyth, 2007). Data shown in Figure 3.7
(Carbotte et al., 2013; Detrick et al., 1987; Hooft et al., 1997) indicate that melt lenses
monotonically shoal by ~1 km as the rate of magma supply triples from 0.4x10°-1.2x10°
m’/yr/km. The decrease in magma chamber depth with increasing rates of magma supply
is consistent with models where the depths of shallow magma reservoirs are thermally
controlled (e.g., Hooft & Detrick, 1993; Phipps Morgan & Chen, 1993a). Axial melt lens
depths are consistently greater, but also more variable at low time-averaged magma
supply rates (0.1x10°-0.4x10° m*/yr/km) (Fig. 3.7) (Blacic et al., 2004; Canales et al.,
2005). Along relatively low-magma-supply regions of the GSC (e.g., 94.2°W), melt lens
depths range from 2.9-4.0 km bsf over an along-axis distance of less than 10 km, in the
absence of large offsets in the spreading axis (Fig. 3.4) (Blacic et al., 2004).

At rates of magma supply less than 0.3x10° m*/yr/km, seismic reflections from
axial melt lenses are absent along most ridge segments studied (e.g., Detrick et al., 1990;
Sinton & Detrick, 1992; Peirce ef al., 2005), although two studies that specifically

targeted ridge segments thought to be magmatically active did detect melt lenses (Sinha
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et al., 1997; Singh et al., 2006). At these lower rates of magma supply, there does not
appear to be a global correlation between the time-averaged rate of magma supply and
the depth of magma residence, although magma reservoir depths are consistently greater
than at high-magma-supply ridges. There currently is no evidence for the presence of
magma reservoirs at depths shallower than ~2 km bsf, even intermittently, below low-

magma-supply ridge segments (Fig. 3.7).

3.9. Reconciling seismically detected melt lenses with peaks in melt inclusion
entrapment depths

Consideration of mechanisms for melt inclusion entrapment indicates that peaks
in entrapment depth PDFs are likely to be related to crustal magma reservoirs (see section
6.1). If these crustal magma reservoirs are the melt lenses imaged by seismic reflection
studies, melt inclusion entrapment depth PDF peaks should coincide with seismic melt
lens depths (Wanless & Shaw, 2012). Indeed, Wanless & Shaw (2012) found that for
recently erupted samples from the East Pacific Rise, the clusters in entrapment depths are
remarkably similar to the melt lens depth (Fig. 3.7). At 94.2°W along the GSC, however,
the melt inclusion PDF peak is significantly shallower than the nearest seismic melt lens
depth, and on the Vance segment of the Juan de Fuca Ridge, the PDF peak is deeper than
(though within error of) the seismic melt lens depth. We suggest that these discrepancies
could reflect temporal variations in the depths of the melt lens at these locations.

Seismic studies constrain spatial variations in the depth of the melt lens along axis
at the time of the study, but not temporal variations in the depth of the melt lens at a
given location. Melt inclusion entrapment depth determinations provide an opportunity to
determine the variability in magma residence depths at a given location. For example, the
increased depth of the peak in melt inclusion entrapment depth in the most recent
eruption at 95°W suggests that depths of magma residence were deeper by ~0.4 km prior
to that eruption than for the previous two eruptions at that location.

An important test of whether melt inclusion PDF peaks are created within the
same magma reservoirs that are detected by seismic studies will be to compare melt
inclusion entrapment depths to seismic melt lens depths in other locations (preferably at

intermediate rates of magma supply) where recent eruptions have occurred. In order to
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avoid uncertainties associated with temporal variability of melt lens depth, it is important
to compare melt inclusions from recently erupted lavas to the results of recent seismic
studies. There are surprisingly few locations on the mid-ocean ridge system where recent
eruptions have been identified and even fewer where they have been sampled (Rubin et
al., 2012), but seismic reflection studies have documented the depths of axial melt lenses

in nearly all of them.

3.10. Conclusions

This study demonstrates the potential for using measurements of the
concentrations of H,O and CO; in olivine-hosted melt inclusions to determine the depths
of magma residence prior to eruption along mid-ocean ridges in locations where multi-
channel seismic studies have not detected axial melt lens reflectors. This technique can be
used most effectively when near-vent samples are collected from mapped lava flow fields
at submarine mid-ocean ridges. When coupled with geologic mapping, studies of melt
inclusion entrapment depths offer the unique opportunity to constrain temporal variations
in magma residence at a given location. At our study sites at 94.2°W and 95°W along the
GSC, magmas resided at depths of 2.6 and 3.0-3.4 km bsf, respectively, prior to eruption.
Despite magmatic recharge between the oldest and intermediate-aged eruptions at 95°W,
magma resided at similar depths prior to each eruption (~3.0 km bsf). In contrast, the
most recent eruption tapped magma from a slightly deeper reservoir lying ~3.4 km bsf.
Along the global mid-ocean ridge system, ridges with time-averaged rates of magma
supply greater than 0.4x10° m?/yr/km host persistent shallow melt lenses whose depths
increase slightly with decreasing magma supply. In contrast, at lower-magma-supply
ridges, magma reservoirs exist intermittently at more variable, but consistently greater
depths beneath the axis. Additional work is needed to confirm whether the magma

reservoirs sampled by melt inclusions are the same as seismically imaged melt lenses.
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3.11. Appendix
3.11.1. Analytical methods
3.11.1.1. Ion microprobe

A total of 83 melt inclusions and five selvage glasses were analyzed for H,O,
CO,, F, S, and Cl concentrations using the Cameca 1280 ion microprobe at Woods Hole
Oceanographic Institution. All analyses were run during a one-week period in March
2013 using a Cs' beam, following methods described by Shaw ez al. (2008). A mid-ocean
ridge basalt glass standard (ALV-519-4-1) with composition similar to our melt
inclusions was run routinely throughout the analyses to monitor instrumental drift. The
species measured were 2c, ]6OIH, ]9F, 328, and ¥ Cl; each intensity measured was
normalized to *°Si and converted to weight concentrations using calibration curves made
from a set of natural and artificial glasses measured at the beginning of the week. Several
standards were run again at the end of the week to confirm that the calibration was still
valid. The background signal for '°0O'H converted to H,O was 0.08 wt. % (and
background '*C converted to CO, was 27 ppm) as measured on nominally anhydrous
synthetic forsterite phenocrysts. The ion microprobe measurements of H,O (0.23 wt. %)
and CO; (163 ppm) in sample EW56D accord well with measurements of 0.23 wt. % and
155 ppm for the same sample made previously by Fourier transform infrared

spectroscopy (FTIR) (Cushman et al., 2004).

3.11.1.2. Electron microprobe

Major elements of melt inclusions and selvage glasses were analyzed using the
five-spectrometer JEOL JXA-8500F electron microprobe at the University of Hawaii in
May, 2013. These data were collected with an accelerating voltage of 15 keV, 10 nA
beam current, 10 um beam diameter, and Probe for EPMA software. A ZAF matrix
correction was applied to all analyses. As space allowed, up to three points were
measured on each melt inclusion, and the results were averaged. Peak and background
counting times were 60 seconds for S; 50 seconds for Al, K, and Mg; 40 seconds for Si
and Ca; 30 seconds for Ti, Na, Fe, and P; and 20 seconds for Mn. Samples were
calibrated using Makaopuhi glass standard A-99 (Si, Al, Ca, Mg), Juan de Fuca glass
standard VG-2 (Fe), and mineral standards Amelia albite (Na), sphene glass (T1),
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orthoclase (K), Verma garnet (Mn), fluorapatite (P), and troilite (S). Glass standards VG-
2 and A-99 were run as unknowns throughout the analyses to monitor instrumental drift
(see Table 3.2 for reproducibility and average values).

Major elements of host olivines were also analyzed by electron microprobe at the
University of Hawai‘i in May 2013. These data were collected with an accelerating
voltage of 20 keV, 200 nA beam current, and 10 pm beam diameter. Olivines were
analyzed adjacent to each melt inclusion, and in transects running perpendicular to the
olivine rim. Peak counting times were 100 seconds for Si, Ni, Mg, and Ca; 60 seconds for
Mn; and 30 seconds for Fe. Background counting times were 90 seconds for Si, Ni, Mg,
and Ca ; 60 seconds for Mn; and 30 seconds for Fe. Samples were calibrated using
mineral standards San Carlos olivine (Si, Fe, Ni, Mg), Kakanui augite (Ca), and Verma
garnet (Mn). San Carlos (USNM 111312) and Springwater (USNM 2566) olivine
standards were run as unknowns throughout the analyses to monitor instrumental drift;

average values are compared to accepted values from Jarosewich ef al. (1980) in
Table 3.2.
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Figure 3.8. Density and pressure variations with depth. (a) Average density of overlying crust,
as a function of depth within the crust (kilometers below seafloor, km bsf). Average densities
calculated using the seismic velocity structure for 94.25°W from Canales et al. (2002) and V-
bulk density relationship from Carlson & Herrick (1990). Pressures calculated assuming 2.75
km water depth are also given. Error bars represent £2¢ uncertainty in average density. (b)
Pressure-depth relation used to calculate depths of entrapment. Error bars represent £2c
uncertainty in saturation pressures and calculated entrapment depths.
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3.11.2. Uncertainty in depths of entrapment

We use VolatileCalc (Newman & Lowenstern, 2002), which is based on the
mixed CO; and H,O solubility model of Dixon ef al. (1995), to convert CO, and H,O
concentrations to saturation pressures. Saturation pressures calculated by VolatileCalc for
tholeiitic basalts are typically within 20% of experimental pressures.

Saturation pressures are converted to depths of entrapment using an average
crustal density profile constrained by seismic velocity data. Canales et al. (2002)
determined a seismic velocity profile for 94.25°W (the “Gala-2” seismic refraction
experiment). We convert seismic velocity to bulk density using the relationship
determined by Carlson & Herrick (1990) from laboratory measurements. We calculate
the average density of overlying crust as a function of depth, assuming that seismic
velocity (and thus density) varies linearly between depths at which it is constrained
(Fig. 3.8). The depth of entrapment can then be calculated from the saturation pressure
and average crustal density. Uncertainties in seismic velocity (Canales et al., 2002),
density (Carlson & Herrick, 1990), and saturation pressure are propagated through the
calculation and result in relative depth uncertainties (26) of ~21% at 3 km below the

seafloor (relative uncertainty decreases with increasing depth).

3.11.3. Diffusive loss of CO, from melt inclusions

Due to the relatively low solubility of CO; in basaltic melt, strong gradients in
CO; concentration develop between melt inclusions and their carrier melts during magma
ascent as CO, exsolves from the carrier melt. To assess the likelihood of diffusive loss of
CO; from melt inclusions during or after eruption, we use the simple one-dimensional
case described by Qin et al. (1992) and Cottrell et al. (2002) where a spherical melt
inclusion is centered within a spherical olivine crystal, which is in contact with a carrier
melt. The diffusion equation describing the concentration of CO, within the olivine
crystal as a function of radial distance from Qin ef al. (1992) is

aC 9’C 29C

T D(? ' ;;)’
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where C is the concentration of element i, D is the diffusivity of 7 in the olivine, r is the
radial distance from the center of the inclusion, and ¢ is time. The equation describing the
change in the melt inclusion composition as a result of diffusive flux across the boundary

between the melt inclusion and olivine crystal, also from Qin et al. (1992), is

=a

d|4 ; 21 9(p.C)
—[= C,(1) | =4ma*D=E=2
dl_|:3'7mpm l() Ta (9"‘ r

b

where a is the radius of the melt inclusion, p. is the density of the olivine crystal, and p,
is the density of the melt. We use a forward in time, centered in space finite difference

approximation to solve these equations with boundary conditions described below.
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Figure 3.9. Schematic illustrating diffusive equilibration of melt inclusion with carrier
melt after eruption. See text for discussion.

We assume that an olivine-hosted melt inclusion forms at some depth beneath the
seafloor (see Figure 3.9). The CO; concentration of the melt inclusion at the time of
formation (500 ppm) is equal to that of the carrier melt, and the CO, concentration of the
host olivine crystal is in equilibrium with the melt inclusion and carrier melt. The olivine-
hosted melt inclusion then ascends and is erupted on the seafloor. We assume that the
carrier melt exsolves CO, and degases instantaneously due to the decrease in pressure at
time t=0 of the diffusion model, with a new CO, concentration of 100 ppm. The outer rim
of the olivine is kept in equilibrium with the carrier melt composition, which is held
constant. The initial composition of the interior of the olivine is uniform and in
equilibrium with the melt inclusion. The CO; concentration within the olivine is then
allowed to diffusively equilibrate according to the diffusion equation. At each time step,
the melt inclusion composition changes in response to diffusive flux across the boundary
between the melt inclusion and host olivine, and we assume that the melt inclusion

composition remains in equilibrium with the inner olivine-melt boundary.
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The time required to modify the concentration of a given element in a melt
inclusion is dependent on the diffusivity and compatibility of that element in the olivine
(more compatible elements with higher diffusivity equilibrate more rapidly), and on the
radii of the melt inclusion and host olivine (small melt inclusions in small olivine crystals
equilibrate more rapidly) (Cottrell et al., 2002; Qin et al., 1992). We use a diffusivity of
32 um*/yr (Tingle et al., 1988) and an olivine-melt partition coefficient 0.002 (Keppler et
al.,2003).
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Figure 3.11. (a) Effect of varying radius of host olivine on CO; concentration of melt
inclusion. In all cases, melt inclusion has 10 um radius, and is centered within the host
olivine. Curves are labeled with radius of host olivine. (b) Effect of varying radius of
melt inclusion on CO; concentration of melt inclusion. In all cases, host olivine has 250
pum radius; melt inclusion is centered within host olivine. Curves are labeled with radius
of melt inclusion.
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We investigate varying melt inclusion and olivine radii in order to constrain

timescales over which the CO, contents of melt inclusions are likely to be modified.

Since all melt inclusions analyzed have radii > 0.1 pm, the minimum modeled melt

inclusion radius is 0.1 pm. For the conservative case of a melt inclusion with radius 0.1

um, centered within an olivine crystal with radius 0.15 pm, it takes two years for the CO,

content of a melt inclusion to decrease even by one percent. With increasing melt

inclusion radius or olivine radius, the diffusion times increase. (Figure 3.11).

Table 3.1. Sample locations and eruption depths

Sample IGSN Eruption Type Lat (°N) Lon (°W)  Depth (m bsf)
EW56D Dredge 2.5533 94.2383 2478
AL4597-05 JMS000041 recent Alvingrab 2.6124 94.9313 2749
AL4598-08  JMS000053 recent Alvingrab  2.6125 94.9522 2778
AL4598-11  JMS000056 intermediate Alvingrab 2.6173 94.9485 2778
AL4599-03 JMS000059 oldest Alvingrab 2.6188 94.9665 2754
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Table 3.2. Standard data: averages, accepted values, and standard deviations

Basaltic glass EMPA standard analyses (all values given in wt. %)

A99 VG2

average accepted std dev, n=29 average accepted std dev, n=28
Sio, 50.96 50.94 0.16 50.64 50.81 0.15
TiO, 413 4.06 0.06 1.88 1.85 0.03
Al,O4 12.47 12.49 0.04 13.99 14.06 0.04
FeO 13.40 13.30 0.07 11.78 11.84 0.05
MnO 0.19 0.15 0.01 0.21 0.22 0.01
MgO 5.09 5.08 0.02 7.05 6.71 0.03
CaO 9.29 9.30 0.03 11.21 11.12 0.03
Na,O 2.65 2.66 0.03 2.63 2.62 0.03
KO 0.84 0.82 0.01 0.19 0.19 0.01
P,Os 0.44 0.38 0.02 0.20 0.20 0.02
S 0.02 0.01 0.01 0.15 0.13 0.00
Sum 99.49 99.19 99.93 99.75

Olivine EMPA standard analyses (all values given in wt. %)

San Carlos, USNM 111312

Springwater, USNM 2566

average accepted std dev, n=27 average accepted std dev, n=27
SiO, 40.56 40.81 0.20 39.26 38.95 0.20
FeO 9.51 9.55 0.04 16.60 16.62 0.06
NiO 0.371 0.370 0.002 0.000 - 0.000
MnO 0.136 0.1 0.001 0.309 0.30 0.002
MgO 49.24 49.42 0.24 43.54 43.56 0.19
CaO 0.071 <0.05 0.001 0.000 <0.05 0.000
Sum 99.89 99.88 99.71 99.43

Basaltic glass SIMS standard analyses (all values given in ppm)

ALV-519-4

average accepted std dev, n=25

CO,
H,O

Cl

160
1726
94
889
46

165
1700
90
950
45
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Table 3.5. Olivine compositions

Sample spot Si02 FeO NiO MnO MgO CaO

units wt. % wt. % wt. % wt% wt % wt %

AL4597-05-01 MI 394 159 0.166 0.247 441 0.274
AL4597-05-01 rim 39.3 157 0.145 0.246 441 0.283
AL4597-05-02 M 394 154 0.180 0.239 444 0.267
AL4597-05-02 rim 39.2 152 0.165 0.236 442 0.281
AL4597-05-03 MI 389 177 0.130 0.282 423 0.269
AL4597-05-03  rim 39.1 17.8 0.127 0.274 422 0.247
AL4597-05-04 Ml 38,5 19.2 0.133 0.289 409 0.266
AL4597-05-04 rim 39.2 155 0.155 0.239 44.0 0.282
AL4597-05-05 Ml 39.3 153 0.173 0.233 445 0.278
AL4597-05-05 rim 395 149 0.172 0.232 448 0.268
AL4597-05-06 MI 39.2 155 0.169 0.242 444 0.264
AL4597-05-06  rim 39.0 152 0.154 0.237 44.2 0.280
AL4597-05-09 MI 39.2 151 0.192 0.234 444 0.257
AL4597-05-09 rim 38.7 15.0 0.181 0.237 44.0 0.254
AL4597-05-10 Ml 39.1 155 0.169 0.236 44.0 0.266
AL4597-05-10 rim 39.1 16.1 0.137 0.249 43.8 0.281
AL4597-05-12 MI 39.3 157 0.127 0.253 42.7 0.655
AL4597-05-12  rim 39.3 14.8 0.161 0.230 44.8 0.267
AL4597-05-14 MI 394 13.7 0.205 0.210 45.2 0.293
AL4597-05-14 rim 39.3 156 0.167 0.243 442 0.280
AL4597-05-15 Ml 39.4 143 0.191 0.217 453 0.284
AL4597-05-15 rim 394 142 0.184 0.227 449 0.275
AL4597-05-16 MI 389 177 0129 0.263 42.6 0.259
AL4597-05-16  rim 39.0 159 0.151 0.249 43.6 0.286
AL4597-05-17 MI 39.1 149 0.152 0.232 445 0.281
AL4597-05-17 rim 389 159 0.130 0.247 43.5 0.275
AL4597-05-19 M 39.2 158 0.146 0.242 43.9 0.269
AL4597-05-19 rim 394 150 0.156 0.230 443 0.289
AL4597-05-20 MI 39.3 152 0.200 0.235 441 0.268
AL4597-05-20  rim 38.7 152 0.199 0.238 43.2 0.257
AL4597-05-21 MI 39.8 152 0.171 0.231 448 0.278
AL4597-05-21 rim 39.1 151 0.153 0.237 441 0.289
AL4598-08-01 MI 39.2 156 0.170 0.251 43.5 0.278
AL4598-08-01 rim 394 157 0.168 0.249 43.6 0.258
AL4598-08-02 M 39.8 134 0.191 0.212 46.0 0.254
AL4598-08-02 rim 399 135 0.187 0.212 457 0.255
AL4598-08-03 MI 39.1 155 0.165 0.240 43.6 0.271
AL4598-08-03  rim 389 150 0.145 0.234 43.7 0.299
AL4598-08-04 Ml 38.8 185 0.120 0.277 41.4 0.255
AL4598-08-04 rim 394 16.6 0.139 0.261 43.0 0.281
AL4598-08-05 Ml 39.2 157 0.164 0.247 43.7 0.273
AL4598-08-05  rim 39.5 149 0.156 0.233 443 0.285
AL4598-08-06 Ml 39.0 149 0.150 0.226 43.9 0.301
AL4598-08-06  rim 39.5 150 0.160 0.231 444 0.269
AL4598-08-07 Ml 39.0 171 0.129 0.258 42.7 0.267
AL4598-08-07  rim 39.3 154 0.150 0.246 43.8 0.289
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Table 3.5. (continued) Olivine compositions

