
1. Introduction
Ocean islands form as a consequence of the intermittent eruption of lavas in a localized area as the Earth's 
lithosphere moves over a hotspot source (Wilson, 1963). Long-lived hotspot volcanism is most succinctly 
explained by the concept of so-called “plume theory” (Campbell, 2007; Morgan, 1971), which states that 
upwelling mantle “plumes,” originating from the deep Earth, melt as they near the lithosphere, resulting 
in hotspot volcanism. “Plume theory” predicts linear volcanic chains that age in the direction of plate mo-
tion, relative to their fixed plume source. A single island or seamount contains an integrated history of 
repeated eruptions over a finite period of time (Morgan, 1971), whereas ocean island and seamount chains 
can collectively record hotspot activity occurring over tens-of-millions of years. As a result, ocean islands 

Abstract Rarely have small seamounts on the flanks of hotspot derived ocean-island volcanoes been 
the targets of sampling, due to sparse high-resolution mapping near ocean islands. In the Galápagos 
Archipelago, for instance, sampling has primarily targeted the subaerial volcanic edifices, with only a few 
studies focusing on large-volume submarine features. Sampling restricted to these large volcanic features 
may present a selection bias, potentially resulting in a skewed view of magmatic and source processes 
because mature magmatic systems support mixing and volcanic accretion that overprints early magmatic 
stages. We demonstrate how finer-scale sampling of satellite seamounts surrounding the volcanic islands 
in the Galápagos can be used to lessen this bias and thus, better constrain the evolution of these volcanoes. 
Seamounts were targeted in the vicinity of Floreana and Fernandina Islands, and between Santiago 
and Santa Cruz. In all regions, individual seamounts are typically monogenetic, but each seamount 
field requires multigenerational magmatic episodes to account for their geochemical variability. This 
study demonstrates that in the southern and eastern regions the seamounts are characterized by greater 
geochemical variability than the islands they surround but all three regions have (Sr-Nd-He) isotopic 
signatures that resemble neighboring islands. Variations in seamount chemistry from alkalic to tholeiitic 
near Fernandina support the concept that islands along the center of the hotspot track undergo greater 
mean depths of melting, as predicted by plume theory. Patterns of geochemical and isotopic enrichment 
of seamounts within each region support fine-scale mantle heterogeneities in the mantle plume sourcing 
the Galápagos hotspot.

Plain Language Summary Hotspots are places on Earth where volcanism occurs away from 
major plate boundaries and are, thus, not explained by the theory of plate tectonics. Instead, “plume 
theory” predicts that a least a portion of hotspot volcanism is related to the upwelling of hot mantle, 
which partially melts as it ascends and forms magma that produces ocean-island volcanoes. Chemistry of 
lavas sourced from these volcanoes are used to test predictions of the lifecycle of volcanoes, based on this 
theory, and understand chemical structure of the deep Earth. From a pragmatic perspective, a majority 
of the samples used to test plume theory are from the part of the islands that are exposed above the sea 
surface. We suggest that sampling restricted to these subaerial volcanic features may result in a biased 
view of magmatic and source processes. In this study we investigate whether finer-scale sampling of small 
submarine volcanoes surrounding the major islands in the Galápagos Archipelago can be used to more 
thoroughly test “plume theory.” We show that seamounts exhibit greater chemical variability than the 
islands they surround. Samples from the seamounts align more closely with predictions of plume theory 
than island samples alone.
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and seamount chains can provide a remarkable long-term record of mantle source characteristics, crustal 
melt-storage and transfer, and eruption (Devey et al., 2003). These long-term records can be used to test 
detailed predictions of plume theory (Campbell, 2007) beyond basic age-progressive volcanic chains (Devey 
et al., 2003), which can be explained by other mechanisms (Courtillot et al., 2003). For example, a secondary 
test on plume theory is that volcanism resulting from an upwelling plume begins with low degrees of melt-
ing at its leading edge, which increases to an apex above the center of upwelling and is followed by lower 
extents of melting downstream, accompanied by waxing and waning volcanic intensity (Watson & McKen-
zie, 1991). This is predicted to cause melting at greater mean depths at the periphery of the plume due to a 
lower upwelling velocity than at its stem (Campbell, 2007). However, due to the difficulty in accessing the 
submarine portions of ocean island systems, the majority of the sampling of ocean island basalts (OIBs) has 
occurred on subaerial edifices or large submarine targets. This is potentially an issue since the extreme end-
members of the OIB source are modified as melts mix (Stracke & Bourdon, 2009), evolve, and react during 
ascent and storage in the lithosphere prior to eruption at ocean islands (e.g., Peterson et al., 2014, 2017; Saal 
et al., 2007). Furthermore, ocean island volcanoes, being polygenetic in nature, are continuously erupting, 
and overprinting variations that arise during island growth (Devey et al., 2003). The potential for mixing 
in the mantle and crust, and resurfacing of the island, are greatest during the main stage of ocean island 
growth, where robust magma-supply favors the formation of shallow magma-reservoirs and large volume 
eruptions (e.g., Geist et al., 2014a). As a consequence, these highly processed lavas may dominate sampling 
even where volcanic edifices are dissected by erosion or mass wasting (e.g., Geist et al., 2002), leading to a 
selection bias. Thus, it is difficult to distinguish between ocean-island systems that lack origins consistent 
with the detailed predictions of plume theory and those that are inadequately sampled.

If there is a significant sample selection bias, we predict that: (1) plume-derived ocean islands should under-
go an evolutionary sequence predicted by plume theory, with inconsistencies that represent oversampling 
of the main stage of formation, and (2) the length scales and magnitudes of mantle heterogeneity are finer 
and more extreme, respectively, than what is preserved in OIB due to magma mixing during ascent and 
storage in subisland magma chambers. The efficiency of this effect will be dependent on magma supply 
(i.e., completeness of lava flow cover), the arrangement of isotopic domains in the mantle and plate motion 
(e.g., Jones et al., 2017), and will be accentuated at ocean islands that are not extensively dissected by ero-
sion or have less subaerial exposure. Furthermore, melting systematics introduced when there are multiple 
lithologies, with differing solidus temperatures, within a single mantle plume, can lead to burial of early 
erupted heterogeneities (Jones et al., 2017), which is tangentially related to the bias introduced by studying 
the mantle through ocean islands (e.g., Ito & Bianco, 2014; Stracke & Bourdon, 2009).

Smaller monogenetic cones are common features surrounding larger point-source volcanoes, and generally 
show greater chemical variability relative to one another than the larger edifice they surround (Brenna 
et al., 2011; Smith & Németh, 2017). Presumably, these smaller cones sample melts that ascend vertically 
and bypass the centralized magmatic system. As such, they potentially provide an alternative, punctuat-
ed record of source and storage conditions in a magmatic system (Wood, 1979). In ocean island systems, 
these features can be satellite cones or rift zones on a volcano flank or small seamounts on the submerged 
periphery of the volcanic island. Although the former is commonly targeted for sampling, these subaerial 
features are probably derived from the same central magma chamber feeding the larger volcano. The sea-
mounts on the flanks of an ocean island volcano, given their peripheral location compared to similarly sized 
subaerial features, might instead originate from a reservoir isolated from that of an ocean island, providing 
a different perspective on the magmatic system. Thus, one approach to evaluating ocean island evolution 
and mantle heterogeneity on a finer scale is to sample lavas from near-island seamounts, which may not 
be overprinted during mainstage volcanism. Modern sonar systems have the ability to map, in detail, the 
shallow seafloor near ocean islands revealing innumerable constructive features, which previously eluded 
detection (e.g., Casalbore et al., 2018; Cousens & Clague, 2015; Greene et al., 2010; Schwartz et al., 2018a; 
Wanless et al., 2006a). The identification of these features provides an opportunity to test the significance 
of a sample selection bias.

We apply the concept of detailed intervolcano sampling at the Galápagos Archipelago, a hotspot sourced 
ocean-island system that does not conform to all aspects of traditional plume theory (Harpp & Geist, 2018). 
Interpretation of the origins of Galápagos volcanism is predominately based on geochemical analyses of 
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samples erupted on the subaerial volcanic islands (e.g., White et al., 1993), expansive submarine lava flows 
that form the platform terraces (Anderson et al., 2018; Geist et al., 2006, 2008), or dredging of massive sea-
mounts offset from the currently active volcanic platform (Christie et al., 1992; Harpp & White, 2001; Ho-
ernle et al., 2000; Sinton et al., 2014; Werner et al., 1999, 2003). Significant advances in our understanding 
of the Galápagos have come from investigations of the submarine system (long lava flows, platform studies, 
and northern Galápagos); however, these studies focus on large features on the periphery of the archipelago 
with limited investigations of submarine volcanic features on the top of the Galápagos Platform (Carey 
et al., 2016; Schwartz et al., 2018a). Here, we evaluate the importance of sample selection bias by investigat-
ing the distribution and geochemical heterogeneity of small near-island seamounts located throughout the 
modern archipelago. We present chemical and isotopic characterization of new samples from seamounts 
located in three regions, two of which are located on top of the platform and one on the leading edge of 
the plume. The lava compositions observed in each seamount region are compared to the adjacent volcanic 
islands to evaluate the relation between the seamounts and the main magmatic systems. Within this frame-
work, we assess if seamount sampling extends the chemical and isotopic geography in each region, how this 
relates to the evolution of the Galápagos hotspot system, and the nature of heterogeneities in the Galápagos 
mantle source.