Sample spot SiO2 FeO NiO MnO MgO CaO

units wt. % wt. % wt. % wt. % wt. % wt. %

AL4598-08-08 Ml 39.0 158 0.142 0.243 43.6 0.270
AL4598-08-08  rim 39.0 153 0.152 0.237 439 0.304
AL4598-08-09 Ml 38.7 176 0.177 0274 419 0.254
AL4598-08-09  rim 39.3 154 0.159 0.238 441 0.270
AL4598-08-10 Ml 394 155 0.147 0.247 441 0.300
AL4598-08-10  rim 39.5 155 0.147 0.248 442 0.304
AL4598-08-11 MI 38.8 18.0 0.183 0.276 41.8 0.259
AL4598-08-11 rim 39.3 16.1 0.174 0.247 43.6 0.279
AL4598-08-12 Ml 38.7 179 0.180 0.276 41.7 0.261
AL4598-08-12  rim 383 176 0.173 0.266 41.6 0.246
AL4598-08-15 Ml 39.1 164 0.129 0.252 43.3 0.275
AL4598-08-15  rim 39.4 16.3 0.134 0.257 43.7 0.279
AL4598-08-16 Ml 394 13.1 0.179 0.201 45.7 0.283
AL4598-08-16  rim 39.0 149 0.149 0.235 440 0.278
AL4598-08-17 Ml 39.4 147 0.162 0.224 446 0.287
AL4598-08-17  rim 39.1 153 0.148 0.246 441 0.281
AL4598-08-18 Ml 39.3 146 0.193 0.221 448 0.279
AL4598-08-18  rim 39.2 16.0 0.140 0.248 43.9 0.266
AL4598-08-19 Ml 39.1 16.0 0.173 0.247 43.6 0.263
AL4598-08-19  rim 384 16.2 0.141 0.255 427 0.260
AL4598-08-20 Ml 38.9 18.1 0.182 0.277 41.9 0.251
AL4598-08-20  rim 39.0 155 0.149 0.238 43.5 0.282
AL4598-11-01 MI 39.3 144 0.242 0.227 45.0 0.288
AL4598-11-01 rim 39.5 140 0.199 0.220 45.2 0.289
AL4598-11-02 Ml 39.5 140 0.216 0.213 454 0.279
AL4598-11-02  rim 39.2 141 0.209 0.216 45.0 0.297
AL4598-11-05 Ml 394 141 0.197 0.217 453 0.290
AL4598-11-05  rim 39.3 141 0.211 0.217 453 0.309
AL4598-11-06 Ml 39.6 13.8 0.205 0.215 455 0.289
AL4598-11-06  rim 39.5 139 0.208 0.211 454 0.276
AL4598-11-07 Ml 39.5 141 0.202 0.222 453 0.293
AL4598-11-07  rim 39.7 141 0.203 0.217 452 0.288
AL4598-11-08 Ml 39.5 14.0 0.189 0.217 451 0.285
AL4598-11-08  rim 39.3 140 0.204 0.216 452 0.289
AL4598-11-09 Ml 39.5 141 0.198 0.211 454 0.297
AL4598-11-09  rim 39.5 142 0205 0.215 454 0.290
AL4598-11-10 Ml 39.5 141 0.193 0.221 452 0.277
AL4598-11-10  rim 394 13.8 0.203 0.211 453 0.274
AL4598-11-11 M 39.6 14.0 0.219 0.216 455 0.288
AL4598-11-11 rim 39.6 141 0.209 0.218 454 0.289
AL4598-11-12 Ml 39.6 14.0 0.191 0.217 45.6 0.289
AL4598-11-12  rim 39.5 141 0.209 0.217 452 0.280
AL4598-11-15 Ml 394 140 0.202 0.207 45.1 0.279
AL4598-11-15  rim 394 13.8 0.205 0.215 45.1 0.300
AL4598-11-16  MI 39.7 13.6 0.204 0.210 45.6 0.286
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Table 3.5. (continued) Olivine compositions

Sample spot SiO2 FeO NiO MnO MgO CaO

units wt. % wt. % wt. % wt. % wt. % wt. %

AL4598-11-16  rim 39.6 13.8 0.196 0.214 452 0.284
AL4598-11-17 Ml 394 149 0.176 0.226 447 0.272
AL4598-11-17  rim 39.4 146 0.197 0.217 447 0.299
AL4598-11-18 Ml 39.6 139 0.193 0.214 456 0.289
AL4598-11-18  rim 39.7 140 0.195 0.221 456 0.273
AL4598-11-19 M 39.4 13.6 0.211 0.204 452 0.292
AL4598-11-19  rim 39.5 139 0.207 0.210 451 0.292
AL4598-11-20 Ml 39.3 13.6 0.194 0.209 452 0.284
AL4598-11-20  rim 39.4 13.8 0.204 0.212 453 0.290
AL4598-11-21 MI 39.5 143 0.210 0.218 454 0.284
AL4598-11-21 rim 394 142 0.213 0.222 452 0.305
AL4598-11-22 Ml 39.7 141 0.195 0.221 454 0.276
AL4598-11-22  rim 39.6 141 0.202 0.219 455 0.290
AL4598-11-23 Ml 40.2 11.6 0.214 0.182 47.6 0.305
AL4598-11-23  rim 40.3 119 0.209 0.189 475 0.284
AL4598-11-24 Ml 39.5 143 0.186 0.227 452 0.295
AL4598-11-24  rim 39.5 142 0.201 0.216 454 0.280
AL4599-03-01 MI 39.6 146 0.195 0.213 447 0.263
AL4599-03-01 rim 40.1 143 0.206 0.219 452 0.290
AL4599-03-02 MI 39.5 147 0.172 0.224 448 0.270
AL4599-03-02  rim 39.2 145 0.192 0.222 442 0.293
AL4599-03-03 Ml 39.1 143 0.186 0.209 445 0.257
AL4599-03-03  rim 39.0 141 0.194 0.212 446 0.275
AL4599-03-04 Ml 39.6 11.5 0.204 0.184 47.0 0.285
AL4599-03-04  rim 38,5 13.6 0.198 0.199 439 0.260
AL4599-03-05 Ml 39.5 144 0.170 0.222 45.0 0.285
AL4599-03-05  rim 39.6 145 0.194 0.225 451 0.273
AL4599-03-06 Ml 39.3 147 0.204 0.220 447 0.263
AL4599-03-06  rim 39.3 145 0.194 0.219 450 0.276
AL4599-03-07 Ml 39.4 146 0.203 0.223 45.0 0.265
AL4599-03-07  rim 39.6 148 0.180 0.223 452 0.271
AL4599-03-08 Ml 394 156 0.149 0.243 442 0.279
AL4599-03-08  rim 39.7 144 0193 0.218 453 0.279
AL4599-03-09 Ml 39.3 146 0.192 0.222 446 0.266
AL4599-03-09  rim 39.5 143 0.191 0217 449 0.274
AL4599-03-11 MI 39.3 146 0.183 0.228 44.6 0.266
AL4599-03-11 rim 39.3 145 0.190 0.222 445 0.270
AL4599-03-12 Ml 38.9 148 0.154 0.229 441 0.282
AL4599-03-12  rim 39.4 147 0.165 0.229 445 0.258
AL4599-03-14 Ml 39.3 146 0.188 0.224 447 0.267
AL4599-03-14  rim 39.3 145 0.194 0.220 445 0.275
AL4599-03-15  rim 39.4 145 0.191 0.221 448 0.253
AL4599-03-15 Ml 39.7 145 0.193 0.225 449 0.279
AL4599-03-16 Ml 39.3 148 0.166 0.228 44.4 0.268
AL4599-03-16  rim 39.3 142 0.185 0.212 44.8 0.267
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Table 3.5. (continued) Olivine compositions

Sample spot Si0O2 FeO NO MnO MgO CaO

units wt. % wt. % wt. % wt. % wt % wt %

AL4599-03-17 Ml 39.3 149 0.190 0.221 446 0.257
AL4599-03-17  rim 39.3 147 0.193 0.227 445 0.282
AL4599-03-18 M 39.0 143 0.155 0.216 445 0.276
AL4599-03-18  rim 39.4 143 0.179 0.220 44.8 0.265
AL4599-03-19 Ml 39.2 150 0.185 0.230 44.4 0.266
AL45990-3-19  rim 389 145 0.190 0.223 445 0.278
AL45990-3-20 Ml 39.2 149 0.181 0.226 445 0.262
AL45990-3-20  rim 39.1 143 0.196 0.220 446 0.282
EW56D-01 MI 39.1 158 0.175 0.239 43.6 0.278
EW56D-01 rim 39.2 16.6 0.153 0.256 43.1 0.304
EW56D-02 Mi 39.0 16.5 0.155 0.253 43.0 0.303
EW56D-02 rim 39.3 16.3 0.161 0.250 43.4 0.286
EW56D-03 Mi 39.5 151 0.194 0.228 445 0.265
EW56D-03 rim 39.1 16.3 0.153 0.247 43,5 0.279
EW56D-04 Mi 395 153 0.160 0.237 441 0.278
EW56D-04 rim 395 152 0.182 0.232 44.0 0.281
EW56D-05 Mi 39.3 16.3 0.154 0.246 42.6 0.426
EW56D-05 rim 395 16.5 0.148 0.250 43.2 0.329
EW56D-06 M 394 150 0.182 0.226 445 0.277
EW56D-06 rim 39.3 16.7 0.148 0.259 43.1 0.278
EW56D-07 Mi 39.3 16.0 0.168 0.245 43.6 0.275
EW56D-07 rim 39.2 16.3 0.165 0.242 432 0.271
EW56D-08 Mi 39.8 135 0.226 0.208 458 0.298
EW56D-08 rim 39.6 152 0.184 0.229 444 0.273
EW56D-10 MI 39.0 164 0.159 0.254 43.1 0.260
EW56D-10 rim 39.1 16.3 0.158 0.251 429 0.280
EW56D-11 M 394 16.3 0.169 0.251 435 0.271
EW56D-11 rim 39.3 16.4 0.157 0.249 435 0.274
EW56D-13 Mi 39.9 140 0.218 0.210 456 0.273
EW56D-13 rim 395 16.0 0.164 0.239 43.7 0.260
EW56D-14 Mi 394 159 0.171 0.239 43.8 0.265
EW56D-14 rim 39.3 164 0.159 0.249 434 0.274
EW56D-16 MI 39.1 16.4 0.154 0.251 43.3 0.269
EW56D-16 rim 389 16.3 0.156 0.245 43.1 0.288
EW56D-17 Mi 39.7 134 0.231 0.199 458 0.276
EW56D-17 rim 399 139 0.209 0.211 455 0.259
EW56D-18 Mi 39.4 16,5 0.154 0.257 43.5 0.268
EW56D-18 rim 39.5 153 0.177 0.230 44.3 0.262
EW56D-19 Mi 395 16.6 0.148 0.249 424 0.531
EW56D-19 rim 39.6 16.6 0.154 0.249 435 0.279
EW56D-20 M 39.2 16.2 0.166 0.244 435 0.272
EW56D-20 rim 388 16.4 0.142 0.247 426 0.286
EW56D-21 M 395 142 0.206 0.223 449 0.273
EW56D-21 rim 38.8 152 0.175 0.234 435 0.268
EW56D-22 Mi 39.3 16.0 0.168 0.241 43.7 0.259
EW56D-22 rim 39.3 16,5 0.152 0.254 431 0.292
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CHAPTER 4. MAGMATIC PROCESSES AT VARIABLE MAGMA SUPPLY
ALONG THE GALAPAGOS SPREADING CENTER: CONSTRAINTS FROM
INDIVIDUAL ERUPTIVE UNITS

4.1. Abstract

Petrologic study of individual eruptive units in two locations along the Galapagos
Spreading Center provides insight into how magma supply affects mid-ocean ridge
magmatic systems. Low- and high-magma supply study areas at 95°W and 92°W have
similar spreading rates (53 and 55 mm/yr), but differ by 30% in the time-averaged rate of
magma supply (0.3x10° and 0.4x10° m*/km/yr) as a result of varying proximity to the
Galéapagos hotspot. Here, we use major and trace element analyses of glass and whole
rock samples, major element analyses of mineral phases, and observations of rock
microstructure to characterize parental magma variability, magma reservoir processes
such as fractional crystallization and mixing, and timescales of magmatic recharge
relative to eruption. At the low-magma-supply study area, where magma is thought to
reside intermittently at ~3 km below the seafloor, lavas are restricted to relatively
unfractionated melt compositions (6.2-9.1 wt. % MgQO). Magmatic evolution at this
location is likely dominated by processes involving crystal-rich mush, and preserved by
limited evolution in melt-dominated magma reservoirs. Eruptions at this study area
appear to be closely linked to magmatic recharge; relatively evolved eruptive units
consistently have compositional trends controlled by mixing of high-MgO magma with
lower-MgO magma with distinct parental magmas. In contrast, at the high-magma-supply
study area, where a seismically imaged melt lens is located ~1.7 km below the seafloor,
fractional crystallization within a melt-rich magma reservoir causes large variations in
major-element compositions with little effect on trace element concentrations or ratios.
Between magmatic recharge events, resident magma fractionates, and can be repeatedly
tapped by low-volume fissure eruptions. Small bodies of magma may become isolated
from the larger magmatic system, allowing more extreme degrees of fractionation. An
important implication of this study is that persistent melt lenses at intermediate rates of

magma supply need not be “steady-state” melt lenses. Only by documenting variations in
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magma composition at a given location can the temporal variability in magma reservoir

properties at the scale of multiple eruptive episodes be constrained.

4.2. Introduction

The dominant control on magma supply along mid-ocean ridges is spreading rate.
Full spreading rates that vary from ~5 mm/yr to 145 mm/yr correspond to variations in
magma supply from 0.03x10° to 0.87x10° m*/km/yr, assuming a constant 6 km thickness
of oceanic crust. Variations in spreading rate along the global mid-ocean ridge system are
accompanied by well-documented variations in crustal structure and characteristics of the
volcanic eruptions that build the extrusive section of the oceanic crust.

At fast-spreading ridges, volcanic eruptions are typically smaller in volume, but
occur more frequently and at higher average effusion rates, than at slower spreading
ridges (Bonatti & Harrison, 1998; Perfit & Chadwick, 1998; Sinton et al., 2002). Seismic
data suggest that a shallow, melt-rich lens overlies a larger, more continuous region of
crystal-rich mush along much of the spreading axis at fast-spreading ridges (e.g., Sinton
& Detrick, 1992; Dunn et al., 2000; Carbotte et al., 2013). Magma residence within
shallow crustal magma reservoirs promotes fractional crystallization and homogenization
of parental magma compositions, leading to the eruption of dominantly aphyric lavas
with widely varying degrees of fractionation (e.g., Sinton & Detrick, 1992; Rubin &
Sinton, 2007). With increasing degrees of fractional crystallization, the degree of
compositional heterogeneity related to parental magma composition (e.g., variability of
incompatible element ratios) decreases, indicating magma homogenization concurrently
with fractionation (Rubin & Sinton, 2007). Eruptions typically occur along fissures
oriented parallel to the axis, and may tap compositionally zoned magma reservoirs,
indicating that along-axis mixing within the magma reservoir is limited (Sinton ef al.,
2002; Bergmanis et al., 2007; Rubin et al., 2009; Goss et al., 2010).

At lower spreading rates, seismic studies typically do not detect axial melt lenses,
although low seismic velocities throughout the lower crust indicate the presence of small
fractions of melt (e.g., Detrick et al., 1990; Sinton & Detrick, 1992; Dunn et al., 2005).
Nevertheless, magma erupted at relatively slow-spreading ridges is typically not in

equilibrium with mantle compositions, indicating that it was modified within the crust
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(e.g., Stolper, 1980). It is unknown whether this modification occurs during magma
ascent through crystal mush, or within melt lenses that are either too small, or too
intermittent, to be seismically imaged (e.g., Sinton & Detrick, 1992; Kelemen &
Aharanov, 1998). Because slow-spreading ridges appear to lack steady-state melt lenses
containing eruptible magma, it has been suggested that eruptions should be more closely
tied to magmatic recharge in this setting (Sinton & Detrick, 1992).

Variations in magma supply can also be decoupled from spreading rate variations.
At spreading ridges affected by hotspots, elevated rates of magma supply result in the
production of anomalously thick oceanic crust. For example, the proximity of the
Icelandic plume to the Mid-Atlantic Ridge causes crustal thickness to increase from
7.5 km at 57°45’N (Navin et al., 1998) to 11 km at 62°40°N (Weir et al., 2001) and 19
km at 65°45°N (Staples et al., 1997), and crustal thickness may reach 46 km at the peak
of plume influence (Allen et al., 2002); spreading rates remain relatively constant
throughout this region at 18-20 mm/yr (DeMets et al., 2010). Similarly, along the
Galéapagos Spreading Center (GSC), the influence of the Galapagos hotspot causes crustal
thickness to increase from ~5.7 km at 97°W to ~7.9 km at 91.5°W (Canales ef al., 2002;
Detrick et al., 2002), whereas spreading rates vary only from 51 to 55 mm/yr (DeMets et
al., 2010). In contrast, anomalously thin crust is produced at ultra-slow spreading ridges
(e.g., Gakkel Ridge (Jokat et al., 2003), Mohns Ridge (Klingenhofer et al., 2000),
Southwest Indian Ridge (Muller ef al., 1999)) and near fracture zones (e.g., Detrick ef al.,
1993). Anomalously low magma supply rates in these regions have been attributed to
greater conductive cooling of the upper mantle, terminating mantle melting at greater
depths (e.g., Niu & Hekinian, 1997; White et al., 2001).

Petrologic and geochemical studies of sample suites from individual mid-ocean
ridge eruptions can yield a more nuanced understanding of magmatic conditions and the
nature of spatial and temporal variability in sub-ridge magmatic systems. At two
locations along the GSC with contrasting rates of magma supply, we have previously
used distinctions in sediment cover, flow morphology, flow direction, and sample
composition to create geologic maps of lava flow fields emplaced during individual
eruptive episodes (Colman et al., 2012). By documenting the mineralogy, mineral

textures and compositions, and major and trace element variations among samples from
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individual eruptions at each study area, we now investigate magma reservoir processes
and the nature and timescales of magmatic recharge relative to eruption. At each location,
we assess the relative importance of fractionation, magma mixing, crustal assimilation,
and magmatic recharge in controlling erupted compositions. In particular, the eruption-
scale approach allows us to document whether and how these processes vary along-axis

and through time.
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Figure 4.1. Bathymetry of western GSC, 91°-96°W (compilation of multibeam and satellite-
derived bathymetry from Ryan ef al., 2009). Note eastward shoaling and development of axial
rise spreading center morphology with proximity to the Galapagos hotspot. Maximum plume

influence is observed from 91.3-92.3°W (Canales et al., 2002). Black rectangles mark
locations of detailed study areas. Inset, location of GSC in eastern equatorial Pacific Ocean.

4.3. Geologic setting: Galapagos Spreading Center

The GSC is an east-west-trending, intermediate-spreading-rate ridge in the eastern
equatorial Pacific Ocean (Fig. 4.1). Seafloor spreading along the GSC began ~25 Ma
(Hey et al., 1977), and has been strongly influenced by the presence of the Galdpagos hot
spot, which is located ~200 km to the south of the ridge near 91.5°W (e.g., Wilson &
Hey, 1995). The average rate of magma supply to the crust (calculated as the product of
the spreading rate and crustal thickness, after Sinton ez al. (2003)) increases with
proximity to the hotspot, from 0.26x10° m*/km/yr at 97°W to 0.46x10° m*/km/yr at
91°W. The increase in the rate of magma supply is indicated by thicker crust near the
hotspot (Canales et al., 2002), which is accompanied by shallower axial depths (Canales
et al., 2002), a shallower and stronger seismic melt lens reflector (Blacic et al., 2004),
and a transition in spreading center morphology from an axial valley to an axial high as
the hotspot is approached (Sinton et al., 2003).
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Geochemical and isotopic variations along the western GSC show increasing
enrichments of elements that are incompatible during mantle melting with proximity to
the hotspot, as well as more radiogenic Sr and Pb isotope ratios, and less radiogenic Nd
and Hf isotope ratios (Schilling ef al., 1982, 2003; Cushman et al., 2004; Ingle et al.,
2010). These variations were attributed to mixing of varying amounts of depleted and
enriched mantle end-members by Schilling ef al. (1982, 2003). In contrast, Cushman e?
al. (2004) and Ingle et al. (2010) attributed these variations to lower mean extents of
mantle melting near the hotspot caused by a deep zone of low-degree hydrous melting.
Superimposed on variations in parental magma composition along the length of the GSC
are variations in the degree of fractionation reached prior to eruption (as indicated for
example by MgO content or magnitude of Sr anomaly in glass samples), with greater and
more variable degrees of fractionation occurring near the hotspot (Schilling ef al., 1982;
Cushman et al., 2004; Ingle et al., 2010). In addition, local variations in mantle melting
and magmatic differentiation (Christie & Sinton, 1981; Schilling et al., 1982; Sinton et
al., 1983; Christie & Sinton, 1986; Rotella ef al., 2009) are found in association with

propagating rifts along the GSC.

4.4. Detailed study areas

This study uses samples from detailed study areas at 92°W and 95°W (Fig. 4.2)
collected during the Galdpagos Ridge Undersea Volcanic Eruptions Expedition in 2010
(Colman et al., 2012). The 92°W study area is typical of relatively high-magma-supply
regions of the GSC, with thick crust (Canales ef al., 2002), axial rise morphology (Sinton
et al., 2003), and a shallow, seismically imaged melt lens located ~1.7 km below the
seafloor (Blacic et al., 2004). In contrast, the spreading axis at 95°W is located within a
~300-m deep axial graben (Sinton et al., 2003), and seismic studies at that location have
not detected melt lens reflectors (Blacic ef al., 2004). However, depths of magma
residence prior to the last three eruptions in this region were 3-3.4 km below the seafloor,
based on saturation pressures of olivine-hosted melt inclusions (Colman et al., submitted

manuscript).
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Figure 4.2. (Previous page.) Mapped eruptive units within detailed study areas at (a)
95°W, the low-magma-supply study area and (b) 92°W, the high-magma-supply study
area. Relative ages of flow fields at each study area are given in legends. Eruptive units
from Colman et al., 2012.