2. Background
2.1. Galápagos Island Evolution and Plume Theory

The Galápagos Archipelago is located on the Nazca Plate, approximately 200 km south of the Galápagos 
Spreading Center and 1,000 km off the west coast of South America (Figure 1). The Galápagos consists of 
13 volcanic islands (McBirney & Williams, 1969) and numerous satellite constructions and seamounts (Fig-
ure 1; Schwartz et al., 2018a). Geophysical observations indicate that the Galápagos Islands are underlain 
by anomalously hot asthenosphere with an excess temperature of 30°C–150°C, attributed to the under-
lying Galápagos hotspot (Hooft et al., 2003; Villagomez et al., 2007, 2014). Basalts erupted at the western 
edge of the archipelago carry a chemical signature characteristic of an isolated primitive mantle reservoir 
(3He/4He > 30 R/RA; Graham et al., 1993; Kurz & Geist, 1999; Kurz et al., 2009, 2014), suggesting that the 
hotspot results from upwelling and melting of a deeply seated mantle plume (Courtillot et al., 2003).

Galápagos Islands are most volcanically active on the western edge of the archipelago (Allan & Simkin, 2000) 
and increase in age with the direction of plate motion to the east (Geist et al., 2014b), consistent with their 
construction over a fixed source in the mantle (White et al., 1993; 51 km/Ma to the east; Argus et al., 2010) 
(Figure 1). Despite this general aging trend, islands remain volcanically active much longer than is predict-
ed by plume theory alone, with historic eruptions distributed over an ∼200 km-wide area on the islands of 
Fernandina, Floreana, Santiago and San Cristobal (Siebert et al., 2011). This prolonged volcanic activity has 
been explained by changes in lithospheric thickness across the archipelago that is not observed in Hawai'i 
(Feighner & Richards, 1994; Gibson & Geist, 2010) and interaction of the hotspot with a mid-ocean ridge to 
the north (Cleary et al., 2020; Colin et al., 2011; Cushman et al., 2004; Detrick et al., 2002; Kelley et al., 2013; 
Kokfelt et al., 2005), which may enhance volcanic activity downstream from the center of upwelling (Harpp 
et al., 2003; Harpp & Geist, 2002, 2018; Mittelstaedt et al., 2012).

Unlike many other ocean island systems, the volcanic islands in the modern Galápagos Archipelago are 
underlain by a large, shallow submarine platform (Geist et al., 2006, 2008). The platform has nearly 4,000 m 
of vertical relief in the west, at the leading edge of the hotspot, and represents the majority of erupted mate-
rial in the archipelago. Platform construction is thought to have occurred through eruption of large-volume 
tholeiitic lava-flows that preceded island formation above the leading edge of the plume (Geist et al., 2008). 
If true, this suggests that either (i) the earliest phase of volcanism in the Galápagos differs significantly 
from that of prototypical hotspot evolution, where initial island building begins with low-volume, preshield 
building, alkalic magmatism (Clague & Dalrymple, 1987) or (ii) the evidence of this phase has been buried 
by subsequent volcanism. Recent analysis of long lava-flows extending west of the platform are alkalic and 
are attributed to low degrees of partial melting (Anderson et al., 2018). It is unclear how exactly these sparse 
alkalic flows relate to island formation along the central hotspot track. One possibility is that the absence of 
a clear preshield phase results from inadequate sampling above the leading edge of the plume.
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Figure 1. a) Map of the Galápagos Archipelago, with islands are shown in green. Literature sample locations are 
shown as colored squares (see Section 3.5 for data sources). Samples from this study are shown as colored circles. 
Samples are colored by agglomerative clustering into five affinities based on similarities in trace element and isotopic 
ratios (see panel c and Section 3.5 for more details). Samples from literature data that do not include all of the elements 
and isotope ratios used in the clustering analysis are gray (see Table 1 for data sources). Bathymetric contour interval 
is 500 m except the shallowest index at 250 m, data from Ryan et al. (2009). Filled colored boxes show the locations of 
panels in Figure 2. Open colored boxes show the locations of panels in Figure 3. Nazca Plate motion, relative to the 
fixed hotspot reference frame is nearly due east and is shown as a black arrow in the bottom left of the map (Argus 
et al., 2010). (b) Gray star shows the location of the Galápagos Archipelago. (c) Dendrogram showing results of the 
regional agglomerative clustering analysis. Samples from this study are indicated by the color flags corresponding to 
their regional colors in panel a and labeled by seamount. Samples are ordered by their similarity within each affinity 
(see Section 3.5 for more details) (d) Select portion of the dendrogram, enlarged to show details. Individual samples are 
shown as leaves at the bottom of the diagram. The first three linkage-steps for the leaf on the far left of the diagram, 
and its subsequent clades, are indicated with arrows. Clades are any group of samples within the dendrogram, with 
examples labeled in the figure inset.
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2.2. Isotopic Zonation of the Galápagos Plume

Since its early expression in the Caribbean Large Igneous Province (∼90 Ma; Gazel et al., 2018; Geldmacher 
et al., 2003), the Galápagos hotspot has produced lavas of four geochemical types with the same spatial 
distribution of distinct isotopic domains reflected at the surface for >70 Ma (Buchs et al., 2016; Geldmacher 
et al., 2003; Gazel et al., 2018; Hauff et al., 2000; Hoernle et al., 2000; Harpp et al., 2014a; Trela et al., 2015; 
White et al., 1993; Werner et al., 2003). In general, individual islands (especially those in the west), sea-
mounts, and submarine lava flows are typified by eruption of relatively limited lava compositions compared 
to the geochemical diversity observed on the archipelago scale (White et al., 1993). Based on radiogenic 
isotope ratios, the zonation of the Galápagos mantle plume is commonly described as a horseshoe with an 
enriched and a depleted interior (Geist et al., 1988; White & Hofmann, 1978; Figure 1). In the modern archi-
pelago, different endmember components contributing to these domains have been defined through princi-
ple component analysis and are commonly referred to as PLUME (given its predominance at the center of 
“plume” upwelling), FLO (short for “Floreana”) and depleted upper-mantle (DUM), and Wolf-Darwin Lin-
eament (WDL) (Harpp & White, 2001). The unique zonation pattern, consisting of the highest contributions 
from enriched PLUME material to the west, FLO to the south and DUM to the east, has been attributed to 
entrainment of upper mantle into a gradationally-zoned plume during ascent (Blichert-Toft & White, 2001; 
Harpp & White, 2001; White et al., 1993), plume-ridge interaction (Gibson et al., 2015; Ito & Bianco, 2014), 
or tapping of a complexly zoned or striped plume (Gazel et al., 2018; Gibson et al., 2012; Harpp et al., 2014a; 
Hoernle et al., 2000; Werner et al., 2003; White et al., 1993). Helium isotopic variations also show strong 
geographical zonation, with Fernandina as the most distinct high 3He/4He endmember (Kurz et al., 2009; 
Kurz & Geist, 1999). Other models suggest that isotopic heterogeneities are much shorter, on the kilometer 
scale or less (e.g., Harpp et al., 2014b). Regardless of the exact origins of the mantle heterogeneities, almost 
all studies invoke models of the mantle that have unevenly distributed portions of the principle component 
endmembers described by Harpp et al. (2001), that are preferentially sampled by the various islands in a 
geographically coherent way.

If the large edifice sampling selection bias has played a significant role in the formulation of the domain 
model (Hoernle et al., 2000), then sampling on a finer scale should resolve more extreme variation in the 
trace element and isotopic compositions of erupted lavas. Fine-scale sampling provides an opportunity to 
test whether or not isotopic domains represent greater portions of the endmembers represented by the prin-
ciple components identified by Harpp and White (2001). At the very least, higher resolution sampling can 
be used to investigate the extent to which the apparent domains are a mixture of different proportions of all 
endmembers identified as principle components by Harpp and White (2001). If selection bias is insignifi-
cant, then all seamount samples will be of a similar composition to the domain represented in each region 
or that of a previously sampled upstream domain.