Within each study area, Colman et al. (2012) used visual observations, high-
resolution bathymetry data, and sample compositions to map the most recently erupted
lava flow fields. These datasets provide information about relative ages (as indicated by
superposition, sediment cover, and fault density), eruption characteristics (as indicated by
identification of vents, flow structures, and lava morphology), and parental magma
compositions. Each mapped flow field comprises lavas that are similar in age, define
coherent compositional trends, and were erupted from a spatially related set of vents
(Colman et al., 2012). We focus here on subsets of the eight best mapped and sampled
eruptions from each study area, among which the relative age relationships are known;
comparisons to the full sample set from each segment place these eruptions within the
context of the region. More detailed descriptions of each flow field and the constraints on

their relative ages are given in Colman et al. (2012).

4.4.1. Low-magma-supply study area, 95°W

In the central region of the low-magma-supply study area, a sequence of four
eruptive units display diverse eruptive styles. The most recent eruption in this region
emplaced the Frijoles flow field, a discontinuous chain of pillow mounds centered within
the axial graben. The heights and volumes of the mounds increase towards 94°55°W,
where eruptive activity apparently focused; the smallest mound rises less than 10 m
above the surrounding seafloor, whereas the largest is ~250 m tall. The previous eruption
emplaced the Del Norte flow field, which was erupted from a fissure to the north of the
inner axial graben; lava flowed to the south and ponded within the inner axial graben via
a series of channels and inflated flows. At its western edge, Del Norte overlies part of the
relatively small and somewhat older Dragon pillow mound, which is centered within the
inner axial graben. To the east of Del Norte and Frijoles is the Pinguino seamount.
Pinguino is older than Del Norte, and likely also predates Dragon based on relative
sediment cover, but the lack of contact relationships between Pinguino and Dragén

precludes a definitive determination of relative ages. This eruptive sequence likely
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represents several thousand years of eruptive activity at this location (Colman et al.,
2012).

Petrological data on four other eruptive units from this study area are included
here although their ages relative to the central sequence are unknown. To the west, the
Buho seamount and associated smaller pillow mounds comprise the most recent eruptive
unit. An older cluster of pillow mounds make up the Pulgar flow field, which is located
between Buho and Dragon. To the east of Pinguino is the Altares flow field, a cluster of
pillow mounds that is somewhat elongate parallel to the spreading axis. An older

seamount, Tortuga, lies immediately to the west of Altares.

4.4.2. High-magma-supply study area, 92°W

At the relatively high-magma supply study area, we focus on eight flow fields
erupted over the last several hundred years (Bowles et al., 2014). Active high-
temperature hydrothermal vents and diffuse flow in this region attest to its continued
activity at the time the samples were collected. The most recent eruption in this region
emplaced the Nifios flow field. Sheet flows associated with this eruption were likely
erupted early in the eruption, and are overlain by a narrow pillow ridge that stretches 6.1
km discontinuously along axis. The previous eruption emplaced the Empanada flow field,
which includes sheet flows, in addition to a pillow mound that is the largest eruptive
edifice in the region. To the east and west of Empanada are the older Calor pillow ridges.
Three other eruptive units have been partially buried by more recent eruptions and are
exposed farther off-axis; in order of increasing age, these are Cocodrilo, Iguana, and
Cobija.

Farther to the east, two other eruptive units appear to be relatively recent. The
Gusanos flow field consists of two small pillow ridges, roughly centered on axis. Three
small pillow mounds make up the Dulces flow field, also roughly centered on axis; these
mounds appear to be slightly younger than Gusanos. Although direct contacts have not
been observed among these eastern flow fields and the Nifios, Calor, or Empanada flow
fields to the west, all are known to be younger than the Cocodrilo flow field. Gusanos

also is likely younger than Calor, based on the relative amounts of faulting within these

flow fields.
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A geomagnetic paleointensity study indicates that the Nifios, Empanada, and
Calor flow fields were all erupted 50-200 years ago, whereas Cobija is significantly older
(~400 years old) (Bowles et al., 2014). Because Dulces and Gusanos are stratigraphically
younger than Cocodrilo, and Cocodrilo is younger than Cobija, the complete sequence of
eight flow fields at this location must have been erupted in the last ~400 years (Bowles et

al., 2014).

4.5. Methods

Electron microprobe (EMP) analyses of major and minor elements from 331 glass
samples were published in Colman et al. (2012). A representative subset of samples from
each study area was selected for x-ray fluorescence (XRF) and inductively-coupled,
plasma mass spectrometry (ICP-MS) analyses (84 and 43 samples, respectively). Cl
contents of 26 glass samples were determined by EMP analysis. Major elements of
mineral phases (olivine, plagioclase, and clinopyroxene, where present) were analyzed by

EMP in selected samples from several of the eruptive units at each study area.

4.5.1. Petrography

Modal mineralogy reported in Table 4.1 is based on 1000-point counts on thin sections of
a subset of samples from each study area. Mineral grains counted were > 0.1 mm in size;
smaller grains were counted as groundmass. Mineral modes are reported as dense rock
equivalents (DRE) on a vesicle-free basis; vesicle content is reported separately.

Petrographic descriptions of each thin section are provided in the supplementary material.

4.5.2. Whole-rock major and trace element analyses

Forty-one samples from 95°W and 43 samples from 92°W were selected for
whole-rock analysis using the University of Hawai'i Siemens 303AS XRF spectrometer.
Selected samples include 2-11 samples per eruptive unit, chosen to encompass the major
element compositional range of each major eruptive unit, as well as samples that lacked
glassy rinds for EMP analysis. Whole rocks were crushed using a tungsten carbide-plated
hydraulic rock splitter. Rock chips were then washed in distilled water and dried.

Macroscopically fresh rock chips were picked, avoiding chips with alteration, rinds, and
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large mineral grains, and powdered in an alumina mill. Major elements were analyzed on

fused disks following methods described in Norrish & Hutton (1969), and trace elements

were analyzed on pressed pellets, following methods similar to those of Chappell (1991).

Reproducibility for this instrument with these methods is reported by Sinton et al. (2005).

The dataset is provided in the supplementary material.

Table 4.1. Modal mineralogy of representative samples, based on 1000-point counts

Phase abundances (% DRE)

Eruptive

Unit Sample Ol Plag Cpx Groundmass Vesicles (%)
Frijoles AL4597-03 4.3 18.8 3.2 73.7 6.5
Frijoles AL4597-05 1.4 9.6 2.3 86.7 0.6
Frijoles AL4597-06 1.4 4.5 1.2 92.9 1.8
Frijoles AL4597-08a 1.5 5.7 1.0 91.8 1.1
Frijoles AL4597-08b 1.8 6.5 0.8 90.8 2.0
Frijoles AL4598-01 2.5 13.9 41 79.5 0.5
Frijoles AL4598-08 1.8 10.2 2.8 85.1 1.4
Altares AL4594-02 2.4 14.1 2.5 81.1 2.7
Altares AL4594-03 0.4 11.5 2.7 85.5 2.4
Altares AL4594-04 3.5 11.1 1.1 84.3 1.6
Altares AL4594-11 3.6 15.4 0.3 80.7 3.7
Buho AL4603-13 0.6 0.8 0.0 98.6 1.0
Buho AL4604-02 2.6 2.3 0.0 95.1 0.2
Buho AL4604-03 3.0 2.9 0.0 94 1 6.4
Del Norte AL4598-11 0.7 1.6 0.0 97.7 1.3
Del Norte ~ AL4599-08 2.0 5.0 0.0 93.0 1.2
Del Norte  AL4599-10 1.4 5.5 0.0 93.1 0.3
Dragon AL4599-03 0.5 7.7 0.0 91.8 2.4
Dragon AL4600-13 0.3 3.7 0.0 95.9 1.3
Pulgar AL4604-07 1.3 12.0 0.1 86.6 0.6
Pulgar AL4604-10 4.7 9.7 1.1 84.5 1.3
Tortuga AL4593-05 1.7 11.0 0.0 87.3 1.6
Calor AL4606-09 1.2 4.7 0.8 93.3 10.0
Dulces AL4610-01 0.1 3.3 1.4 95.2 6.5
Dulces AL4613-02 0.8 9.4 54 84.3 2.5
Dulces AL4613-04 1.0 2.4 0.7 95.8 6.1
Gusanos AL4612-02 3.7 11.0 0.0 85.3 7.6
Empanada AL4616-02 0.7 5.9 1.8 91.5 1.8
Ninos AL4609-02 0.0 0.0 0.0 100.0 0.6
Ninos AL4609-09 0.0 0.0 0.0 100.0 6.1
Ninos AL4609-11 0.2 2.4 0.0 97.4 6.6

4.5.3. Glass chlorine analyses

A subset of 26 glass samples, 21 of which were from 92°W, was selected for CI

analysis by EMP at the University of Hawai‘i. Five points were analyzed per sample;

104



results were averaged. Peak and background counting times were 30 seconds each.
Analyses were performed at an accelerating voltage of 15 keV, 20 nA beam current, and
10 pum beam diameter. A fluor-apatite standard (USNM 104021) was used for calibration.
Reproducibility (2c) based on repeat analyses of basaltic glass standard VG2 is 16%
relative. One sample (AL4598-08) that had previously been analyzed for Cl by ion
microprobe was reanalyzed for comparison; results are consistent within analytical

precision. Analyses are presented in Table 4.2.

Table 4.2. Analyses of chlorine in glass samples
Eruptive Unit Cl (ppm)

4594-03 Altares 160
4594-11 Altares 150
4597-05 Frijoles 60
4598-08 Frijoles 90
4598-08 Frijoles 70
4598-11 Del Norte 70
4599-03 Dragon 50
4603-09 Buho 140
4604-03 Buho 160
4607-06 Empanada 890
4608-04 Empanada 880
4609-02 Ninos 1060
4609-09 Ninos 1080
4610-01 Dulces 1490
4610-09 Iguana 970
4611-08 Ninos 1000
4612-02 Gusanos 320
4612-06 Gusanos 340
4612-07 Dulces 1290
4613-02 Dulces 1260
4613-04 Dulces 1470
4614-03 Cocodrilo 490
4616-02 Empanada 1030
4616-14 Calor 590
4616-17 Cobija 410
4617-06 Lobo del Mar 560
4617-10 Calor 910
4618-04 Lagarto 240
4618-09 Lobo del Mar 500
4618-12 Lagarto 220

4.5.4. Glass trace element analyses
A subset of 2-4 samples per eruptive unit (totaling 21 samples from 95°W and 22
from 92°W) was selected for additional trace element analyses by ICP-MS using the

University of Hawai‘i VG Element 2 mass spectrometer. Macroscopically fresh and
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aphyric glass chips were picked under a stereomicroscope. Samples were washed in a
sonic bath and rinsed in alcohol and distilled water. Glass chips were then dissolved in a
1:2 HF:HNOs solution and dried to a paste, then dissolved in 6 N HCI and dried, then
dissolved in 8 N HNOj; and dried three times, and finally dissolved in 1.5N HNOs.
Calibration was performed using rock standards BIR-1, BCR-1, and BHVO-1 at the
beginning and end of each run. B, In, T1, and Bi internal standards were used to correct
for in-run drift. An in-house standard (Hawaiian basalt K1919) was run after every five
samples, and was used to normalize the compositions of samples run on different days.
Average values of BHVO-1 (run as an unknown) are compared with accepted values in
Table 4.3; representative analyses from each study area are presented in Table 4.4. The

entire dataset is provided in the supplementary material.

4.5.5. Mineral chemistry

Major and minor elements (Si, Fe, Mn, Mg, Ca, Ni) of olivine crystals were
analyzed by electron microprobe at the University of Hawai‘i. Peak counting times were
100 seconds for Si, Ni, Mg, and Ca; 60 seconds for Mn; and 30 seconds for Fe.
Background counting times were 90 seconds for Si, Ni, Mg, and Ca; 60 seconds for Mn;
and 30 seconds for Fe. The analytical conditions for the runs (accelerating voltage of 20
keV, 200 nA beam current, and 10 um beam diameter) generate high-precision
measurements of the analyzed elements. Samples were calibrated using mineral standards
San Carlos olivine (Si, Fe, N1, Mg), Kakanui augite (Ca), and Verma garnet (Mn). San
Carlos and Springwater olivine standards were run as unknowns repeatedly to monitor
instrumental drift. Average values for the Springwater olivine and San Carlos olivine are
compared with accepted values from Jarosewich et al. (1980) in Table 4.5. Ten olivine
crystals were analyzed in each of 18 thin sections (13 from 95°W; five from 92°W). In
most cases, three points near the crystal’s core and two points near the rim were
analyzed. Rim and core compositions presented in the supplementary material are
averages of the rim and core analyses within each crystal, respectively. In analyses of

highly skeletal olivines, we do not differentiate between cores and rims.
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Table 4.3. Comparison of ICP-MS
analyses of BHVO-1 standard with

preferred values from GeoReM (Jochum

et al., 2007)

Mean Std.

(n=5) Dev. Acc. Val
Li 4.7 0.3 4.6
Sc 32 2 31
Cr 304 31 287
Co 45 3 45
Ni 119 10 118
Rb 9.2 0.5 9.2
Sr 394 18 396
Y 27 1 26
Zr 174 8 174
Nb 19.0 0.6 18.6
Cs 0.10 0.01 0.10
Ba 132 5 133
La 15.6 0.4 15.5
Ce 38.2 0.5 38.1
Pr 5.43 0.08 5.42
Nd 25.0 0.6 24.7
Sm 6.18 0.17 6.12
Eu 2.06 0.05 2.09
Gd 6.71 0.52 6.33
Tb 0.97 0.05 0.96
Dy 5.35 0.16 5.31
Ho 0.99 0.04 0.98
Er 2.58 0.13 2.55
Tm 0.34 0.01 0.33
Yb 1.98 0.08 2.00
Lu 0.28 0.007 0.27
Hf 4.45 0.09 4.46
Ta 1.19 0.08 1.21
Pb 2.01 0.09 2.4
Th 1.20 0.04 1.23
U 0.42 0.02 0.41
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Table 4.4. Representative trace element analyses of glass from each study area, by ICP-MS.

Li
Sc
Cr
Co
Ni
Rb
Sr

Zr
Nb
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Pb
Th

Buho
AL4601-
05

5.9
40.6
335
46
136
2.8
99
34.4
95
5.3
0.03
30
4.5
12.2
1.98
10.3
3.41
1.20
4.61
0.83
5.68
1.21
3.68
0.56
3.51
0.53
2.50
0.27
2.48
0.39
0.11

Dragon
AL4600-
13

5.2
36.9
265
37
88
1.6
64
26.6
58
2.8
0.02
16
25
7.0
1.16
6.2
2.28
0.83
3.39
0.62
4.23
0.94
2.77
0.42
2.67
0.41
1.62
0.34
0.27
0.22
0.06

Frijoles
AL4597-
08

5.7
40.1
152
38
59
2.8
78
32.2
78
5.1
0.03
30
41
10.9
1.73
9.2
3.14
1.12
4.36
0.74
5.26
1.12
3.45
0.53
3.23
0.51
2.28
0.26
0.38
0.39
0.10

Calor
AL4616-

108

14
6.5
39.9
58
40
42
10
151
37.7
135
15.4
0.10
108
9.8
22.9
3.27
15.4
4.52
1.50
5.49
1.01
6.22
1.33
3.86
0.58
3.99
0.57
3.37
1.00
0.78
1.04
0.28

Dulces

AL4613-

04
13.9
27.2
21
26
14
21
134
82.6
328
28.7
0.21
186
22.2
53.7
7.41
35.6
9.99
2.93
11.48
2.14
13.50
2.84
8.44
1.29
8.70
1.27
8.01
1.53
1.69
2.54
0.68

Gusanos Ninos

AL4612-
06
6.1
38.7
228
39
67
7
151
33.3
119
11.5
0.08
77
8.5
19.9
2.95
14.4
418
1.44
5.27
0.93
5.84
1.23
3.57
0.53
3.42
0.52
3.19
0.80
0.76
0.87
0.24

AL4611-
08

9.5
36.2
30
39
25
13
140
60.0
221
223
0.14
133
15.4
36.2
5.11
24.8
7.24
2.21
8.83
1.59
9.81
210
6.06
0.92
6.27
0.91
5.50
1.41
1.14
1.61
0.43



Table 4.5. Mineral EMP standard data: averages, accepted values, reproducibility.

Mineral EMPA standard analyses (all values given in wt. %)

San Carlos Olivine, USNM 111312

Springwater Olivine, USNM 2566

std dev, std dev,
average accepted n=42 average  accepted n=43
SiO, 40.6 40.81 0.4 39.4 38.95 0.4
FeO 9.52 9.55 0.03 16.60 16.62 0.06
NiO 0.371 0.37 0.002 0.001 - 0.001
MnO 0.136 0.1 0.002 0.307 0.30 0.003
MgO 49.3 49.42 0.1 43.6 43.56 0.1
CaO 0.072 <0.05 0.002 0.000 <0.05 0.000
Diopside-2 (UCLA) Kakanui Augite, USNM 122142
std dev, std dev,
average accepted n=23 average  accepted n=23
SiO, 55.4 55.27 0.3 50.0 50.73 0.2
TiO, 0.05 0.06 0.01 0.88 0.74 0.02
AlO3 0.038 0.05 0.004 8.63 8.73 0.04
Cr.03 0.006 0.005 0.16 0.15 0.01
FeO* 0.89 0.94 0.03 6.2 6.34 0.1
MnO 0.07 0.10 0.01 0.14 0.13 0.01
MgO 18.7 18.29 0.1 16.36 16.65 0.06
CaO 24.86 25.47 0.07 15.72 15.82 0.06
Na,O 0.06 0.05 0.01 1.29 1.27 0.01
K20 0.002 0.001 0.00 0.00 0.00
Lake County Labradorite, Great Sitkin Island Anorthite,
USNM 115900 USNM 137041
std dev, std dev,
average accepted n=25 average  accepted n=25
SiO, 51.3 51.25 0.2 43.9 44.00 0.1
CaO 13.3 13.64 0.1 19.1 19.09 0.1
Al,O3 30.8 30.91 0.1 36.0 36.03 0.1
FeO* 0.39 0.45 0.02 0.46 0.62 0.01
Na,O 3.71 3.45 0.07 0.52 0.53 0.02
MgO 0.10 0.14 0.01 0.010 <0.02 0.004
K20 0.117 0.18 0.004 0.008 0.03 0.004
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Major and minor elements of plagioclase crystals (Si, Al, Fe, Mg, Ca, Na, K)
were analyzed by electron microprobe at the University of Hawai‘i. Peak and background
counting times were 50 seconds for Ca, Fe, and K; 30 seconds for Al and Mg; and 20
seconds for Si and Na. Analyses were performed using a 10 pm beam diameter, 15 keV
accelerating voltage, and 10 nA beam current. Samples were calibrated using mineral
standards anorthite (Si, Ca, Al); San Carlos olivine (Fe, Mg), and orthoclase (K). Two
plagioclase standards were run as unknowns repeatedly to monitor instrumental drift.
Average values for the Lake County labradorite standard (USNM 115900) and Great
Sitkin Island anorthite standard (USNM 137041) are compared with accepted values
from Jarosewich et al. (1980) in Table 4.5. Ten plagioclase crystals were analyzed in
each of 12 thin sections (seven from 95°W; five from 92°W). In most cases, three points
near the crystal’s core and two points near the rim were analyzed. Rim and core
compositions presented in the supplementary material are averages of the rim and core
analyses within each crystal, respectively.

Major and minor elements (Si, Ti, Al, Cr, Fe, Mn, Mg, Ca, Na, K) of
clinopyroxene crystals were analyzed by electron microprobe at the University of
Hawai‘i. Peak and background counting times were 30 s for all elements. Analyses were
performed using a 10 um beam diameter, 15 keV accelerating voltage, and 15 nA beam
current. Samples were calibrated using mineral standards diopside (Si), sphene glass (Ti),
Kakanui augite (Al, Ca), chromite (Cr, Mg), Verma garnet (Fe, Mn), Amelia albite (Na),
and orthoclase (K). Diopside and Kakanui augite standards were run as unknowns
throughout the analyses to monitor instrumental drift. Average values for the Kakanui
augite standard are compared with accepted values from Jarosewich et al. (1980) in Table
4.5. Ten clinopyroxene crystals were analyzed in each of ten thin sections (seven from
95°W; three from 92°W). In most cases, three points near the crystal’s core and two
points near the rim were analyzed. Rim and core compositions presented in the
supplementary material are averages of the rim and core analyses within each crystal,

respectively.
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4.6. Results
4.6.1. Variations at each study area in the context of regional trends

Previously published major, minor, and trace element data for samples collected
along the western GSC at ~ 9 km intervals between 91°W and 98°W (Cushman et al.,
2004; Ingle et al., 2010) allow us to place samples from each study area in the context of

compositional variations along the entire western GSC.

4.6.1.1. Major elements

Samples from 95°W have higher average, and less variable MgO (6.2-9.1 wt. %)
than samples from 92°W (2.7-8.2 wt. %) (Fig. 4.3). FeO* (total Fe as FeO) and
incompatible minor elements (T10,, Na,O, K»O, P,Os) increase and Al,O3; decreases with
decreasing MgO. CaO increases with decreasing MgO until clinopyroxene joins the
fractionating assemblage at ~7.9 wt. % at 95°W and ~7.4 wt. % MgO at 92°W. Below
~4 wt. % MgO, Si0; increases and FeO* and TiO, decrease with decreasing MgO. These
trends are generally consistent with a crystallization sequence in which Ca-rich
clinopyroxene joins olivine and plagioclase at 7.4 or 7.9 wt. % MgO, followed by Fe-Ti
oxides at 4 wt. % MgO (Fig. 4.3). MgO contents decrease throughout this crystallization
sequence, so that lower MgO contents correspond to greater degrees of fractionation.

Lavas sampled at both study areas are predominantly basalts, with 47-52 wt. %
Si0,. Samples with greater than 12 wt. % FeO* and 2 wt. % TiO,, classified as Fe-Ti
basalts (Byerly et al., 1976), are more abundant at the high-magma-supply study area,
consistent with greater average degrees of fractionation at that location (Colman et al.,
2012). Several basaltic andesites were also sampled at the high-magma-supply study
area, though not at the low-magma-supply study area (Colman et al., 2012).

Cushman et al. (2004) classified GSC samples as N-MORB, T-MORB, and E-
MORB on the basis of K/Ti and K,O, where N-MORB have K/Ti < 0.09, E-MORB have
K/Ti>0.15 and K,O > 0.25 wt. %, and T-MORB are intermediate between the two
groups. E-MORB compositions were only sampled east of 92.7°W, and T-MORB were
only sampled east of 95.7°W (Cushman et al., 2004). Although major element variations

within each of these groups follow the same general trends, E-MORB have lower SiO;
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Figure 4.3. Major and minor element
variations in glass samples, determined
by EMP analysis. Samples from the
high-magma-supply study area
(triangles) have lower Si0, and FeO%*,
and higher K,0 and other
incompatible elements at a given MgO
content than those from the low-
magma-supply study area (diamonds).
There is also more variation in MgO at
the high-magma-supply study area.
Major element trends are generally
consistent with fractionation sequences
in which olivine and plagioclase are
followed by Ca-rich clinopyroxene at
~7.9 wt. % MgO at 95°W, and at ~7.4
wt. % MgO at 92°W, causing observed
decreases in CaO/Al,0O3. Glass
compositions of E-MORB, T-MORB,
and N-MORB from the WGSC are
shown for reference (data from
Cushman et al., 2004). Analytical
uncertainty (£2c) based on repeat
analyses of VG2 standard.



and FeO*, and greater Al,O3; and incompatible element contents at a given MgO (Fig.
4.3). Cushman et al. (2004) attributed these compositional differences to differences in
the average extent of mantle melting, with lower extents of melting producing E-MORB.
Ca-rich clinopyroxene begins to crystallize at progressively lower MgO in N-MORB, T-
MORB, and E-MORB, shifting the maximum in CaO/Al,O3 to lower MgO (Fig. 4.3).
The compositions of samples within each of our study areas accord with the
geographic distribution of compositional groups determined by Cushman et al. (2004),
1.e., nearly all the samples collected at 95°W are T-MORB (some are N-MORB), whereas
all samples from 92°W are E-MORB. E-MORB typically have the largest range in MgO,

extending to values < 3 wt. %.

20 Figure 4.4. Along-axis variations in
151 o incompatible trace element ratios,
EE ' . At 3 '. comparing variability within each
v 10¢ ) study area (this study) to
8 05 | ‘ compositions of samples along the
' western GSC (data from Ingle et al.,
2010). Symbols as in Figure 4.3.
20| Analyses by ICP-MS on glass
z K ‘ ¢ samples. Analytical uncertainty
S 157 ‘ N (£20) based on repeat analyses of
2 10 % ' BHVO-1 standard.
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4.6.1.2. Trace elements

Ratios of highly to moderately incompatible elements are elevated at the high-
magma-supply study area relative to those from the low-magma-supply study area,
consistent with the regional study of Ingle ez al. (2010) and the relative abundances of N-,
T-, and E-MORB at the two study areas (Fig. 4.4). Samples are also more enriched in
incompatible elements at a given MgO content at the high-magma-supply study area
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Figure 4.5. Trace element variations with MgO in each study area and in samples
collected along the western GSC (data from Ingle et al., 2010). Symbols as in Figure
4.3. Nb, Sc, Cr, and Co were analyzed by XRF on whole-rock powders; Ni and Sr were
analyzed by ICP-MS on glass chips. Concentrations of Nb and other incompatible trace
elements are elevated in samples from 92°W relative to samples from 95°W at a given
MgO content, and increase with decreasing MgO. There is a maximum in Sc at ~7.5 wt.
% MgO. Ni decreases with decreasing MgO. Sr is elevated in samples from 92°W,
consistent with incompatible behavior during mantle melting. Sr concentrations
decrease, and Sr anomalies (Stpm-(Prpm+Ndpm)/2) become increasingly negative, with
decreasing MgO. Analytical uncertainty (+2c) based on repeat analyses of BHVO-1
standard.

(Fig. 4.5). At both study areas, the transition metals Cr and Ni decrease with decreasing
MgO; Co is relatively constant until oxides begin to crystallize, and there is a maximum
in Sc at ~7.5 wt. % MgO (Fig. 4.5). High-field-strength elements, alkali and alkaline
earth trace elements, and rare earth elements (REEs) generally behave incompatibly,
increasing in concentration with decreasing MgO. Exceptions are Sr and Eu; Sr
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concentrations decrease and Eu and Sr anomalies (Sr* = Stpy-(Prpv+Ndpm)/2; Eu* =
Eupm-(Smpym+Gdpm)/2) become increasingly negative with
continuing plagioclase fractionation at decreasing MgO at the high-magma-supply study

area (Fig. 4.5).

4.6.1.3. Petrography and mineral chemistry

Samples are generally more crystal-rich and contain larger crystals at the low-
magma-supply study area, consistent with regional trends along the GSC (Behn ef al.,
2004), although nearly aphyric lava flows (<1 % crystals) have been erupted at both
locations (Table 4.1) (McClinton et al., submitted manuscript). Samples with > 7.9 wt. %
MgO are generally olivine + plagioclase-phyric (Fig. 4.6). Clinopyroxene is present in
samples with < 6.8 wt. % MgO at 92°W, and in samples with < 7.9 wt. % MgO at 95°W,
generally consistent with observations from the liquid lines of descent (Fig. 4.3).

Olivine rim compositions span a wider range at the high-magma-supply study
area, extending to lower forsterite contents (Fogs-Fogs at 92°W; Fogo-Fogs at 95°W),
consistent with the greater range in MgO of lavas at 92°W (Fig. 4.7). The forsterite
content of olivine rims at each study area is generally consistent with that predicted to be
in equilibrium with the carrier melt (Roeder & Emslie, 1970) (Fig. 4.7a). At the low-

magma-supply study area, both normally and reversely zoned olivine crystals are
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Figure 4.6. Mineral phases present in thin sections of samples from 95°W and 92°W.
Colors correspond to eruptive units within each study area, as in Fig. 4.2. Gray symbols
are from samples not assigned to one of the described eruptive units. Symbol shapes
indicate mineral phases present. Olivine only, diamonds; plagioclase only, squares;
plagioclase + olivine, circles; plagioclase + clinopyroxene, bars; plagioclase +
clinopyroxene + olivine, triangles.
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Figure 4.7. Compositions of olivine, plagioclase, and pyroxene crystals in samples
from both study areas. Blue, 95°W; green, 92°W. Left panel compares mineral
compositions to those of carrier melts (glass analyses from Colman et al., 2012).
Horizontal bars are individual analyses of crystal rims; vertical lines span the range of
core compositions within each sample. (a) Forsterite content of olivine and Mg#
(Mg/(Mg+Fe”"), assuming melt Fe*"/Fe'=0.85 (Cottrell & Kelley, 2011) of coexisting
glass; equilibrium olivine composition predicted by model of Roeder & Emslie (1970)
for the Kd (molar (Feq/Mg.1)/(Ferii/Mgiiq)) values shown, indicated by black solid and
dashed lines. (b) Anorthite content of plagioclase and Ca/(Ca+Na) of coexisting glass.
(c) Mg# of pyroxene and coexisting glass. Partitioning of Fe in pyroxene between Fe2+
and Fe3+ according to the Lindsley (1983) model. Right panel, mineral minor element
compositions as a function of mineral composition. Triangles, 92°W rims; diamonds,
95°W rims. Shaded fields indicate range of compositions measured in cores from each
study area. Analytical uncertainty (+2c) based on repeat analyses of mineral standards;
analytical uncertainty for NiO and Fo in olivine plots is significantly smaller than
symbol size.
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Figure 4.8. (Previous page.) Mineral textures observed in thin sections (backscattered
electron images) from low-magma-supply samples. (a) Skeletal olivine phenocrysts and
plagioclase laths in glassy matrix (Buho). (b) Normally and oscillatory-zoned plagioclase
and unzoned olivine in glassy matrix (Del Norte). (c) Reversely zoned, sieve-textured
plagioclase with dendritic overgrowths (Dragon). (d) Intergrowths of plagioclase, sector-
zoned pyroxene, and less abundant olivine (Altares). (e) Sector-zoned pyroxene
(Frijoles). (f) Large, skeletal, normally zoned olivine phenocryst and smaller, blocky
plagioclase (Frijoles). (g) Reversely zoned plagioclase and pyroxene with skeletal
overgrowths (Frijoles). (h) Reversely zoned olivine and normally zoned plagioclase
(Frijoles).

common, and morphologies range from skeletal to euhedral (Fig. 4.8). In contrast, olivine
crystals within most eruptive units at the high-magma-supply study area are essentially
unzoned, and typically have skeletal morphologies, locally intergrown with lath-shaped
plagioclase crystals (Fig. 4.9).

Like olivine, plagioclase rim compositions are more variable, and range to more
evolved compositions (lower An content), at the high-magma-supply study area (Ans;-
Angg at 92°W; Ango-Angy at 95°W) (Fig. 4.7b,e). At a given anorthite content, plagioclase
at the high-magma-supply study area has greater K,O, consistent with higher K/(Ca+Na)
in E-MORB glasses at 92°W (Fig. 4.7¢). At both study areas, plagioclase occurs with
variable morphology ranging from blocky to tabular to lath-shaped (Fig. 4.8). Oscillatory
zoned plagioclase also occur at both study areas, although not in every eruptive unit.

Pyroxene composition and morphology are highly variable at both study areas,
and correlate less well with lava composition (Fig. 4.7c). Some pyroxenes exhibit
concentric zoning (both normal and reversely zoned pyroxenes occur at both study areas);
in these crystals, Mg-rich zones are relatively enriched in Cr and depleted in Ti, Al, and

Fe. Other crystals are sector zoned (Fig. 4.8, 4.9); in these crystals, zones that are high in
Mg are typically high in Fe, and low in Ti and Al.

4.6.2. Variations within individual eruptive units at 95°W
4.6.2.1. Compositional variations

Limited compositional variation (0.2-1.0 wt. % MgQO) occurs within each of the
well-sampled eruptive units at 95°W (Colman et al., 2012). Because the incompatible
element ratio K/Ti remains nearly constant during low to moderate degrees of fractional

crystallization of basaltic magma, the range of K/Ti from ~0.07 to 0.14 at 8.5 wt % MgO
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Figure 4.9. (Previous page.) Mineral textures observed in thin sections (backscattered
electron images) from high-magma-supply samples. (a) Intergrowth of plagioclase,
clinopyroxene, and skeletal olivine in glassy matrix (Empanada). (b) Intergrowth of
plagioclase and olivine (Calor). (¢) Intergrowth of oscillatory-zoned clinopyroxene and
plagioclase (Empanada). (d) Intergrowth of plagioclase, clinopyroxene, and skeletal
olivine (Empanada). (e) Reversely zoned plagioclase with dendritic overgrowth
(Gusanos). (f) Large, blocky plagioclase with sieve-textured core. (g) Reversely zoned
plagioclase and pyroxene (Dulces). (h) Intergrowth of normally zoned olivine and
plagioclase (Dulces).

among the eruptive units requires a range of different parental magmas (i.e., melting
conditions and/ or source compositions) feeding this segment (Fig. 4.10). Eruptive units
with elevated K/T1 also have elevated Nb/Zr and La/Sm (Fig. 4.10). In addition to having
distinct incompatible element ratios at the same high MgO, Dragén, Buho, and Del Norte
also have different CaO and FeO* contents (Fig. 4.10). Many eruptive units (e.g.,
Dragon, Del Norte, Pulgar, Tortuga) show little variation in MgO. Buho is one notable
exception, ranging from 7.5 to 8.6 wt. % MgO; over this range, there are slight increases
in CaO, K;0, and Ti0, with decreasing MgO, but K/Ti remains constant (Fig. 4.10).
Within Altares and Frijoles, CaO decreases with decreasing MgO, and K,0O, Ti0O,, and
most ratios of highly to moderately incompatible elements (e.g., K/Ti, La/Sm) increase

significantly (Fig. 4.10).

4.6.2.2. Petrography and mineral chemistry

In contrast to the relatively limited range in major element compositions of
samples from the low-magma-supply study area, petrographic differences within and
among eruptive units indicate significant variations in the pre-eruptive histories of these
lavas. All samples from the large Buho flow field are nearly aphyric (< 2% phenocrysts >
0.5 mm in size). Samples throughout this unit contain sparse, skeletal, olivine
phenocrysts with slight normal zoning (Foss.gs) (Fig. 4.8a). Plagioclase also is present in
some samples, as lath-shaped crystals with swallow tails (An7,73). Some older eruptive
units are petrographically similar, indicating that such crystal-poor lavas are not unique to

the Buho eruption, although they are relatively rare within the study area.
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Figure 4.10. Major and trace element data for individual eruptions from 95°W. Lines
show fractional crystallization trends predicted by MELTS for two different parental
compositions at 0.5, 1.0, and 2.0 kbar (see text for details of MELTS modeling). Note
that at 2 kbar, plagioclase crystallization is delayed to lower MgO, resulting in higher
Al,O3 than observed in glasses. Solid symbols, glass analyses by EMP; hollow symbols,
whole rock analyses by XRF. Partition coefficients used in trace element modeling are
from Aigner-Torres et al. (2007) (plagioclase); Halliday et al. (1995) (clinopyroxene
and olivine); and Zack & Brumm (1998) (ilmenite). Analytical uncertainty (+2c) of
based on repeat analyses of VG-2 glass standard by EMP for major and minor elements,
and repeat analyses of BHVO-1 standard by ICP-MS for trace elements.
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Figure 4.11. Major and trace element data for individual eruptions from 92°W. Lines show
fractional crystallization trends predicted by MELTS for two different parental compositions
with 0.3 and 0.5 wt. % H»O (see text for discussion). Partition coefficients used in trace element
modeling are from Aigner-Torres ef al. (2007) (plagioclase); Halliday ef al. (1995)
(clinopyroxene and olivine); and Zack & Brumm (1998) (ilmenite). Analytical uncertainty
(£20) of based on repeat analyses of VG-2 glass standard by EMP for major and minor
elements, and repeat analyses of BHVO-1 standard by ICP-MS for trace elements.
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Del Norte, Dragon, and Tortuga are olivine- and plagioclase-phyric, ranging in
total phenocryst contents from 2.3 to 12.7 modal %. Olivine crystals are typically
euhedral or skeletal (Fig. 4.8b) and are unzoned or slightly normally zoned (Fog3.g¢) and
range from 0.3-2.0 modal %. Plagioclase is more abundant than olivine (1.6-11.0 modal
%), and is significantly more variable compositionally (Ang7.-gs). Plagioclase
morphologies range from relatively small, lath-shaped crystals to larger tabular crystals
that typically have oscillatory concentric zonation (4.8b); dendritic overgrowths are
ubiquitous on plagioclase crystals. Some plagioclase crystals have spongy textures
indicating either rapid growth or partial resorption (Fig. 4.8c).

Frijoles, Altares, and Pulgar contain variable proportions of plagioclase (4.5-18.8
modal %), olivine (0.4-4.7 modal %), and clinopyroxene (0.1-4.1 modal %). These
eruptive units also have the lowest MgO contents in the study area. Olivine morphologies
range from skeletal to euhedral, and are commonly normally or reversely zoned (cores
Fo76.36; rims Fogo.g4) (Fig. 4.8f,h). Plagioclase morphologies are highly variable, with
compositional ranges similar to those in the olivine-and plagioclase-phyric samples.
Pyroxene may be normally or reversely zoned (Fig. 4.8g); some samples contain sector-
zoned pyroxene crystals with irregular extinction (Fig. 8d,e), either in addition to or

instead of concentrically zoned crystals.

4.6.3. Variations within individual eruptive units at 92°W
4.6.3.1. Compositional variations

At the high-magma-supply study area, the amount of compositional variation
within glasses from each of the well-sampled units (range of 0.3-1.2 wt. % MgO) is
similar to that at 95°W (Colman et al., 2012). Some units (Cocodrilo, Iguana, and Calor)
have higher incompatible element concentrations and ratios at a given MgO content than
others (Gusanos, Empanada, and Nifios) (Fig. 4.11). CaO and FeO* do not vary
significantly among eruptive units at a given MgO (Fig. 4.11).

4.6.3.2. Petrography and mineral chemistry
Mineral phases within most eruptive units at the high-magma-supply study area

(e.g., Ninos, Empanada, Cobija, Calor) have simple textures indicating growth from a

123



melt-rich body at moderate degrees of undercooling. Although some samples are entirely
aphyric, many have significant microphenocryst (0.1-0.5 mm) populations (Table 4.1).
Olivine is typically skeletal (Fig. 4.9a,b,d); plagioclase is tabular or lath-shaped, and
clinopyroxene typically forms intergrowths with plagioclase (Fig. 4.9c,d). Mineral phases
within each sample have limited compositional range, although the compositional
differences between samples from different eruptive units can be significant (Fig. 4.7).

Samples from Gusanos and Dulces are more crystal-rich (4.2-15.7 modal %) and
disequilibrium textures are common. In Gusanos, olivine is typically skeletal, and is
unzoned or slightly normally zoned (Fogs.gs). Plagioclase is normally or reversely zoned
(cores Ansg_ga; Tims Anyg.77); reversely zoned crystals have skeletal overgrowths (Figs.
4.9e). Clinopyroxene is not present in samples from Gusanos, consistent with the
relatively high MgO of the glass (Fig. 4.6). In Dulces, olivine crystals are typically
skeletal, and are consistently slightly normally zoned (cores Fogs.72; rims Foee.69) (Fig.
4.9h). Plagioclase is normally or reversely zoned (cores Anas.¢0; rims Ansy.e2) (Fig. 4.9g).
In reversely zoned crystals, the core typically has a rounded, irregular margin, and is
surrounded by a slightly skeletal to euhedral overgrowth. Clinopyroxene occurs both as
strongly reversely zoned crystals (cores Mg# 63-66; rims Mg# 75-76) (Fig. 4.9g), and as
crystals with weak oscillatory zoning (Mg# 72-77).

4.7. Discussion: Magmatic processes at 92°W and 95°W

Compositional variations within and among eruptive units at the two study areas
can be used to determine the effects of variable magma supply on magma reservoir
dynamics. These include the relative importance of crystal fractionation, magma mixing,
assimilation of crustal material, interaction with mush zones, and recharge of the magma
reservoir with new batches of magma from the mantle. In addition, the range of parental
magmas that are present in each study area has implications for the nature of melting

processes with distance from the Galapagos hotspot.

Table 4.6. Compositional variability at each study area
La/Sm Nb/Zr Nb/Er Ba/Y

Relative variance, 95°W 0.13 0.12 0.18 0.20
Relative variance, 92°W 0.04 0.08 0.08 0.13
Relative range, 95°W 047 045 0.60 0.67
Relative range, 92°W 013 032 0.27 048
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4.7.1. Parental magmas and mantle melting at 92°W and 95°W

Because incompatible element ratios are affected little by fractional crystallization
of basaltic magma, they can be used to assess the range of parental magma compositions
in each study area (Fig. 4.12). Ratios of highly to moderately incompatible elements (e.g.,
La/Sm, Nb/Zr, Ba/Y) are somewhat more variable at 95°W than at 92°W, as indicated by
their larger relative variance (standard deviation / mean value) and relative range
((maximum value —minimum value) / mean value) (Table 4.6). These ratios are sensitive
to source composition and melting conditions; the difference in parental magma
variability between our study areas could therefore reflect greater variability in parental
magmas, or less effective magma homogenization at the low-magma-supply study area.
Along the global mid-ocean ridge system, increasing spreading rates are correlated with
decreasing variance in La/Sm and other parameters affected by melting conditions
(including isotopic ratios); this trend has been attributed to greater mixing of magmas at a
range of depths in the more melt-rich environments of faster spreading ridges (Rubin &
Sinton, 2007; Rubin et al., 2009).