3. Methods
3.1. Seamount Mapping, Sampling and Initial Sample Preparation

In 2015, two research cruises on the E/V Nautilus and M/V Alucia mapped >100 seamounts on the top of the 
Galápagos Platform, most of which were previously undiscovered (Carey et al., 2016; Schwartz et al., 2018a, 
2018b). Approximately 150 rock samples were collected from the seamounts using the Ocean Exploration 
Trust's remotely operated vehicle Hercules and the Dalio Foundation's human occupied submersibles Deep 
Rover 2 and Nadir (Table S1). The seamounts visited in this study are referred to by their corresponding 
Deep Rover 2 dive number (e.g., DR366). Seamounts around three islands were targeted: south and south-
east of Santiago, northwest of Floreana, and south of Fernandina (Figure 1; Table 1). These regions were 
chosen based on satellite altimetry derived bathymetry that suggested the presence of seamounts (Ryan 
et al., 2009), and because they contain basalts with characteristics that represent three of the primary geo-
chemical endmembers (PLUME, DUM, and FLO) in the archipelago (e.g., Harpp et al., 2001).

The seamounts were mapped at 10 m spatial resolution by shipboard multibeam (Schwartz et al., 2018a, 
Figure 2). Once mapped, seamounts were targeted that displayed variable morphology (e.g., elongation di-
rection, aspect ratio; surface roughness, and volume) in order to increase the likelihood of sampling unique 
volcanic events and to test whether there is any systematic relationship between seamount morphology 
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Seamount 
sample

Vol. 
(km3)

Aspect 
ratio

Elong. 
dir. MgO K2O+Na2O [La/Sm]N [Sm/Yb]N 87Sr/86Sr 143Nd/144Nd

Eastern region 6.4 6.8(3.2) 4.0(1.6) 1.6(0.7) 2.1(0.6) 0.70301(25) 0.51303(6)

Seamounts 0.07 1.7 96 8.9(1.1) 2.8(0.3) 1.1(0.3) 1.8(0.4) 0.70281(10) 0.51305(3)

DR366 0.35 1.7 82 9.25 2.65 0.87 1.48 0.702787 0.513054

AL150801-007 9.25 2.48 0.81 1.40

AL150801-006 8.44 2.80 0.88 1.49

AL150801-005 10.1 2.50 0.88 1.50 0.702741 0.513068

AL150801-004 8.58 2.83 0.90 1.54

AL150801-003 9.72 2.54 0.89 1.50

AL150801-001 9.42 2.76 0.88 1.47 0.702834 0.513040

DR367 0.39 2.0 90 8.98 2.63 0.82 1.62 0.702652 0.513082

AL150801-016 10.1 2.73 0.84 1.65 0.702665 0.513085

AL150801-013 8.06 2.51 0.82 1.56

AL150801-012 8.81 2.67 0.82 1.64 0.702639 0.513078

AL150801-011 8.93 2.61 0.82 1.62

DR368 0.35 1.5 118 9.74 2.54 0.93 1.45 0.702827 0.513056

AL150801-029 9.54 2.52 0.93 1.44

AL150801-028 10.2 2.63 0.96 1.51

AL150801-027 10.6 2.44 0.92 1.44 0.702827 0.513056

AL150801-026 9.05 2.55 0.90 1.46

AL150801-025 9.81 2.47 0.92 1.46

AL150801-024 9.94 2.59 0.95 1.48

AL150801-023 9.50 2.54 0.91 1.42

AL150801-022 9.28 2.57 0.91 1.42

DR369-70 0.13 1.2 100 8.95 2.63 0.93 1.53 0.702709 0.513070

AL150801-034 8.95 2.63 0.93 1.53 0.702709 0.513070

DR371 0.11 1.1 138 9.12 2.97 1.07 1.78 0.702717 0.513081

AL150801-036 9.12 2.97 1.07 1.78 0.702717 0.513081

DR372 0.38 1.4 1 7.74 2.80 1.13 1.54 0.702870 0.513047

AL150801-045 7.66 2.55 0.90 1.36

AL150801-043 6.52 2.60 0.89 1.49

AL150801-042 8.69 2.59 0.91 1.47 0.702867 0.513050

AL150801-039 8.26 2.50 0.96 1.48 0.702832 0.513037

AL150801-038 7.59 3.25 1.59 1.65

AL150801-037 7.70 3.33 1.55 1.78 0.702911 0.513054

DR373 5.11 3.63 1.56 2.39 0.702888 0.513056

AL150801-048 5.11 3.63 1.56 2.39 0.702888 0.513056

DR374 0.35 1.5 126 10.48 2.38 0.77 1.31 0.702846 0.513053

AL150801-055 10.1 2.42 0.80 1.35

AL150801-052 10.5 2.37 0.76 1.30

AL150801-051 10.9 2.35 0.76 1.30 0.702846 0.513053

DR375 0.024 1.1 90 8.66 3.08 1.05 1.63 0.702746 0.513078

AL150801-058 8.57 3.03 1.05 1.64

Table 1 
Summary of Geochemical and Morphological Data by Region and Seamount
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Table 1  (continued)

Seamount 
sample

Vol. 
(km3)

Aspect 
ratio

Elong. 
dir. MgO K2O+Na2O [La/Sm]N [Sm/Yb]N 87Sr/86Sr 143Nd/144Nd

AL150801-057 8.46 3.14 1.04 1.62

AL150801-056 8.95 3.06 1.05 1.62 0.702746 0.513078

HERC1 0.30 1.3 57 8.50 3.22 1.47 2.32 0.702996 0.513004

NA-064-114 8.64 3.16 1.51 2.30

NA-064-115 8.35 3.13 1.45 2.26

NA-064-116 8.10 3.22 1.45 2.21

NA-064-120 8.88 3.26 1.48 2.35

NA-064-123 8.17 3.32 1.46 2.38

NA-064-127 8.36 3.23 1.47 2.34

NA-064-129 8.99 3.24 1.48 2.37 0.702996 0.513004

HERC2 0.60 1.1 5 8.70 3.22 1.49 2.41 0.702917 0.513001

NA-064-131 9.42 3.11 1.45 2.32 0.702917 0.513001

NA-064-132 8.87 3.27 1.51 2.43

NA-064-133 7.74 3.06 1.47 2.28

NA-064-134 8.77 3.35 1.52 2.55

NA-064-135 8.70 3.30 1.51 2.46

Southern region 5.7 9.2(4) 3.5(0.9) 3.1(1) 1.8(0.3) 0.70340(22) 0.51294(2)

Seamounts 0.09 9.7(2) 3.0(0.5) 3.1(1) 1.7(0.2) 0.70340(14) 0.51296(2)

DR377 0.56 1.1 152 8.00 2.55 2.22 1.56 0.703296 0.512963

AL150801-070 8.80 2.44 2.24 1.55

AL150801-069 9.27 2.25 2.24 1.54 0.703294 0.512965

AL150801-067 8.14 2.57 2.15 1.61

AL150801-066 8.44 2.60 2.27 1.55 0.703298 0.512961

AL150801-065 5.35 2.88 2.19 1.55

DR378 0.18 1.4 179 10.71 3.55 4.70 1.77 0.703572 0.512940

AL150801-080 10.8 3.08 4.78 1.78 0.703435 0.512937

AL150801-076 11.5 4.07 4.66 1.77 0.703710 0.512942

AL150801-073 9.73 3.49 4.66 1.77

DR379 0.043 1.5 39 9.31 2.21 3.26 1.57 0.703429 0.512954

AL150801-089 9.55 2.56 3.31 1.60 0.703413 0.512955

AL150801-088 6.90 1.93 3.30 1.74

AL150801-084 11.5 2.14 3.16 1.37 0.703446 0.512952

DR380A 0.15 1.2 160 10.23 3.40 3.26 2.14 0.703282 0.512957

AL150801-094 10.7 3.42 3.31 2.12

AL150801-093 11.0 3.34 3.25 2.13 0.703282 0.512957

AL150801-092 9.00 3.45 3.24 2.18

DR380B 0.15 1.2 160 10.82 3.42 4.92 1.74 0.703596 0.512936

AL150801-099b 10.7 3.18 4.87 1.75

AL150801-099 10.5 3.45 4.96 1.74

AL150801-098b 11.2 3.41 5.04 1.71 0.703596 0.512936

AL150801-098 10.9 3.64 4.82 1.75

DR381 0.50 1.3 179 10.55 3.44 2.49 1.93 0.703328 0.512957

AL150801-106 10.1 3.55 2.58 1.93
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Table 1  (continued)

Seamount 
sample

Vol. 
(km3)

Aspect 
ratio

Elong. 
dir. MgO K2O+Na2O [La/Sm]N [Sm/Yb]N 87Sr/86Sr 143Nd/144Nd

AL150801-105 11.0 3.33 2.41 1.93 0.703328 0.512957

DR382 0.043 1.4 0 9.62 2.75 1.46 1.48 0.703321 0.512995

AL150801-112 8.84 2.96 1.45 1.50

AL150801-111 11.3 2.71 1.51 1.39 0.703334 0.513000

AL150801-109 10.1 2.55 1.43 1.48 0.703308 0.512989

AL150801-108 8.20 2.79 1.46 1.54

Western region 1.2 6.4(3) 3.6(0.7) 1.8(0.8) 2.7(0.7) 0.70316(19) 0.51296(4)