Mantle melting models involving melting of a two-component mantle source have
been proposed to explain compositional variations along the length of the Galapagos
Spreading center. A model described by Schilling ef al. (e.g., 2003) invokes a plume-
derived component that is relatively enriched in incompatible elements, and is mixed in
greater proportions with the relatively depleted ambient upper mantle with increasing
proximity to the hotspot along the spreading center. In contrast, in a model described by
Ito & Mahoney (2005), the plume itself contains both incompatible-element-enriched and
incompatible-element-depleted components, whose relative proportions do not vary
along-axis east of 96°W. Ingle ef al. (2010) demonstrated that variations in parental
magmas of T- and E-MORBs between 96°W and 92°W could be generally accounted for
by melting of a two-component peridotite mantle composed of enriched veins within a
depleted matrix. The melting model used by Ingle et al. (2010) is described in detail by
Ito & Mahoney (2005).

The model used by Ingle et al. (2010) assumes that melts are produced within a

triangular melting region beneath the ridge where mantle is ascending and is above its
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solidus (e.g., Plank & Langmuir, 1992); incremental melts are separated from the residue
and mixed perfectly (pooled, accumulated fractional melting). The chemically enriched
component is assumed to have a higher water content, so it begins to melt at greater
depths than the depleted component. Deep, hydrous melting of the enriched component
contributes an additional volume of low-degree melts (Asimow & Langmuir, 2003). In
this model, the plume influence is reflected in a temperature anomaly, which increases in
magnitude with proximity to the hotspot (Ingle ef al., 2010). Additionally, buoyant flow
through the deep hydrous melting regime is enhanced near the hotspot, resulting in a
greater relative contribution from the enriched component in the pooled melt (Ingle et al.,
2010).

Ingle et al. (2010) found that observed variations in crustal thickness,
incompatible element ratios, and radiogenic isotope ratios between 92° and 96°W could
be fit best by models where the enriched component accounts for 10% of the mantle, the
maximum temperature anomaly is 10-30°C, and buoyant mantle flow reaches 7.5-15
times the spreading rate at the region of maximum plume influence. In their model, the
amount of enriched material in the mantle is constant along-axis, but the magnitude of the
temperature anomaly and buoyant flow increase exponentially with proximity to the
hotspot from background levels (no temperature anomaly and passive upwelling) at
96°W (Ingle et al., 2010). Following the approach of Ingle et al. (2010), we investigate
the range in source composition and average degree of melting required to produce the
range of compositions observed in each study area. The composition of the depleted
component used here is the average depleted mantle of Workman & Hart (2005) (ADM),
and the enriched component is the primitive mantle (PM) of McDonough & Sun (1995),
as in Ingle et al. (2010). Ingle et al. (2010) used a combination of partition coefficients
from Green (1994), Johnson (1998), Salters et al. (2002), and Salters & Stracke (2004);
we use only those of Salters & Stracke (2004) for the sake of internal consistency and
because they produce smoother PM-normalized REE patterns (Fig. 4.12) than the
combined partition coefficient set.

The high-magma-supply study area is near the peak of plume influence along the
GSC, as defined by compositional variations (Ingle et al., 2010). Mean extents of 6-7%

melting using the Ingle ef al. (2010) model produce the crustal thickness and range of
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incompatible element ratios observed near 92°W (Fig. 4.13). Mean extents of melting for
the low-magma-supply study area are slightly higher (~9%) despite the fact that a smaller
total volume of melt is produced, because pooled melts receive less contribution from the
deep, hydrous, low-degree melting regime (Fig. 4.13). Model results can account for the
most incompatible-element-enriched samples from the low-magma-supply study area, but
not more depleted samples (Figs. 4.12, 4.13). More depleted magmas could be produced
by melting of a more depleted source composition (Ingle et al., 2010), such as the
depleted depleted mantle of Workman & Hart (2005) (DDM), and/or a lower proportion
of the enriched material (Figs. 4.12, 4.13). More depleted magmas (and more
compositional variability) could also be produced if all incremental melts are not
perfectly homogenized (e.g., Plank & Langmuir, 1992; Ito & Mahoney, 2005). For
example, if melts from the edges of the deep, hydrous melting region are not effectively
transported to the ridge axis, the pooled magma would be less enriched in incompatible
trace elements (e.g., Plank & Langmuir, 1992; [to & Mahoney, 2005). Although these
scenarios are difficult to test using trace element data, the addition of radiogenic isotope
data could allow one to distinguish which are most likely.

Parental magma compositions produced by the Ingle et al. (2010) model (e.g.,
PM-normalized REEs, see Fig. 4.12) are similar to those observed in samples from each
study area (i.e., light REE-enriched relative to PM at 92°W; light REE-depleted relative
to PM at 95°W). In detail, slight discrepancies in the degree of melting required to
produce different incompatible element ratios (Fig. 4.13) are likely related to differences
between the generic depleted and enriched mantle end-members used in the model (ADM
and PM) and the characteristics of the Galapagos plume. For example, elevated Nb/Er
and Nb/La of samples relative to predicted compositions likely reflect greater enrichment
in Nb of the Galapagos plume relative to similarly incompatible elements (e.g., La) than
in the PM of McDonough & Sun (1995) (Fig. 4.13). A more detailed identification of the

composition of the mantle composition in this region is beyond the scope of this study.
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Figure 4.13. Incompatible trace element ratios of samples from each study area and
samples collected along the western GSC (data from Ingle et al., 2010). Symbols as in
Figure 4.3. Black lines indicate compositions produced at each study area by melting of
mantle composed of 10% PM and 90% ADM, with 10-30°C temperature anomaly and
buoyant flow 7.5-15 times spreading rate, as described in text. Grey lines indicate
compositions produced under same conditions from a mantle whose enriched component
1s more enriched in Nb than the PM of McDonough and Sun (1995). Inverted triangle is
produced by melting mantle with 1% PM and 99% ADM. Circle with X is composition
of magma produced by accumulated fractional melting. Red dashed lines indicate
fractional crystallization trends calculated using MELTS (see text for discussion).
Partition coefficients used in fractional crystallization modeling are from Aigner-Torres
et al. (2007) (plagioclase); Halliday ef al. (1995) (clinopyroxene and olivine); and Zack
& Brumm (1998) (ilmenite).
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4.7.2. Fractional crystallization in upper crustal magma reservoirs at 95°W and 92°W

Major element compositional trends of most mid-ocean ridge basalts are broadly
consistent with derivation by varying degrees of fractional crystallization of olivine,
plagioclase, and clinopyroxene from a range of parental magmas (e.g., Grove et al., 1992;
Rubin & Sinton, 2007). In detail, however, magmatic histories can be more complex
(e.g., Reynolds & Langmuir, 1997; Rubin et al., 2001; Bergmanis et al., 2007, Goss et
al., 2010). We calculated fractional crystallization trends using MELTS (Ghiorso & Sack,
1995; Smith & Asimow, 2005), for comparison with observed liquid lines of descent
within individual eruptive units. Starting compositions were relatively high-MgO samples
from each study area. Water contents were estimated based on the excellent correlation
with K0 in GSC samples (wt. % H,0 = 1.31(wt. % K,0) + 0.09; R>=0.96 (Cushman et
al., 2004)); a range of other starting water contents 0-1 wt. % H,O) were also tested for
comparison. MELTS models were run with oxygen fugacities of one and two log units
below the fayalite-magnetite-quartz buffer (FMQ), and pressures appropriate for
crystallization within the crust (0.5 to 2 kbar) (Figs. 4.10, 4.11).

At the low-magma-supply study area, major element variations are generally
similar to those predicted by low-pressure (0.5-1 kbar) fractional crystallization at two
log units below FMQ: with decreasing MgO, CaO and CaO/Al,0; decrease and FeO*
increases (Fig. 4.10). However, incompatible element concentrations within several
eruptive units increase more rapidly with decreasing MgO than predicted by fractional
crystallization, e.g., K/T1 in both Altares and Frijoles (Fig. 4.10). The prevalence of
complex mineral textures (reverse and normal zoning, resorption) also cannot be
explained by fractional crystallization alone.

Segment-scale compositional variations in the entire low-magma-supply study
area also define patterns that are inconsistent with fractional crystallization from parental
magmas with a range of incompatible element ratios. In particular, the most depleted

(low K, K/T1, La/Sm, Nb/Zr) compositions only occur at high MgO contents (8-9 wt. %
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MgO) (Fig. 4.10). If the more evolved samples (6-7 wt. % MgQO) were produced by
simple fractional crystallization of a range of parental compositions, some should have
relatively depleted compositions; only slight increases in ratios of highly to moderately
incompatible elements are expected at these degrees of fractional crystallization (Fig.
4.10). The absence of low-MgO samples with low K/Ti is therefore difficult to explain
and alternative explanations that couple incompatible element enrichment to
differentiation can be considered (see discussion of mush zone interaction in Section
4.7.3).

At the high-magma-supply study area, major and trace element variations within
the eruptive sequence Gusanos-Empanada-Nifios are reasonably approximated by low-
pressure (0.5-1 kbar) fractional crystallization of olivine, plagioclase, and clinopyroxene
from compositionally similar parental magmas (Fig. 4.11) at two log units below FMQ.
In fractional crystallization runs with Gusanos samples as parental magmas, using the
water content estimated by Cushman et al. (2004) of 0.5 wt. % results in plagioclase
crystallization beginning at lower MgO than expected based on observed mineral phases
(Fig 4.6) and the MgO-Al,0; covariation (Fig. 4.11); liquid lines of descent predicted by
MELTS are correspondingly higher in Al,O; than glass samples at low MgO. Better fits
to the Al,O3 data are provided by reducing the starting water content to 0.3 wt. %,
although this results in higher FeO than observed. During fractional crystallization at
greater pressures (i.e., 2 kbar, appropriate for the mid- or lower crust), crystallization of
plagioclase would also be delayed to lower MgO, causing Al,Os contents to be higher
than observed.

Concentrations of incompatible elements (e.g., Zr, Hf, Th, U, and REE except Eu)
roughly double from Gusanos to Nifios, whereas ratios of highly to moderately
incompatible elements (e.g., La/Sm) increase only slightly, consistent with ~50 %
fractional crystallization. Concentrations of elements that partition preferentially into one
or more of the crystallizing mineral phases over the liquid (e.g., Ni into olivine and
clinopyroxene; Sr into plagioclase) decrease with decreasing MgO (Fig. 4.5). Similarly,
Eu and Sr anomalies become increasingly negative with decreasing MgO, as plagioclase
preferentially incorporates Eu and Sr over elements that are similarly compatible during

mantle melting (Fig. 4.5).
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Compositions of the Calor, Cocodrilo, and Iguana eruptive units require parental
magmas that are more incompatible element-enriched than other units in this segment
(Fig. 4.10). Nevertheless, the magnitude of Eu and Sr anomalies within these eruptive
units, which are similar to those of other samples from 92°W at the same MgO, suggest
that fractional crystallization under similar conditions also dominates magmatic evolution
for these units. The importance of fractional crystallization is also reflected in the low
crystallinity of these samples (Table 4.1), which indicates that separation of mineral
phases from residual melts is effective at the high-magma-supply study area.

The most highly evolved (lowest MgO) eruptive unit at 92°W is the Dulces
basaltic andesite pillow mounds. Compositional variation within Dulces bears a
resemblance to advanced fractionation of Fe-Ti oxides in addition to clinopyroxene and
plagioclase + olivine. With decreasing MgO, concentrations of incompatible major
elements (Na,O, K,0, P,0Os) and SiO; increase, and CaO and TiO; decrease (Fig. 4.11).
However, FeO* remains essentially constant, in contrast to the decrease predicted as a
result of the crystallization of Fe-Ti oxides (Fig. 4.11). Compositional variations within
Dulces are thus more likely a result of mixing between moderate- and low-MgO magmas,
consistent with the presence of reversely zoned plagioclase and pyroxene crystals in

samples from Dulces (Fig. 4.7, 4.9).

4.7.3. Mush zone interaction at 95°W

Some of the discrepancies between fractional crystallization trends and those
observed at the low-magma-supply study area may be explained by crystallization of
magma within a transition zone at the margins of a melt-rich magma reservoir. We use
the in situ crystallization model of Langmuir (1989) to simulate the effects of
crystallization within the transition zone followed by mixing of some or all of the
remaining melt back into a larger magma body. /n situ crystallization may also
approximate magmatic differentiation of melts moving through mush zones, which are
thought to make up the volumetric majority of crust beneath mid-ocean ridge axes and
mid-ocean ridge magma systems, especially those at low magma supply (e.g., Sinton &
Detrick, 1992). During in situ crystallization, the bulk composition of the sub-liquidus

crystallizing assemblage is closer to that of the liquid than in perfect fractional
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Figure 4.14. Consequences of in situ crystallization on differentiation trends at 95°W.
Trends were calculated using MELTS, as described in text. Note the smaller changes in
compatible element compositions, and larger changes in incompatible elements and ratios
of highly to moderately incompatible elements, produced by in situ crystallization
compared to fractional crystallization. Solid line, fractional crystallization; dashed line, in
situ crystallization with 50% crystallization within the transition zone at each step; dotted
line, in situ crystallization with 70% crystallization within the transition zone at each step.
Symbols correspond to eruptive units, as in Figure 10. Error bars represent +2c
uncertainty.
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crystallization; this results in less depletion of compatible element concentrations in the
liquid than predicted by fractional crystallization for a given amount of crystallization.
When viewed on MgO variation diagrams the effect appears as an over-enrichment of the
most incompatible elements, relative to fractional crystallization trends (Langmuir,
1989).

We model in situ crystallization following the step-wise approach used by
Reynolds & Langmuir (1997). At all times, the transition zone where crystallization is
occurring represents five percent of the total magma volume. At each step, magma is
removed from the magma reservoir and undergoes 70% equilibrium crystallization
(modeled using MELTS (Ghiorso & Sack, 1995; Smith & Asimow, 2005); the remaining
30% liquid is expelled and remixed into the magma reservoir. Differentiated melts
produced by this process have elevated ratios of highly to moderately incompatible
elements, whereas those produced by fractional crystallization have only slight increases
in these ratios; if both crystallization styles operate, melt compositions will be
intermediate (Fig. 4.14).

The effects of in situ crystallization are much less apparent at the high-magma-
supply study area, where samples from the eruptive sequence Gusanos-Empanada-Nifios
differentiate without associated increases in incompatible element ratios (Fig. 4.11). A
transition zone in which in situ crystallization operates could still exist at this study area,
but may represent a smaller fraction of the magmatic system and therefore have less

effect on compositional variations of erupted samples.

4.7.4. Importance of assimilation at 92°W

Although most compositional and petrographic variations at the high-magma-
supply study area are consistent with relatively simple, fractionation-dominated
magmatic evolution, Cl increases with decreasing MgO significantly more than predicted
by fractional crystallization (referred to hereafter as over-enrichment in Cl) (Fig. 4.15a).
Cl behaves as a highly incompatible during mantle melting and fractional crystallization
of basalt (e.g., Schilling, 1980; Michael & Schilling, 1989; Ingle et al., 2010). As such,
the Cl/La ratio should remain nearly constant during melting (Fig. 4.15b) and low to

moderate degrees of fractionation. Samples from the low-magma-supply study area have
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uniformly low CI concentrations and Cl/La ratios. The Cl/La ratios of the most primitive
samples erupted at the high-magma-supply study area are similar to those of primitive T-
MORB (Fig. 4.14b), but CI concentrations and Cl/La ratios increase more rapidly with
decreasing MgO than predicted by fractional crystallization (Fig. 4.15a).

Assimilation of a Cl-rich material such as brine, amphibole, altered crust, or
partial melts of altered crust has been invoked to explain over-enrichments in Cl in mid-
ocean ridge basalts, andesites, and dacites (Michael & Cornell, 1998; Michael &
Schilling, 1989; Coogan et al., 2003; le Roux et al., 2006; Wanless et al., 2010, 2011). In
high-Si0, samples from the East Pacific Rise, Wanless ef al. (2010, 2011) also noted
changes in trace elements, trace element ratios, and oxygen isotope ratios that are
inconsistent with fractional crystallization, but can be explained by assimilation of partial
melts of hydrothermally altered crust. Additional evidence for assimilation includes
observations of partially melted xenoliths of gabbros and basaltic dikes within and below
the boundary between gabbros and sheeted dikes in ophiolite sections and drill cores in
oceanic crust (Coogan et al., 2003; Wilson et al., 2006; Gillis, 2008; France et al., 2009).
The base of the dike section observed in ophiolites and oceanic drill cores is typically
hydrothermally altered to greenschist facies, with alteration temperatures increasing
downwards; the lowermost dikes are commonly recrystallized and may be partially
melted (Coogan et al., 2003; Wilson et al., 2006; Gillis, 2008; France et al., 2009). These
observations indicate that crustal materials near crustal magma reservoirs can be
hydrothermally altered, and can be at least partially assimilated within the magma
reservoir (e.g., Coogan et al., 2003; Wilson et al., 2006; France et al., 2009).

Following Michael & Schilling (1989) we use the DePaolo (1981) formulation of
combined assimilation and fractional crystallization (AFC) to model CI and La variations
at our high-magma-supply study area. The ratios of mass assimilated to mass crystallized
(Ma:Mc) required to generate the over-enrichment in Cl observed depend on the
assimilant compositions (Cl contents from Michael & Schilling, 1989). The highest-Cl
material considered is brine (30 wt. % CI), which is most likely to be present near the
roof of the axial magma chamber, and could be incorporated into the magma via stoping
of blocks with brine-filled pores, fractures, or fluid inclusions (Michael & Schilling,

1989; Coogan et al., 2003). Only small amounts of brine (Ma:Mc 0.001-0.01) are
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Figure 4.15. Over-enrichments in CI. (a)
Fractional crystallization trends (black
lines) demonstrate that at 95°W,
increases in Cl with decreasing MgO are
consistent with fractional crystallization,
whereas at 92°W, samples are “over-
enriched” in Cl at low MgO contents.
Blue X’s, 95°W samples; colored
symbols, 92°W samples. Gray circles,
GSC N-, T-, and E-MORB (data from
Cushman et al., 2004 and Ingle ef al.,
2010). (b) The lack of correlation
between Cl/La and Nb/Zr in samples
from 92°W demonstrates that variable
degrees of enrichment in Cl relative to
La are unlikely to originate in the
melting process. Gray line shows
parental magma compositions produced
by Ingle et al. (2010) melting model,
using range of parameters discussed in
mantle melting section. Source Cl
content for PM component from
McDonough & Sun (1995); CI for EDM
from Salters & Stracke (2004). Note that
observed enrichments in Cl/La are not
predicted by this model. (C) Fractional
crystallization and AFC trends. Solid
black line, fractional crystallization trend
assuming that La and Cl are equally
incompatible (D¢=Dr,=0). If D=0, Dra
must be unreasonably high (0.5) to
match the trend defined by samples from
92°W. Gray field bounded by dotted
black lines represents compositions
produced by AFC, using equations from
DePaolo (1981), after Michael &
Schilling (1989). For assimilation of
brine (20 wt. % Cl), amphibole (0.5 wt.
% Cl), and altered crust (0.1 wt. % CI),
ratios of mass assimilated to mass
crystallized (Ma:Mc) are 0.001-0.01,
0.07-0.7, and 0.5->1, respectively.



required to produce even the greatest Cl over-enrichments observed at 92°W (Fig. 4.14c¢).
Selective melting of amphibole (0.5 wt. % Cl) requires somewhat greater amounts of
assimilant (Ma:Mc 0.07-0.7), and could occur via partial melting or prograde
metamorphism of stoped blocks or roof material (e.g., Michael & Schilling, 1989; Gillis
& Coogan, 2002). Bulk assimilation of altered crustal material (0.1 wt. % CI) requires
substantially greater masses of assimilant (Ma:Mc > 0.5), and cannot produce the highest
degrees of CI over-enrichment observed.

Assimilation of small amounts of either brine or amphibole could produce the
degrees of enrichment observed in most samples (Fig. 4.15¢). However, the Ma:Mc
required to produce the greatest observed over-enrichments (specifically, one Calor
sample and one Iguana sample with Cl/La > 100) via selective amphibole assimilation or
assimilation of altered crust are unreasonably high. The significant difference in over-
enrichment between the two analyzed samples from Calor (0.6 and 0.9 wt. % Cl) might
reflect local variations in the amount or type of assimilated material (likely brine, in this
case), despite apparently little variation in temperature and parental magma composition
along axis indicated by the limited variation in MgO, K/Ti, and Nb/Zr among Calor
samples (Fig. 4.11).

The lack of Cl over-enrichment at 95°W is consistent with global trends related to
magma supply; at ridges with rates of magma supply too low to sustain seismically
imaged melt-dominated reservoirs, Cl over-enrichments are typically not observed
(Michael & Cornell, 1998). This could be due to relatively rapid ascent of these magmas
through the shallower regions of the crust where Cl-enriched (i.e., hydrothermally
altered) materials are most likely to be present (Michael & Schilling, 1989; Michael &
Cornell, 1998).

4.7.5. Temporal and spatial variations in recharge and eruption along the GSC

At the high-magma-supply study area, on-axis eruptions are likely to be fed from
the shallow, seismically imaged melt lens. Although additional melt-rich bodies could
exist at greater depths within the crust, the limited nature of along-axis compositional
variability suggests that mapped eruptions at this location were fed from a single magma

reservoir. At the low-magma-supply study area, melt-rich magma reservoirs may be
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present only intermittently. However, even at this location, erupted lavas contain > ~ 75%
liquid, and although crystallinity is variable along-axis within certain units, there is little
variation in melt compositions within individual eruptive units (see Section 4.6.2.1). At
the low-magma-supply study area, magmatic recharge may mix with a crystal-rich mush,
rather than joining a persistent melt-rich lens. Compositional differences among eruptive
units within mapped eruptive sequences can be used to constrain the timing and nature of
magmatic recharge to the shallow crustal magma reservoir that feeds eruptions at each
study area.

In the absence of magmatic recharge, crystallization within a cooling magma
reservoir will decrease the melt’s MgO content, and increase incompatible element
concentrations and ratios of highly to moderately incompatible elements; the magnitude
of these compositional variations will be controlled by the style of crystallization (e.g.,
fractional, equilibrium, or in situ). Conversely, increases in magma temperature
(indicated by increases in glass MgO content) and decreases in ratios of highly to
moderately incompatible elements are unlikely to be achieved by processes occurring in
the crust, and therefore require that the magmatic system was mixed with hotter and/ or
more incompatible element-depleted magma. These observations can be used to
determine whether or not recharge occurred between a given pair of eruptions. However,
decreasing or constant MgO between eruptions does not necessarily preclude magmatic
recharge; in a system where the rates of recharge and cooling and compositions of
parental magmas and assimilant are constant, a steady-state can be reached where erupted
magma compositions also are constant (e.g., O’Hara, 1977). Additionally, recharge of a
magma that is compositionally similar to the resident magma may go undetected by these

criteria.

4.7.5.1. Magmatic recharge at the low-magma-supply study area

At 95°W, magmatic recharge is required between each eruption in the eruptive
sequence Pinguino-Dragon-Del Norte-Frijoles (Fig. 16). Dragon has higher MgO and is
more enriched in incompatible elements than Pinguino, which is the oldest eruptive unit

within the sequence. At a similar MgO content as Dragon, Del Norte is still more
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Figure 4.16. Constraints on timing of recharge events for eruptions within mapped

eruptive sequences at 95°W and 92°W. Note difference in x-axis scale between low- and

high-magma-supply study areas. Hollow symbols, XRF analyses of whole-rock samples.

Filled symbols, ICP-MS (for Ba/Y) or EMP (for MgO) analyses of glass chips. Grey bars

bracketing Frijoles compositions represent estimates of high- and low-MgO mixing end-

members (see Section 4.7.6 for discussion). Error bars represent +26 uncertainty.
enriched in incompatible elements. Compositional variations within Frijoles indicate that
it is a mixture of a relatively low-MgO, incompatible-element enriched magma and a
magma with higher MgO that is also more depleted than Del Norte (see Section 4.7.6).
The result that each eruption is preceded by a period of recharge from the mantle is
consistent with arguments that eruptible magma is mainly only present beneath low-
magma supply ridges after recharge from the mantle (Sinton & Detrick, 1992). The
preservation of reverse zoning in olivine crystals requires that the period between
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recharge and eruption is relatively short, supporting the speculation that recharge can

trigger eruptions at low-magma-supply ridges (Sinton & Detrick, 1992).

4.7.5.2. Magmatic recharge at the high-magma-supply study area

At 92°W, chemical relations among the four oldest flow fields shown in Figure
4.16 (from oldest to youngest: Cobija, Iguana, Cocodrilo, Calor) require magmatic
recharge between each of these eruptions. These eruptive units have been partially buried
by later eruptions, and it is possible that additional eruptions occurred over the same
interval of time that were subsequently buried. Interestingly, none of these units contains
reversely zoned crystals. If recharge preceded each of these eruptions, sufficient time for
magma homogenization and crystal re-equilibration or physical segregation from the melt
must have elapsed between recharge-induced mixing and eruption. This result contrasts
with that at low magma supply where recharge and eruption appear to be more closely
linked in time.

Gusanos was most likely emplaced during the subsequent eruption. Its higher
MgO and lower ratios of highly to moderately incompatible elements relative to Calor
require that recharge occurred between these eruptions. Reversely zoned plagioclase
crystals in samples from Gusanos also are consistent with this interpretation. In contrast,
chemical relations do not require recharge before the two most recent eruptions,
Empanada and Niflos (average MgO decreases slightly, with variations in major and trace
elements consistent with fractionation; no reversely zoned crystals have been found).
MELTS-derived liquidus temperatures for glasses from each eruptive unit (Ghiorso &
Sack, 1995; Smith & Asimow, 2005) indicate that compositional differences between
Gusanos and Nifios are associated with a decrease in magma temperature of ~ 70°C,
indicating significant cooling of the magma reservoir over this interval. Most of the
cooling occurred between eruption of Gusanos and Empanada. If cooling rates have been
constant then a longer interval of quiescence preceded the Empanada eruption, while
Ninos followed Empanada with only slight change in temperature. Since the sequence of
eruptions from Calor to Ninos are constrained by paleointensity to have occurred within

~150 years of one another, cooling rates must have been greater than ~0.5°C per year,
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similar to cooling rates within the upper crust of 1°C per year predicted by Maclennan et
al. (2005).

Magmatic recharge is apparently not required to explain compositional variations
among Gusanos, Empanada, and Nifios; estimates of the volume erupted during this
sequence can be used to assess whether the three eruptions could have been fed by
magma within a reasonably sized melt lens without any recharge. Following the approach
of Soule et al. (2007), the volume of magma removed from the magma reservoir is
calculated as the sum of the eruptive volume (from Colman et al., 2012) and the volume
of a 1-m wide dike (Qin ef al., 2008) that connects the magma reservoir to the surface
along the length of the eruptive fissure. If we assume that the depth of the magma
reservoir has remained roughly constant over the past ~200 years while these eruptive
units were being emplaced, the current magma reservoir depth of ~1.7 km (Blacic et al.,
2004) can be used as the height of the dike. The cumulative volume removed from the
magma reservoir during this sequence is 0.19 km’. This volume could easily have been
accommodated within a melt lens that was the length of the spreading segment (~30 km
(Sinton et al., 2003)), 0.5-1.5 km wide (Blacic ef al., 2004), and 50-100 m thick (Kent et
al., 1993; Hussenoeder et al., 1996). Even after accounting for the 50% crystallization of
the melt lens indicated by compositional variations within this eruptive sequence, a melt
lens that was 50-m thick after the last recharge event would contain 33% of its original
melt volume after this crystallization and eruption sequence.

Observations at our study areas are consistent with predictions of the importance
of recharge to eruptions at mid-ocean ridges with and without persistent melt lenses (e.g.,
Liu & Lowell, 2009; Fontaine et al., 2011). At rates of magma supply that are high
enough to maintain a melt-rich lens within the crust, tectonic spreading events cause
magma to be erupted in the absence of recharge events (e.g., Sinton & Detrick, 1992). In
contrast, at rates of magma supply that are insufficient to maintain a melt-rich lens,
magmatic systems may be too crystal-rich to erupt much of the time, so that eruptions can
only occur shortly after a magmatic recharge event; tectonic spreading events in the

absence of recent recharge occur without eruption (e.g., Sinton & Detrick, 1992).
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4.7.6. Magma mixing at 92°W and 95°W

Magma mixing is predicted to be an important process in mid-ocean ridge
magmatic systems (e.g., Sinton & Detrick, 1992). Textural evidence of magmatic mixing
at mid-ocean ridges is well-documented, particularly in plagioclase crystals in porphyritic
samples from the Mid-Atlantic Ridge (Dungan & Rhodes, 1978; Rhodes et al., 1979;
Kuo & Kirkpatrick, 1982; Meyer & Shibata, 1990; Costa et al., 2010). Plagioclase- and
olivine-hosted melt inclusions have been used to constrain the compositions of mixing
magmas (Dungan & Rhodes, 1978; Rhodes et al., 1979), and the lack of highly evolved
lava compositions erupted at slow-spreading ridges has been attributed to the importance
of magma mixing in modulating erupted compositions (Dungan & Rhodes, 1978; Rhodes
et al., 1979; Walker et al., 1979). Magma mixing also provides a mechanism for
producing magmas in which clinopyroxene crystallizes before olivine, contrary to the
sequence expected during low-pressure fractionation of mantle-derived mid-ocean ridge
basalts (Walker et al., 1979). Although textural evidence for mixing is less common in
the nearly aphyric basalts that dominate the East Pacific Rise, Bergmanis et al. (2007)
identified mixing trends in trace element and Pb isotope ratios of individual eruptive units
at 17.5°S on the East Pacific Rise.

Identification of mixing trends in glass samples is dependent on how chemically
distinct the mixing magmas are, how completely they are homogenized before erupting,
and how well the resulting flow field is sampled. Detailed study of mixing trends can
allow the compositions and proportions of the mixing end-members to be constrained
(e.g., Passmore et al., 2012), whereas diffusion modeling of zoning profiles in
phenocrysts of mixed magmas can be used to determine the timescales of mixing and
ensuing eruption (Costa et al., 2010).

Eruptive units within both of our study areas contain textural evidence for magma
mixing. Nearly every eruptive unit (except Buho) at the low-magma-supply study area
contains plagioclase with partially resorbed cores and/ or reverse zoning. At the high-
magma supply study area, although the majority of eruptive units contain only weakly
normally zoned or oscillatory zoned crystals, both Gusanos and Dulces contain reversely
zoned crystals. Additionally, compositional trends within the Frijoles, Altares, and

Dulces eruptive units are inconsistent with fractional crystallization (Figs. 4.10, 4.11). In
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many other eruptive units (e.g., Del Norte, Dragon, Pinguino, Pulgar, Tortuga), the
amount of compositional variation relative to analytical precision is insufficient to
determine whether or not the intra-unit trends are consistent with fractional

crystallization.

4.7.6.1. Case study: Frijoles

We focus here on Frijoles, which is exceptionally well-exposed and sampled
along the length of the eruptive fissure (Fig. 4.17). Frijoles samples contain normally and
reversely zoned olivine, clinopyroxene, and plagioclase crystals and show enrichments in
incompatible elements and ratios of highly to moderately incompatible elements at low
MgO contents, relative to those predicted by fractional crystallization of the highest-MgO
Frijoles sample.

Assuming that olivine crystals within Frijoles samples are not xenocrysts
randomly incorporated during ascent, the forsterite contents of the cores of normally and
reversely zoned olivines can be used to constrain the compositions of the high-MgO and
low-MgO mixing end-members, respectively. Using a distribution coefficient of 0.3 for
Fe-Mg partitioning between olivine and melt (Roeder & Emslie, 1970), we estimate the
MgO content of the magma in equilibrium with each olivine, assuming that the MgO-
Mg# covariation is similar to that of other samples in Frijoles. The highest- and lowest-
forsterite olivines measured (Foss and Fo7s) yield estimates of 8.8 and 5.3 wt. % MgO,
respectively, for the composition of the mixing end-members (Fig. 4.18).

An independent constraint on mixing end-member compositions comes from K/Ti
of olivine-hosted melt inclusions (data from Colman et al., submitted manuscript).
Although the median K/Ti of 31 melt inclusions from Frijoles is within error of the
selvage glasses (median K/T1 1s 0.125 and 0.123 for the melt inclusions and selvage
glasses, respectively), melt inclusion K/Ti contents range to significantly higher and
lower values, suggesting that the melt inclusions sampled less homogenized magmas.
The negative correlation between MgO and K/Ti in Frijoles selvage glasses indicates that
the high-MgO end-member had lower K/Ti than the low-MgO end-member (Fig. 4.18).
By extrapolating the MgO-K/T1i covariation defined by selvage glasses to the lowest and

highest K/Ti preserved in melt inclusions, we can estimate the MgO content of the
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mixing end-members. The lowest and highest K/Ti melt inclusions measured (0.09 and
0.15, respectively) provide independent MgO estimates of 8.6 and 5.3 wt. %, remarkably
consistent with the estimates based on olivine forsterite content (Fig. 4.18).

The range of liquidus temperatures predicted by MELTS (Ghiorso & Sack, 1995;
Smith & Asimow, 2005) for high- and low-MgO end-member magmas are 1207-1210°C
and 1158-1165°C, respectively. Assuming that the temperature of magma recharging the
magmatic system is relatively constant, this temperature difference between the end-
members indicates cooling of 50° between the two most recent recharge events in this
location. The estimates of the recharged and resident magmas can also be used to
compute the relative proportions of each end-member in each sample (Fig. 4.17). The
mixture consistently contains at least 50% high-temperature end-member, and locally as
much as 75%. Along-axis variations in the proportions of the end-members do not appear
to correlate with the distribution of erupted volume; the location along the eruptive
fissure where flow apparently focused is offset from the location with highest MgO and
the greatest inferred proportion of relatively hot, recharged magma. Similar observations
were made by Bergmanis et al. (2007) in the N1 flow field along the southern East
Pacific Rise.

Magma mixing likely preceded eruption of many of the other eruptive units at
95°W (e.g., Altares, Del Norte, Dragén as evidenced by disequilibrium textures in
plagioclase +/- pyroxene crystals). The lack of zoned olivines, more limited major
element range, and higher glass MgO of Del Norte and Dragdn suggests that mixing
involved a greater proportion of high-MgO relative to low-MgO magma, and/or that
more time elapsed between recharge and eruption, allowing melt homogenization to

proceed to a greater degree and olivine crystals to re-equilibrate.
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Figure 4.17 (Previous page.) Along-axis variations in mineralogy, mineral chemistry,
and glass composition within Frijoles eruptive unit. (a) Along-axis distribution of
eruptive products within Frijoles eruptive unit, demonstrating that most lava was
erupted near 95°55°W (modified from Colman et al., 2012). (b) Modal mineralogy. (¢)
Variations in Fo of olivine crystals along axis. Bars are analyses of olivine cores; gray
fields are range of compositions of rims. (d) Variations in Mg# of pyroxene crystals
along axis. Symbols as in (c). (e) Melt K/Ti (EMP glass analyses; data from Colman e?
al.,2012) (f) Melt MgO (EMP glass analyses, data from Colman et al., 2012). (g)
Variations in proportions of mixing end-members. End-member compositions were
calculated based on extreme compositions of olivine (see text for discussion). Solid
symbols, based on melt MgO. Open symbols, based on K/Ti.
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Figure 4.18. Mixing trend defined by samples from Frijoles. Red diamonds, Frijoles
samples; gray circles, other samples from 95°W. Solid lines are fractional
crystallization trends calculated using MELTS, using the highest-MgO sample from
Frijoles as the parental magma. Dashed black line is a mixing trend between primitive
and evolved mixing end-members. In plot of K/Ti vs. MgO, black diamonds
demonstrate how compositions of melt inclusions and melts in equilibrium with olivine
cores were used to constrain compositions of mixing end-members (see text for

discussion).
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4.7.6.2. Case study: Dulces

Dulces contains reversely zoned clinopyroxene and plagioclase crystals, and
normally zoned olivine crystals, which can be used to place constraints on the mixing
end-members. The most forsteritic olivine core measured in Dulces (Fo7) is in

equilibrium with a melt with 5.0 wt. % MgO (Fig. 19). A mixing line extrapolated from
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the analyses of Dulces samples intersects the trend of other high-magma-supply samples
near 5.0 wt. % on a range of major element plots. This analysis assumes no partial
equilibration of Dulces olivines with the hybrid magma following mixing. However, if
significant partial equilibration did occur (implying greater than 5.0 wt. % MgO in the
MgO-rich magma), the high-MgO magma’s FeO* would have been anomalously high in
FeO* relative to other magmas from 92°W at a similar MgO content. Given the limited
variation in FeO* at a given MgO content at 92°W (Fig. 11), this possibility seems
unlikely. Therefore, minimal post-mixing re-equilibration of olivine crystals within
Dulces implies a limited time period between mixing and eruption. The inferred
composition of the high-MgO mixing end-member is similar to that of Empanada lavas.
Dulces is also similar in age to Empanada (50-200 years old (Bowles et al., 2014)), based
on relatively little sediment cover and the fact that both eruptive units are younger than
Cocodrilo. Although an absolute age for Dulces has not been determined, this eruptive
unit was likely also erupted within the past 50-200 years.

It is more difficult to constrain the composition of the low-MgO end-member
based on the reversely zoned plagioclase and pyroxene crystals, because of the relatively
poor correlations between MgO and the anorthite content of plagioclase or Mg# of
pyroxene. The low-MgO magma must have had < 2.7 wt. % MgO, however, as this is the
most evolved glass composition analyzed from the Dulces flow field. Inncreasing P,Os
with decreasing MgO among samples from Dulces suggests that apatite has not begun to
crystallize in the low-MgO mixing end-member. Apatite is present in an andesite sample
with 1.2 wt. % MgO from 85°W on the GSC (Fornari ef al., 1983; Perfit & Fornari,
1983); if apatite stability is similar at 92°W, the low-MgO mixing end-member is not
likely to have less than ~1.2 wt. % MgO. Similarities in incompatible element ratios of
Dulces with Gusanos, Empanada, and Nifios are consistent with the low-MgO mixing
end-member having been derived from a similar parental magma (Fig. 11). This magma
may have become isolated from the larger volume of the melt lens, allowing it to cool
and fractionate to a greater extent. Thus the mixing trend within Dulces may record
lateral injection of magma into a cooler, more crystal-rich portion of the sub-axial melt

lens. MELTS-derived liquidus temperatures for magmas with 2.7 and 5.0 wt. % MgO are
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1070°C and 1120°C, respectively, which could reflect the along-axis variability of

temperatures and degrees of fractionation within the magma reservoir.

4.8. Conclusions

At the low-magma-supply study area, where magma is thought to reside
intermittently at ~3 km below the seafloor, lavas are restricted to relatively unfractionated
melt compositions (6.2-9.1 wt. % MgO). Magmatic evolution at this location is likely
dominated by processes involving crystal-rich mush, and preserved by limited evolution
in melt-dominated magma reservoirs. Eruptions at this study area appear to be closely
linked to magmatic recharge; relatively evolved eruptive units consistently have
compositional trends controlled by mixing of high-MgO magma with lower-MgO magma
with distinct parental magmas. Between eruptions, mush-zone processes, as simulated by
in situ crystallization, appear to be important in controlling magma compositions.
Although no melt lens has been detected by seismic studies at this location, some melt is
apparently able to remain in the crust between eruptions and mix with fresh batches of
magma.

In contrast, at the high-magma-supply study area, where a seismically imaged
melt lens is located ~1.7 km below the seafloor, fractional crystallization within a melt-

rich magma reservoir causes large variations in major-element compositions with little
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effect on trace element concentrations or ratios. Between magmatic recharge events,
resident magma fractionates, and can be repeatedly tapped by low-volume fissure
eruptions. Small bodies of magma may become isolated from the larger magmatic
system, allowing more extreme degrees of fractionation. These may be remobilized by
lateral injection of magma during diking events, allowing the eruption of highly evolved
magmas.

An important implication of this study is that persistent melt lenses at
intermediate rates of magma supply need not be “steady-state” melt lenses. At 92°W, the
seismic melt lens reflector is strong and nearly continuous along the ridge axis (Blacic et
al., 2004). Nevertheless, differences in the compositions of lava erupted over the past
several hundred years indicate that temperatures within the melt lens have varied by up to
100°C (1070-1170°C). If the last three eruptions occurred without intervening magmatic
recharge, as suggested by the systematic decrease in MgO and limited variation in
incompatible element ratios, there must have been a significant decrease in the volume of
the melt lens over this limited time period as well. Only by documenting variations in
magma composition at a given location can the temporal variability in magma reservoir

properties at the scale of multiple eruptive episodes be constrained.

4.9. Appendix: Petrographic descriptions of thin samples
4.9.1. 95°W study area

AL4594-02 (Altares). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Clear, light
brown glassy margin grades to spherulitic interior. Vesicles are round (0.2-1 mm) or
irregularly shaped (< 1.5 mm). Olivine is typically skeletal (< 0.2 mm) and occurs as lone
crystals or in clusters or intergrowths with plagioclase. Plagioclase is lath-shaped, blocky,
or tabular. Some blocky crystals have oscillatory concentric zoning. Dendritic
overgrowths are common. Some tabular crystals have boxy cellular rims. Clinopyroxene
forms sector-zoned crystals (< 0.5 mm) that are commonly intimately intergrown with
plagioclase laths. Clinopyroxene also occurs as euhedral or rounded crystals (< 1.5 mm),

often simply twinned, either alone or poikilitically enclosing tabular plagioclase crystals.
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AL4594-03 (Altares). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Clear, light
brown glassy margin grades to spherulitic interior. Vesicles are round (0.2-0.4 mm) or
irregularly shaped (may be several mms). Olivine is euhedral to skeletal (commonly < 1.5
mm; rarely up to 4 mm). Olivine occurs alone or in intergrowths with plagioclase.
Plagioclase is lath-shaped, blocky, or tabular. Some blocky and tabular crystals have
oscillatory concentric zoning. Plagioclase occurs alone, in clusters of plagioclase, or in
intergrowths with clinopyroxene or olivine. Clinopyroxene forms sector-zoned crystals
(0.1-0.5 mm) that are commonly intergrown with plagioclase laths. Clinopyroxene also

rarely forms euhedral crystals without sector zoning (0.4-1.2 mm).