Seamounts 0.06 5.9(0.6) 4.4(1) 2(0.3) 3.1(0.4) 0.70325(1.4) 0.51296(2)

DR383 0.44 1.4 5 5.24 5.27 2.21 3.46 0.703239 0.512974

AL150801-128 4.88 5.39 2.20 3.49

AL150801-127 5.41 5.13

AL150801-126 5.31 5.31 2.19 3.41

AL150801-125 5.24 5.25 2.20 3.59

AL150801-124 4.97 5.24 2.23 3.38

AL150801-123 5.47 5.22 2.21 3.49 0.703239 0.512974

AL150801-120 5.38 5.29 2.22 3.40 0.703239 0.512974

AL150801-119 5.24 5.36 2.24 3.45

DR384-5 0.22 1.1 90 6.51 3.03 1.69 2.65 0.703256 0.512938

AL150801-131 6.19 3.04 1.63 2.67

AL150801-130 6.32 3.12 1.71 2.56 0.703241 0.512944

AL150801-129 6.88 2.83 1.70 2.66

DR386 0.020 6.6 123 6.65 3.11 1.74 2.70 0.703271 0.512931

AL150801-138 6.78 3.08 1.72 2.67 0.703271 0.512931

AL150801-137 6.56 3.12 1.74 2.76

AL150801-134 6.69 3.11 1.74 2.69

AL150801-133 6.56 3.14 1.75 2.68

AL150801-132 6.36 3.17 1.69 2.66

DR387 0.14 1.1 88 6.05 4.84 2.25 3.34 0.703258 0.512971

AL150801-148 5.90 4.92 2.27 3.31

AL150801-147 6.06 4.89 2.27 3.37

AL150801-146 6.04 4.86 2.28 3.38

AL150801-145 6.19 4.79 2.22 3.28 0.703258 0.512971

AL150801-144 6.02 4.81 2.21 3.32

AL150801-141 6.08 4.75 2.22 3.37

Note. Data in bold is the average of each seamount and seamount region. Numbers in italics are averages for the literature data eastern region (Bailey, 1976; Baitis 
and Lindstrom, 1980; Baitis and Swanson,1976; Blichert-Toft & White, 2001; Cox & Dalrymple, 1966; Geist et al., 1985, 1994, 1995, 2008; Gibson and Geist, 2010; 
Gibson et al., 2012; Handley et al., 2011; Hedge, 1978; Koleszar et al., 2009; M. D. Kurz and Geist, 1999; Macdonald et al., 1992; McBirney & Williams, 1969; 
McBirney et al., 1985; Puzankov & Bobrov, 1997; Reynolds & Geist, 1995; Righter et al., 1998; Saal et al., 2007; Shimizu et al., 1981; Swanson et al., 1974; 
White et al., 1993; Wilson, 2013), southern region (Al, 2000; Blichert-Toft & White, 2001; Bow & Geist, 1992; Chaussidon & Marty, 1995; Christie, 2004; Cox & 
Dalrymple, 1966; D. J. Geist et al., 2008; Graham et al., 1993; K. Harpp et al., 2014b; K. S. Harpp and White, 2001; Kurz & Geist, 1999; Lyons et al., 2007; Marty 
& Humbert, 1997; McBirney & Williams, 1969; Peterson et al., 2017; Saal et al., 2007; Shimizu et al., 1981; Turner et al., 2006; White et al., 1993; Yi et al., 2000) 
and western region (Anderson et al., 2018; Bailey, 1976; Blichert-Toft & White, 2001; Chaussidon & Marty, 1995; Christie, 2004; Cox & Dalrymple, 1966; D. Geist 
et al., 1998; D. Geist et al., 2002; D. J. Geist et al., 2005; D. J. Geist et al., 2006; Graham et al., 1993; Handley et al., 2011; K. S. Harpp and White, 2001; Jackson 
& Carlson, 2012; Koleszar et al., 2009; Kurz & Geist, 1999; M. D. Kurz et al., 2009; Liang et al., 2017; Marty & Humbert, 1997; McBirney & Williams, 1969; 
Naumann et al., 2002; Nusbaum et al., 1991; Peterson et al., 2017; Pringle et al., 2016; Raquin & Moreira, 2009; Saal et al., 2007; Shimizu et al., 1981; Standish 
et al., 1998; Teasdale et al., 2005; White et al., 1993) as identified in Figure 1 and shown in detail in Figure 3. Numbers in parentheses are 1 SD of the values 
used for each average. Average spatial statistics from each region are averaged from Table S2.
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and composition. Postcruise, morphological characteristics were quantified using seamount footprints and 
bathymetric data (Schwartz et al., 2018a). Seamount volume was calculated as the difference between the 
mean depth of all the pixels within each seamount and mean base depth of each seamount, converted to 
volume by multiplying this value by the number of pixels comprising the seamount and individual pixel 
area. Similarly, the volume of the subaerial portion of Santiago, Floreana, and Fernandina islands were 
calculated for reference with a global multiresolution topography grid (Ryan et al., 2009), using the mean 
elevation of each island. Aspect ratio is calculated as the length divided by normally oriented width of each 
seamount (L/W), in the orientation that maximized this value. The direction of the long axis in the aspect 
ratio measurement was further recorded as the elongation direction (Table S2).