AL4594-04 (Altares). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Clear, light
brown glassy margin grades to spherulitic interior. Vesicles are round (0.1-0.5 mm).
Olivine (< 1 mm) is typically euhedral to slightly skeletal, and may have dendritic
overgrowths. Plagioclase morphology is highly variable, including laths, tabular, and
blocky crystals. Plagioclase also occurs as irregular clusters of blocky crystals, and
commonly has oscillatory zoning. Some plagioclase crystals also have spongy cellular or
boxy cores. Large (1-2 mm) clinopyroxene crystals may be euhedral or have rounded
margins, and commonly have blocky or tabular plagioclase inclusions (fully surrounded).
Smaller clinopyroxene crystals (typically < 0.5 mm) are sector-zoned and form

intergrowths with plagioclase laths.

AL4594-11 (Altares). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Clear, light
brown glassy margin with abundant microlites grades to microcrystalline interior.
Vesicles are round (0.1-0.2 mm) to slightly irregularly shaped (< 0.4 mm). Olivine (<2
mm) is euhedral to highly skeletal. Plagioclase morphology ranges from laths to tabular
or blocky crystals. Larger crystals are commonly oscillatory zoned and may have spongy
or boxy cellular cores or rims. Plagioclase often occurs as irregular clusters of blocky or
tabular crystals up to 3 mm in diameter. Clinopyroxene typically occurs as sector-zoned
crystals (typically < 0.6 mm) intergrown with plagioclase laths, but also occurs as lone,

euhedral crystals (< 0.4 mm).
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AL4601-06 (Buho). Sparsely olivine-phyric basalt. Clear, light brown glassy margin
grades to devitrified interior. Rare vesicles are round (0.1-0.5 mm). Olivine (< 1 mm) is

skeletal or euhedral, and sometimes has dendritic overgrowths.

AL4603-09 (Buho). Sparsely olivine-phyric basalt, glassy throughout sample. Vesicles
are round (0.4-1 mm). Glass is clear, and light brown in color, with rare round vesicles.

Olivine skeletal to euhedral, typically < 0.5 mm.

AL4603-13 (Buho). Sparsely olivine- and plagioclase-phyric glassy basalt. Clear, light
brown glass grades to spherulitic interior. Vesicles are round (0.1-0.6 mm) or irregularly
shaped (typically elongate, < 2.5 mm long). Olivine is skeletal to euhedral, equant,
typically < 0.5 mm. Plagioclase microphenocrysts are less abundant, forming highly

elongate laths up to 1 mm long, with swallow tails.

AL4604-02 (Buho). Sparsely olivine- and plagioclase-phyric glassy basalt. Clear, light
brown glass grades to microcrystalline interior. Vesicles are small and round (0.1-0.2
mm). Olivine is skeletal to euhedral, equant, typically < 0.8 mm, and may have dendritic
overgrowths. Plagioclase microphenocrysts are common but smaller, forming laths up to

0.4 mm long. Interior contains abundant plagioclase microlites.

AL4604-03 (Buho). Olivine- and plagioclase- phyric basalt. Clear, light brown glass
grades to spherulitic interior. Vesicles are round (< 0.5 mm) or irregularly shaped
(typically elongate, and < 1 mm long). Olivine crystals are typically skeletal (< 1 mm)
and occur as lone crystals, in clusters, or intergrown with plagioclase. Plagioclase forms

lath-shaped crystals and, rarely, tabular crystals. Dendritic overgrowths are common.

AL4597-03 (Frijoles). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Clear,
light brown glassy margin grades to microcrystalline interior. Vesicles are round (0.1-0.8
mm) or irregularly shaped (< 1.5 mm). Olivine (up to 3 mm; commonly < 1 mm) is
euhedral or slightly skeletal and occurs alone or intergrown with plagioclase. Plagioclase

morphology is highly variable, including laths, tabular, and blocky crystals. Dendritic
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overgrowths (swallowtails) are rare. Plagioclase also occurs as glomerocrysts with
cumulate textures; in these clusters, there may be 120 degree crystal contacts (dihedral
angles?) indicating an approach to textural equilibration. Plagioclase also occurs as
xenocrysts (up to 6 mm long). Oscillatory zoning is common. Clinopyroxene morphology
is also highly variable. Clinopyroxene occurs as medium-sized euhedral crystals, often
with a simple twin (?) (< 1 mm), sometimes poikilitically surrounding small, tabular
(blocky?) plagioclase crystals. Other, typically smaller clinopyroxene crystals, are sector-
zoned and intergrown with plagioclase. The plagioclase is often arranged so as to radiate
outward from the center of the clinopyroxene, with plagioclase laths widening outward,
indicating the co-precipitation of the phases. Clinopyroxene also rarely occurs as nearly
euhedral crystals up to 2 mm with small, crystallographically oriented exsolution

lamellae of low-Ca pyroxene.

AL4597-05 (Frijoles). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Clear,
light brown glassy margin grades to spherulitic interior. Vesicles are round (0.1-0.4 mm)
or slightly irregularly shaped (< 0.4 mm). Olivine (up to 2 mm, commonly < 0.5 mm) is
euhedral or slightly skeletal. Plagioclase occurs as laths, tabular and blocky crystals.
Dendritic overgrowths (swallowtails) are rare. Oscillatory zoned crystals are relatively
rare, but present. Some of the larger crystals (~1 mm ) have boxy cellular rims.
Clinopyroxene occurs as euhedral crystals (< 1.5 mm) that may contain (or partially
contain) small (< 0.4 mm), tabular plagioclase inclusions. Clinopyroxene also occurs as
sector-zoned crystals (< 1 mm), typically intergrown with lath-shaped plagioclase. This
thin section contains what appear to be fragments of a disaggregated olivine-plagioclase-
clinopyroxene-phyric mush. Where they are in contact with glass, olivine and
clinopyroxene crystals have rounded margins, whereas plagioclase crystals have
irregular, angular margins. The rims of clinopyroxene crystals commonly have a spongy

cellular texture.

AL4597-06 (Frijoles). Olivine-, plagioclase, and clinopyroxene-phyric basalt. Clear, light
brown glassy margin grades to microcrystalline interior. Vesicles are round (0.1-0.5 mm)

or irregularly shaped (< 0.6 mm). Olivine occurs as euhedral to skeletal crystals (< 1
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mm), typically alone. Some olivine crystals have dendritic overgrowths at the
Plagioclase ranges from laths to blocky to tabular; dendritic overgrowths (swallowtails)
are rare, but present. Clinopyroxene occurs as sector-zoned crystals (< 0.5 mm) that are
typically intergrown with plagioclase laths. Larger euhedral to subhedral clinopyroxene
crystals (up to 2 mm) typically lack sector zoning, often have simple twins, and may

poikilitically enclose small, blocky (?) plagioclase crystals.

AL4597-08 (Frijoles). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Clear,
light brown glassy margin grades to microcrystalline interior. Vesicles are round (0.1-0.5
mm) or irregularly shaped (< 2.5 mm). Olivine crystals (typically < 0.5 mm; rarely up to
2 mm) are skeletal and may form loose clusters or intergrowths with plagioclase laths.
Plagioclase occurs as laths or as tabular crystals, and may form clusters of either purely
plagioclase or plagioclase-olivine intergrowths. Oscillatory zoning and dendritic
overgrowths (swallowtails) are both rare. Clinopyroxene occurs as sector-zoned crystals
(<1 mm), commonly intergrown with plagioclase laths. Clinopyroxene only rarely occurs

without sector zoning, in simply twinned crystals intergrown with tabular plagioclase.

AL4598-01 (Frijoles). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Clear,
light brown glass throughout is locally devitrified in contact with crystals. Vesicles are
round (0.1-1 mm) or slightly irregularly shaped (< 1.2 mm). Olivine (< 2 mm) is euhedral
to skeletal, and typically occurs alone. Plagioclase morphology ranges from lath-shaped
to tabular to blocky. Concentrically zoned plagioclase crystals are rare. Blocky and
tabular plagioclase crystals sometimes form large clusters (up to 3 mm). Clinopyroxene
commonly occurs as blocky, euhedral to subhedral crystals (< 2 mm). Sector-zoned
clinopyroxene also can form intergrowths with plagioclase. Clinopyroxene also rarely

occurs as irregularly-shaped crystals with a fine boxy cellular texture.

AL4598-08 (Frijoles). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Clear light
brown glass throughout is locally devitrified in contact with crystals. Vesicles are round
(1-4 mm) or slightly irregularly shaped (<0.8 mm). Olivine occurs as euhedral to skeletal

(rarely dendritic) crystals (< 2 mm). Plagioclase forms lath-shaped, tabular, or blocky
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crystals that typically lack dendritic overgrowths (swallowtails). Clinopyroxene forms
blocky crystals (up to 4 mm) with euhedral or somewhat rounded margins that
poikilitically enclose tabular plagioclase crystals. Sometimes these crystals have rims
where lath-shaped plagioclase crystals are abundant. Clinopyroxene also occurs as

smaller (< 0.5 mm) sector-zoned crystals intergrown with lath-shaped plagioclase.

AL4598-11 (Del Norte). Olivine- and plagioclase-phyric glassy basalt. Clear, light brown
glass is locally devitrified against crystals. Vesicles are round (< 0.6 mm). Olivine
crystals are small (< 0.5 mm) and euhedral to slightly skeletal; olivine forms lone crystals
and intergrowths with plagioclase laths. Plagioclase form lath-shaped crystals or blocky
or tabular crystals. Some larger crystals (1-2 mm) have spongy cellular cores and/ or
concentric oscillatory zoning. Plagioclase occurs as lone crystals, in intergrowths with
olivine, or as clusters of blocky crystals. Small dendritic overgrowths (swallowtails) are

present on some elongate crystals.

AL4599-05 (Del Norte). Olivine-, plagioclase, and clinopyroxene-phyric basalt. Clear,
light brown glass is present throughout thin section. Vesicles are round (< 0.5 mm).
Olivine typically occurs as euhedral crystals (< 1 mm), sometimes with small dendritic
overgrowths. Rare larger olivine crystals (up to 2 mm) are more irregularly shaped and
sometimes occur intergrown with large, blocky plagioclase. Plagioclase occurs as blocky
or tabular crystals, and rarely as lath-shaped crystals. Plagioclase typically forms clusters
in which crystals may be aligned, or more randomly oriented. Concentric oscillatory
zoning is common, and cellular regions occasionally occur either in the rim (typically
boxy) or the cores (typically spongy). Clinopyroxene crystals (0.5-2 mm) are anhedral,
with well-rounded or more irregular margins and commonly have a spongy cellular
texture. Euhedral clinopyroxene crystals are not present. The clinopyroxene crystals with

irregular margins contain abundant embayments and/ or melt inclusions.

AL4599-08 (Del Norte). Olivine- and plagioclase-phyric glassy basalt. Clear, light brown
glass grades to spherulitic interior. Vesicles are round (0.1-0.5 mm) or irregularly shaped

(typically elongate, <1.5 mm long). Olivine crystals are larger than in AL4598-11 (up to
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1 mm) and euhedral to highly skeletal. Olivine forms lone crystals, intergrowths with
plagioclase laths, or clusters (several mm across) composed of smaller plagioclase and
olivine crystals (typically < 0.5 mm). Plagioclase occurs as laths or as tabular or blocky
crystals (up to 2 mm long). Concentric oscillatory zoning is common in blocky
plagioclase crystals. Dendritic overgrowths (swallowtails) are common on plagioclase

crystals.

AL4599-10 (Del Norte). Olivine- and plagioclase-phyric basalt. Clear, light brown glass
grades to spherulitic interior. Vesicles are round (typically 0.2-0.6 mm). Olivine (up to 1
mm, but typically < 0.5 mm) occurs as euhedral crystals, sometimes with small dendritic
overgrowths. Olivine forms lone crystals or in intergrowths with plagioclase. Plagioclase
occurs as lath-shaped, blocky, or tabular crystals, and commonly forms clusters. Elongate
crystals commonly have dendritic overgrowths. Rare plagioclase crystals with a
pervasive spongy cellular texture are also present. Concentric oscillatory zoning is

common.

AL4599-03 (Dragon). Olivine- and plagioclase-phryic basalt. Clear, light brown glass
grades to spherulitic interior. Vesicles are round (< 0.5 mm) or irregularly shaped (may
be several mm across). Olivine (0.2-1 mm) is euhedral and occurs as lone crystals or
intergrown with plagioclase. Plagioclase is typically tabular or blocky, and more rarely
occurs as lath-shaped crystals. Oscillatory concentric zoning is common. Dendritic
overgrowths are common on elongate crystals. Some of the larger, blocky plagioclase
crystals contain abundant melt inclusions in the core. Rare plagioclase crystals with a

pervasive boxy cellular texture are also present.

AL4600-13 (Dragon). Sparsely olivine- and plagioclase-phyric basalt. Clear, light brown
glass grades to spherulitic interior. Vesicles are round (0.1-1 mm) or slightly irregular
(typically < 0.5 mm long). Olivine is typically < 0.5 mm and euhedral to slightly skeletal.
Olivine forms lone crystals, clusters, and intergrowths with plagioclase. Plagioclase

occurs as laths, tabular, or blocky crystals. Elongate crystals commonly have dendritic
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overgrowths (swallowtail morphology). Some blocky plagioclase crystals have spongy

cellular cores or boxy cellular rims.

EW65D (Pinguino). Olivine-, plagioclase, and clinopyroxene-phyric basalt. Clear, light
brown glass grades to microcrystalline interior. Vesicles are round to slightly irregular in
shape (0.1-0.4 mm). Olivine occurs as euhedral to highly skeletal crystals (< 1 mm), as
lone crystals or in intergrowths with plagioclase. Plagioclase is lath-shaped, blocky, or
tabular. Some elongate crystals have well-developed dendrites (swallowtails)(?) or
hopper morphology. Oscillatory concentric zoning is common. Clinopyroxene forms

sector-zoned crystals (< 0.4 mm), often in intergrowths with plagioclase.

AL4604-05 (Pulgar). Olivine-, plagioclase, and clinopyroxene-phyric basalt. Clear, light
brown glass grades to spherulitic interior. Vesicles are round (0.1-0.6 mm) or irregularly
shaped (typically elongate, <2 mm). Olivine is euhedral to highly skeletal (<2 mm) and
occurs alone, in clusters, or intergrown with plagioclase. Plagioclase is lath-shaped,
tabular, or blocky. Tabular and blocky crystals commonly have oscillatory concentric
zoning, and more rarely have spongy or boxy cellular cores. Clinopyroxene is rare (< 1
mm), occurring as simply twinned crystals with rounded margins and abundant

plagioclase laths intergrown in the outer rim.

AL4604-07 (Pulgar). Olivine-, plagioclase, and clinopyroxene-phyric basalt. Clear, light
brown glass grades to microcrystalline interior. Vesicles are round (typically 0.1-0.5 mm;
up to 1 mm) or irregularly shaped (typically elongate, < 0.5 mm long). Olivine forms
skeletal crystals (< 2 mm), commonly intergrown with plagioclase. Plagioclase is present
as lath-shaped, tabular, and blocky crystals, commonly in clusters or intergrowths with
olivine or clinopyroxene. Oscillatory concentric zoning is common. Clinopyroxene forms
small (0.1-0.5 mm), sector-zoned crystals with irregular margins, typically intergrown

with plagioclase.

AL4604-08 (Pulgar). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Clear, light

brown, glassy rim grades to microcrystalline interior. Vesicles are round (0.1-1.2 mm) or
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irregularly shaped (< 0.2 mm). Olivine is euhedral to skeletal (< 1.6 mm) and occurs
alone, in clusters, or intergrown with plagioclase. Plagioclase is lath-shaped, blocky, or
tabular, and also occurs as intergrowths of plagioclase grains with cumulate textures.
Some elongate plagioclase crystals have dendritic overgrowths. Many blocky and tabular
crystals have oscillatory concentric zoning. Plagioclase crystals with spongy cores are
rare, but present. Clinopyroxene is relatively rare, and forms small (< 0.2 mm), sector-
zoned crystals intergrown with plagioclase laths. Clinopyroxene also occurs as larger (< 2
mm), crystals (not sector-zoned) with rounded exteriors, sometimes poikilitically

enclosing elongate plagioclase crystals.

AL4604-10 (Pulgar). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Clear, light
brown, glassy rim grades to microcrystalline interior. Vesicles are round (0.2-0.5 mm) or
irregularly shaped (<1.5 mm). Olivine is skeletal , up to 2 mm, and may form clusters
with tabular plagioclase crystals. Plagioclase may be lath-shaped, blocky, or tabular, and
also occurs as large cluster of plagioclase crystals (< 3 mm). Concentrically zoned
plagioclase crystals are common. Clinopyroxene is the least abundant phase, and forms
sector-zoned crystals intergrown with plagioclase laths (< 1 mm) or occurs alone as

euhedral to anhedral crystals (< 1 mm).

AL4593-05 (Tortuga). Olivine- and plagioclase-phyric basalt. Clear, light brown glass
grades to microcrystalline interior. Vesicles are round (0.1-0.6 mm) or irregularly shaped
(typically elongate, < 1 mm long). Olivine (< 2.5 mm) ranges from euhedral to highly
skeletal, and occurs as lone crystals or in clusters or intergrowths with plagioclase.
Plagioclase is lath-shaped, blocky, or tabular. Plagioclase occurs alone, in clusters several
mm wide of plagioclase, or in clusters with olivine. Many blocky crystals have an

irregularly shaped core (often spongy) mantled by a euhedral rim.

AL4593-09 (Tortuga). Olivine- and plagioclase-phyric basalt. Clear, light brown glass is
locally devitrified against crystal margins. Vesicles are round (0.1-0.3 mm). Olivine (< 1
mm) ranges from euhedral to highly skeletal, and occurs as lone crystals or in clusters or

intergrowths with plagioclase. Plagioclase is lath-shaped, blocky, or tabular. Plagioclase
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occurs alone or in clusters with olivine. Some blocky plagioclase crystals have spongy

cellular cores.

AL4599-06 (pre- Del Norte flow field). Olivine-, plagioclase, and clinopyroxene-phyric
basalt. Clear, light brown glass grades to microcrystalline interior. Vesicles are round or
slightly irregularly shaped (0.1-0.6 mm). Olivine is euhedral to slightly skeletal (< 2
mm). Plagioclase is lath-shaped, tabular, or blocky. Concentric oscillatory zoning is
common. Many plagioclase crystals have an irregularly shaped core, mantled by a
euhedral rim. Clinopyroxene is abundant, and occurs both as sector-zoned crystals
intergrown with plagioclase (typically < 0.5 mm) and as larger crystals (< 2 mm) lacking
sector-zoning that commonly have a simple twin and sometimes form clusters with

plagioclase.

4.9.2. 92°W Low-magma-supply study area

AL4606-09 (Calor). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Light brown
glass grades to microcrystalline interior. Vesicles are round (0.1-1 mm) or irregularly
shaped (typically elongate, up to several mm). Olivine is skeletal (typically < 0.5 mm
long; rarely up to 1 mm) and commonly occurs in loose clusters with plagioclase and
clinopyroxene. Plagioclase predominantly occurs as laths with swallowtail or hopper
morphology, and rarely as larger (2 mm), tabular, rounded crystals. Clinopyroxene is

sector-zoned and occurs in clusters with plagioclase +/- olivine.

AL4608-07 (Calor). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Light brown
glass grades to microcrystalline interior. Vesicles are round (0.1-0.6 mm) or irregularly
shaped (typically elongate, up to several mm). Olivine is skeletal (< 0.4 mm) and
commonly occurs in loose clusters with plagioclase +/- clinopyroxene. Plagioclase forms
lath-shaped crystals with swallowtail or hopper morphology. Clinopyroxene is sector-

zoned and occurs in clusters with plagioclase +/- olivine.

AL4611-07 (Calor). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Light brown

glass grades to microcrystalline interior. Vesicles are round (0.1-1.2 mm) or irregularly
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shaped (typically elongate, up to several mm). Olivine is skeletal (< 0.4 mm) and
commonly occurs in loose clusters with plagioclase and clinopyroxene. Plagioclase forms
lath-shaped crystals with swallowtail or hopper morphology. Clinopyroxene is sector-

zoned and commonly occurs in clusters with plagioclase +/- olivine.

AL4616-09 (Calor). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Light brown
glass grades to microcrystalline interior. Vesicles are round (0.1-0.6 mm) or irregularly
shaped (typically elongate, up to several mm). Olivine is skeletal (< 0.6 mm) and
commonly occurs in clusters with plagioclase and clinopyroxene. Plagioclase forms lath-
shaped crystals with swallowtail or hopper morphology. Clinopyroxene is sector-zoned

(typically < 0.4 mm) and commonly occurs in clusters with plagioclase +/- olivine.

AL4616-14 (Calor). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Light brown
glass grades to microcrystalline interior. Vesicles are round (0.1-0.4 mm) or irregularly
shaped (up to several mm). Olivine is skeletal (< 1 mm) and commonly occurs in clusters
or intergrowths with plagioclase. Plagioclase is typically lath-shaped with swallowtail or
hopper morphology. Clinopyroxene is sector-zoned (< 0.5 mm) and occurs alone or in

intergrowths with plagioclase.

AL4610-06 (Cangrejo). Olivine- and plagioclase-phyric basalt. Light brown glass grades
to microcrystalline interior with abundant plagioclase microlites. Vesicles are small and
round (< 0.2 mm) or larger and more irregularly shaped (up to several mm). Olivine is
present as a microlite (< 0.1 mm) and rarely as large, euhedral crystals (< 1.5 mm).
Plagioclase occurs as lath-shaped crystals and as larger, tabular or blocky euhedral

crystals with oscillatory concentric zoning, some of which have boxy cellular cores.

AL4610-14 (Cangrejo). Plagioclase-phryic basalt. Light brown glass grades to spherulitic
interior. Vesicles are round (0.1-1.5 mm) or ovoid. Olivine is present as a microlite (< 0.1
mm) and rarely as slightly larger skeletal crystals (< 0.2 mm). Plagioclase occurs as small
lath-shaped crystals and as larger, tabular or blocky euhedral crystals, some of which

have oscillatory concentric zoning.
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AL4611-03 (Cobija). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Light
brown glass grades to devitrified interior. Vesicles are round (0.1-0.8 mm) or irregularly
shaped (typically <2 mm). Olivine forms skeletal crystals (< 0.4 mm), sometimes
intergrown with plagioclase. Plagioclase is lath-shaped, commonly with swallowtail or
hopper morphology. Clinopyroxene is sector-zoned (< 0.4 mm) and occurs alone or in

intergrowths with plagioclase.

AL4615-08 (Cobija). Olivine- and plagioclase-phyric basalt. Light brown glass grades to
microcrystalline interior. Vesicles are round (0.1-0.6 mm) or irregularly shaped (up to
several mm). Olivine is skeletal (typically < 0.6 mm) and occurs alone or in intergrowths
with plagioclase. Plagioclase is lath-shaped, sometimes with swallowtail or hopper

morphology.

AL4616-17 (Cobija). Olivine- and plagioclase-phyric basalt. Light brown glass grades to
microcrystalline interior. Vesicles are round (0.1-1 mm) or irregularly shaped (up to
several mm). Olivine is skeletal (< 0.4 mm) and occurs alone or in intergrowths with
plagioclase. Plagioclase is typically lath-shaped with swallowtail or hopper morphology.
Plagioclase also occurs as larger (up to several mm), blocky crystals with rounded or

irregular margins.

AL4613-06 (Cocodrilo). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Light
brown glass is locally devitrified in contact with crystals. Vesicles are round (0.1-1 mm)
or slightly irregular in shape. Olivine is skeletal (< 0.6 mm) and occurs alone or in
intergrowths with plagioclase. Plagioclase occurs as lath-shaped crystals, sometimes with
swallowtail or hopper morphology. Clinopyroxene is sector-zoned (< 0.6 mm) and occurs

alone or in intergrowths with plagioclase.

AL4614-03 (Cocodrilo). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Light
brown glass grades to microcrystalline interior. Vesicles are round (0.1-0.3 mm) or

irregularly shaped (up to several mm). Olivine is skeletal (< 1 mm) and occurs alone or
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intergrown with plagioclase. Plagioclase typically forms laths, sometimes with
swallowtail or hopper morphology. Plagioclase also occurs rarely as blocky euhedral
crystals. Clinopyroxene is sector-zoned (< 0.4 mm), and is typically intergrown with

plagioclase.

AL4610-01 (Dulces). Plagioclase- and clinopyroxene-phyric basaltic andesite. Light
brown glass grades to microcrystalline interior. Vesicles are round (0.1-1 mm) or
irregularly shaped. Plagioclase is lath-shaped or blocky. Blocky crystals commonly have

rounded core mantled by euhedral rims. Clinopyroxene is typically sector-zoned.

AL4613-02 (Dulces). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Light red-
brown glass grades to microcrystalline interior. Vesicles are round (0.1-1 mm) or
irregularly shaped (typically < 1 mm). Olivine is skeletal (< 0.6 mm) and commonly is
intergrown with plagioclase. Plagioclase is lath-shaped or blocky. Some crystals have a
rounded core mantled by a euhedral rim. Swallowtail morphology is common.
Clinopyroxene occurs mainly as sector-zoned crystals, commonly intergrown with
plagioclase. Clinopyroxene is less commonly present as reversely zoned crystals with a

rounded core mantled by a euhedral rim.

AL4613-04 (Dulces). Olivine-, plagioclase- and clinopyroxene-phyric basaltic andesite.
Light brown glass grades to microcrystalline interior. Vesicles are round (0.1-1.6 mm) or
slightly irregular in shape. Olivine is rare, but occurs as skeletal crystals (< 0.4 mm).
Plagioclase is lath-shaped, commonly with dendritic overgrowths (swallowtail
morphology). Plagioclase also occurs rarely as blocky crystals, sometimes with rounded
cores mantled by euhedral or skeletal rims. Clinopyroxene is abundant, commonly sector

zoned ( < 0.4 mm). Pigeonite is also present.
AL4616-02 (Empanada). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Red-

brown grades to devitrified interior. VESICLES Olivine is skeletal (typically elongate, <

0.8 mm) and is commonly intergrown with plagioclase. Plagioclase is lath-shaped, with
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swallowtail or hopper morphology. Clinopyroxene is sector-zoned (< 0.4 mm) and is

commonly intergrown with plagioclase.

AL4612-02 (Gusanos). Olivine- and plagioclase-phyric basalt. Light brown glass grades
to microcrystalline interior. Vesicles are round (0.1-0.5 mm) or, more commonly,
irregularly shaped (several mm). Olivine is skeletal (typically < 1 mm; rarely up to 1.5
mm) and is almost always intergrown with plagioclase. Plagioclase is lath-shaped,
tabular, or blocky (up to 2 mm). Many of the tabular and blocky crystals have concentric
oscillatory zoning; some have boxy cellular rims. Some of the larger olivine and
plagioclase crystals form clusters with associated devitrified glass in regions where the

surrounding groundmass is microcrystalline.

AL4612-06 (Gusanos). Olivine- and plagioclase-phyric basalt. Light brown glass grades
to microcrystalline interior. Vesicles are round (0.1-0.8 mm) or irregularly shaped (up to
several mm). Olivine is skeletal (elongate, < 1 mm), and is typically intergrown with
plagioclase. Plagioclase is lath-shaped, tabular, or blocky. Dendritic overgrowths are
common. Many of the tabular and blocky crystals have concentric oscillatory zoning;

some have boxy cellular rims.

AL4610-09 (Iguana). Aphyric basalt. Light brown glass grades to microcrystalline
interior. Vesicles are round (< 0.3 mm) or irregularly shaped (up to several mm).

Acicular plagioclase microlites dominate over skeletal olivine microlites in the interior.

AL4615-16 (Iguana). Olivine-, plagioclase-, and clinopyroxene-phyric basalt. Light
brown glass grades to microcrystalline interior. Vesicles are round (< 1 mm) or
irregularly shaped (up to several mm). Olivine is skeletal (< 0.2 mm). Plagioclase is lath-

shaped, often with swallowtail morphology. Clinopyroxene is sector-zoned (< 0.2 mm).

AL4618-02 (Lagarto). Olivine- and plagioclase-phyric basalt. Light brown glass grades to
microcrystalline interior. Vesicles are round (< 0.3 mm) or irregularly shaped (up to

several mm). Olivine occurs rarely as large, equant crystals (< 1 mm) in clusters with
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tabular plagioclase. Plagioclase is blocky or tabular, sometimes with spongy cellular
cores or oscillatory concentric zoning. Olivine and plagioclase are also present as

microlites.

AL4618-04 (Lagarto). Olivine- and plagioclase-phyric basalt. Light brown glass grades to
microcrystalline interior. Vesicles are round (0.1-0.5 mm) or irregularly shaped (up to
several mm). Olivine is skeletal (< 0.8 mm) and typically is intergrown with plagioclase.
Plagioclase is lath-shaped, tabular, or blocky. Dendritic overgrowths are present on some

crystals. Blocky and tabular crystals commonly have oscillatory concentric zoning.

AL4618-12 (Lagarto). Olivine- and plagioclase-phyric basalt. Light brown glass is locally
devitrified in contact with crystals. Vesicles are round (< 0.6 mm). Olivine is skeletal (<
0.6 mm) and typically is intergrown with plagioclase. Plagioclase is lath-shaped, tabular,
or blocky. Dendritic overgrowths are present on some crystals. Blocky and tabular
crystals commonly have oscillatory concentric zoning, and less commonly have spongy

cores.

AL4617-04 (Lobo del Mar). Plagioclase-phyric basalt. Light brown glass grades to
devitrified interior. Vesicles are round (<0.2 mm) or irregularly shaped (up to several
mm). Some crystals are euhedral (sometimes with dendritic overgrowths), while other
have rounded margins. Some crystals have spongy cellular cores. Some crystals have
rounded cores mantled by euhedral rims. Plagioclase is the only microlite phase;
abundant plagioclase microlites are well aligned in the interior, but are absent in the

glassy outer rim.

AL4617-06 (Lobo del Mar). Plagioclase-phyric basalt. Light brown glass grades to
devitrified interior. Vesicles are round or irregularly shaped (< 0.2 mm). Larger pipe
vesicles are also present. Plagioclase is tabular or blocky. Many plagioclase have
interesting disequilibrium textures. Some crystals have rounded or spongy cellular cores

mantled by euhedral rims; other crystals have concentric oscillatory zoning. Plagioclase

163



is the only microlite phase; abundant plagioclase microlites are well aligned in the

interior, but are absent in the glassy outer rim.

AL4609-02 (Ninos). Glassy, aphyric basalt. Light brown glass throughout, with small,

sparse, incipient microlites. Vesicles are round (< 0.2 mm).

AL4609-09 (Ninos). Sparsely olivine- and plagioclase-phyric basalt. Red-brown glass
grades to microcrystalline interior. Vesicles are round (< 1.5 mm) or irregularly shaped.
Olivine is skeletal (< 0.4 mm). Plagioclase is lath-shaped. Clinopyroxene is also present

as a microlite.

AL4614-05 (Ninos). Aphyric basalt. Red-brown glass grades to microcrystalline interior.
Vesicles are round (< 1 mm) or irregularly shaped (up to several mm). Olivine,
plagioclase, and clinopyroxene are present as microlites and rarely as microphenocrysts

(< 0.2 mm).

AL4614-06 (Ninos). Aphyric basalt. Red-brown glass is locally devitrified. Vesicles are
round (< 1 mm). Plagioclase microlites are very rare, but present, in addition to rare

rounded plagioclase and olivine microphenocrysts (< 0.2 mm).
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CHAPTER 5. CONCLUSIONS
5.1. Summary

Results presented in this dissertation provide insight into the effects of variable
rates of magma supply on eruption style (Chapter 2), depths of magma residence
(Chapter 3), and sub-axial magmatic processes prior to eruption (Chapter 4), as
summarized in Table 5.1. Studying the products of individual eruptive episodes (the
eruption-scale approach) allows temporal variability in eruption characteristics and
magma reservoir properties to be constrained, providing a more complete understanding
of the range of conditions that is possible at a given rate of magma supply. Characterizing
anomalous eruptions in addition to more typical eruptive behavior is important to
understanding magmatic systems, particularly at relatively low rates of magma supply,
where magma reservoirs are apparently not present in a steady state.

At 92°W, where the time-averaged rate of magma supply is relatively high
(0.4x10° m*/km/yr), a melt lens has been seismically imaged at ~1.7 km beneath the
seafloor (Blacic et al., 2004). This melt lens is likely persistent in time as well as in space
(present at depths of 1-2 km along much of the spreading axis east of 92.5°W (Blacic et
al., 2004)), although fluctuations in its temperature are apparent in the widely variable
MgO content of erupted lavas (2.7-8.4 wt. %). Variations in MgO can be explained by
fractional crystallization within the melt lens. There also is evidence for assimilation of
hydrothermally altered crustal material within the shallow melt lens. Frequent eruptions
(at least eight in the last 400 years (Bowles et al., 2014)) tap magmas with varying
parental magmas, indicating frequent replenishment of the melt lens. Magmatic recharge
apparently does not precede every eruption, however. Eruptions at 92°W tend to be small
(0.002-0.13 km®), occur at relatively high effusion rates, and commonly are fissure fed,
consistent with predictions for the effects of shallow melt lens depth on eruption rate and
edifice morphology.

Magma reservoirs at the low-magma-supply 95°W study area are likely
dominated by crystal-rich mush, consistent with the lack of seismically observed melt
lens reflectors at any location west of 94.3°W (Blacic et al., 2004). Before the last three
eruptions at 95°W, however, magma residence depths were relatively consistent at 3-3.4

km below the seafloor. This suggests that there is a preferred magma residence depth,
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even at rates of magma supply too low to sustain a persistent shallow, seismically

detectable melt lens. Melt-rich eruptible magma is likely only present shortly after

magmatic recharge, and many eruptions contain evidence of mixing between

compositionally distinct magmas. Eruptions at 95°W are larger in volume (0.09-1.3 km"),

and occur less frequently, than at 92°W. Eruptions occur at lower average effusion rates,

typically producing irregular clusters of pillow mounds or larger flat-topped axial

seamounts. Between magmatic recharge events, magma evolution within the mush zone

results in elevated incompatible element contents with decreasing temperature or MgO,

relative to those predicted for fractional crystallization.

Table 5.1. Summary of effects of magma supply on magma reservoirs and eruption characteristics

Eruptive volume

Eruptive style

Seismically imaged melt lens

Magma residence depths
Eruption temperatures
Assimilation of hydrothermally
altered material

Mush-melt interaction

Frequency of magmatic
recharge

5.2. Future work

Low-magma-supply, 95°W

High-magma-supply, 92°W

Relatively large (0.09-1.3 km®)

Lower average effusion rates;
eruption from point sources

None present
3-3.4 km below seafloor

1130-1220°C

Affects compositions of erupted
lavas

Precedes each eruption

Relatively small (0.002-0.13 km®)

Higher average effusion rates;
eruption along fissures
Strong reflector, continuous
along-axis
~1.7 km below seafloor

1060-1210°C

Affects compositions of erupted
lavas

Some eruptions not preceded by
recent recharge events

Having documented variations in major and trace element glass and whole rock

chemistry and major element compositions of mineral phases, the sequences of mapped

eruptive units can be used for more detailed studies of specific parameters related to

magma reservoirs and eruptive processes, or more detailed studies of conditions at a

specific time (represented by an individual lava flow field). Additionally, the eruption-

scale approach can be applied at other locations in order to better constrain the global

systematics of variations in mid-ocean ridge behavior. Several potential directions for

further work are outlined below.
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5.2.1. Evaluation of magma reservoir depth as a control on eruptive style (effusion rate
and edifice morphology)

There is significant variability in eruptive edifice morphology among mapped
eruptions at 95°W, including large, flat-topped axial seamounts (Buho, Pinguino,
Tortuga), smaller and more irregularly shaped clusters of pillow mounds (Dragon,
Pulgar), and fissure-fed eruptions that alternately ponded within the axial graben (Del
Norte) or built pillow ridges (Frijoles). Effusion rates inferred from lava morphology are
also variable, ranging from relatively high effusion rates during the earlier phases of the
Del Norte eruption, when sheet flows were emplaced, to the much more common low
effusion rates associated with pillow lavas. In addition, eruptive volumes at 95°W span
roughly an order of magnitude, from 0.09 to 1.3 km’. These characteristics contrast with
those at 92°W, where fissure-fed eruptions are more common, and the single axial
seamount is significantly smaller than those at 95°W.

Various controls on eruptive style, edifice morphology, and eruptive volume have
been proposed, including magma reservoir depths (e.g., Smith & Cann, 1992) and dike
widths (e.g., Head ef al., 1996). Smith & Cann (1992) presented a model in which the
heights of flat-topped seamounts are controlled by the depths of the magma reservoir;
seamounts 100-m (e.g., Empanada), 200-m (e.g., Pinguino) and 300-m tall (e.g., Tortuga)
are predicted to be fed from magma reservoirs at depths of 2.0 km, 2.9 km and 3.7 km,
respectively. A systematic study of magma residence depth prior to eruption, as recorded
by volatile element saturation pressures of olivine-hosted melt inclusions, could help
constrain models of mid-ocean ridge eruption dynamics. Effusion rates inferred from lava
morphology are known to generally increase with decreasing magma reservoir depths,
but a predictive model for this relationship does not exist presently. Questions to address
include whether there is a correlation between reservoir depth and lava effusion rate,
edifice morphology, height, and/ or volume. Additional constraints on the magma
reservoir depth at 95°W would also better constrain the spatial and temporal variability of

magma reservoir depths at this relatively low-magma-supply location.
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5.2.2. Magmatic evolution in mush-dominated magma reservoirs

Although crystal-rich mush is thought to dominate the magma reservoir at the
low-magma-supply study area, its effects on erupted compositions have not been
sufficiently explored. The in situ crystallization model used in Section 4.7.3 represents an
approach to modeling mush-melt interactions in which sub-liquidus equilibrium
crystallization dominates. An alternative is to consider the effects of disequilibrium melt-
rock interactions during migration of melts through the lower crust, as recorded in gabbro
textures and mineral compositions (e.g., Lissenberg & Dick, 2008). Further constraints on
the compositions of melts coexisting with crystals in mush zones could be obtained by
analyzing trace element compositions of zoned phenocryst cores, which likely record
residence within a crystal-rich mush. Costa et al. (2010) used this approach to constrain
the MgO of interstitial melts in mush zones (via measurements of MgO in plagioclase).

Another unanswered question is the extent to which recharge magma is modified
by interactions with resident mineral phases (reaction or dissolution) as it mixes with
resident mush. In the treatment of mixing between relatively high- and low-MgO end-
members in the Dulces and Frijoles eruptive units, mixing was assumed to be a binary
process between two liquids. The presence of crystals with strong resorption textures and
zonation indicates that mineral-melt reactions also occur during the mixing process,

although the magnitude of their effect on melt compositions has not been determined.

5.2.3. Timescales of magma mixing and eruption

Sinton & Detrick (1992) suggested that at relatively low rates of magma supply,
magmatic recharge is closely linked in time to eruption, and may even trigger eruptions.
Several eruptive units have variations in glass composition and mineral chemistry and
textures indicative of magma mixing shortly prior to eruption (e.g., Frijoles, Altares,
Dulces). In others, such as Gusanos, Del Norte, and Dragén, compositional variations are
more limited and, although reversely zoned plagioclase crystals are present, olivine is
normally zoned or unzoned. The timing of magma recharge relative to eruption could be
constrained by modeling of diffusion profiles for both olivine and plagioclase, so that
timescales of magma recharge relative to eruption could be compared between the two

study areas and among eruptions at a given study area. This approach has been applied to
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samples from the Mid-Atlantic Ridge and Costa Rica Rift, where timescales between

mush remobilization and eruption were typically less than one year (Costa et al., 2010).

5.2.4 Constraints on mantle composition and melting processes along axis

As indicated in Section 4.7.1, the specific composition of the mantle beneath both
the plume-influenced regions of the GSC and beyond the limits of plume influence, west
of 95.5°W, have not been determined precisely. A more detailed analysis of how these
mantle compositions differ could yield insight into the origin and nature of the Galapagos
plume. The combination of detailed sample sets at 95°W and 92°W and more widely
spaced samples along the length of the GSC constrain both the variability at a given
location and the larger trends related to proximity to the Galdpagos hotspot. Ideally,
existing geochemical data would be combined with isotopic data for the detailed study
areas, in order to constrain both trace element and isotopic variability at these locations.

In addition, the range of compositions observed at both 92°W and 95°W is greater
than predicted by the simplified model of Ingle et al. (2010), which incorporates constant
proportions of two primary lithologies along axis, and complete extraction and pooling of
all melts from the subaxial melting regime. The extent to which the extended range of
compositions reflects incomplete pooling or different mantle compositions along axis has

yet to be determined.

5.2.5. Applying the eruption-scale approach at lower rates of magma supply

Applying the eruption-scale approach to additional mid-ocean ridge locations
with different rates of magma supply would extend the observations made here. At
several locations with very high rates of magma supply (~0.7x10°m*/km/yr) along the
southern East Pacific Rise, the most recent eruptions have been identified, mapped, and
sampled (Sinton et al., 2002), but similar studies are lacking at lower rates of magma
supply. A magma supply rate of ~0.3x10°m*/km/yr appears to be a threshold below
which persistent melt lenses in the crust are not viable; the GSC at 95°W 1is just below
this threshold. We have attributed many of the differences between study areas at 95°W
and 92°W to the presence of a persistent melt-rich lens only at 92°W. At 97°W,

seamounts are even more common than at 95°W (Behn et al., 2004), and lavas are
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restricted to higher Mg# (51-62 at 97°W (Cushman et al., 2004); 44-62 at 95°W). Thus
significant differences exist between 95°W and locations farther to the west, beyond the
limit of hotspot influence, which suggest systematic differences in eruption

characteristics and magma reservoirs also occur at even lower rates of magma supply.
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