Submersible dives typically began at the base of each seamount and collected samples up the seamount's 
stratigraphy to assess the chemical variability within a single seamount. Upon recovery, samples were 
rinsed and cleaned of biological residue and air dried. At Boise State University (BSU) rock samples were 
further crushed by sledge and ceramic plate jaw crusher to 1–10 mm diameter chips. Chips were sonicated 
three times in an ultrasonic bath with ultrapure 18.2 megaohm H2O to remove contaminants, leached in the 
ultrasonic bath for 20 min with 1% hydrogen peroxide, and finally rinsed three times with ultrapure H2O to 
remove alteration products and surficial seawater contamination.

3.2. Major and Trace Element Analysis

Fresh chips of basalt, devoid of alteration, were hand-picked under binocular microscope for analysis, typi-
cally from the 5–10 mm size fraction. Cleaned chips (10–20 g) were powdered at Washington State Univer-
sity (WSU) Geoanalytical Facility using a swing mill with tungsten carbide surfaces. Powders were double 
fused with Li-tetraborate into a glass bead for analysis. X-ray fluoresence (XRF) analysis was carried out in 
four sessions using a Thermo-ARL automated XRF spectrometer at WSU under the methods of Johnson 
et  al. (1999; Table  S3). Reproducibility of major elements was assessed by repeat measurements of un-
knowns, which was between 0.25% and 1% for all oxides except K2O (2.8%) (Table S4). Although we collect-
ed a comprehensive suite of trace elements by inductively-coupled plasma mass-spectrometry (ICP-MS) for 
all samples analyzed for XRF, we additionally report select high abundance trace element concentrations 
obtainable by XRF. Loss on ignition (LOI) was measured for all samples. High LOI is taken as an indication 
of high degrees of alteration or significant adhering carbonates. Samples with LOI >1% are not interpreted 
with the rest of the major element data and are flagged with an “X” in the major element diagrams and 
subsequently described trace element results.

For all samples analyzed for major elements, an additional 50 mg of material was handpicked from the 
1–2 mm size fraction for solution ICP-MS trace element analysis. Care was taken to select chips without ob-
vious phenocrysts, alteration, or adhering carbonates. Picked separates were further sonicated in ultrapure 
H2O for 20-min intervals, with fines decanted in-between, until clear. Samples were dissolved in 15  ml 
Savillex PFA beakers following the procedure of Kelley et al.  (2003) and Lytle et al.  (2012), as modified 
and summarized in Schwartz et al. (2018b). Trace element concentrations were measured in three sessions 
on diluted aliquots (2500X) of dissolved samples and standards over the course of a year, using a Thermo 
Electron X-Series II Quadrupole ICP-MS coupled with an Elemental Scientific Inc. (ESI) SC-FAST solution 
autosampler at BSU. Concentrations were calibrated from the instrumental raw-counts using the Geologi-
cal and Environmental Reference Material (GeoReM) preferred values for United States Geological Survey 
standards Hawaiian Volcano Observatory Basalt, Icelandic Basalt, Diabase (W-2)(Jochum et al., 2016); and 
basalt from the Geological Survey of Japan (JB-3) and dolerite (DNC-1)(GeoReM accepted values), tied 
at the y-intercept to a total procedural blank measurement. Individual analyses (30 s) were adjusted to a 
uniform sensitivity using a 20 ppb In internal standard solution. Final concentrations were determined by 
the average of three analyses, and analytical precision was determined from the standard deviation of these 
runs (Table S5). All data reduction to this point was carried out using PlasmaLab software. Repeat meas-
urements of JB-3 were made every 5–10 analyses to monitor and correct for instrumental drift (averaged 
percent relative deviation of JB-3 drift measurements from initial calibration value, calculated block by 
block; <1% correction on average for all blocks).
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Precision of the ICP-MS data is given by the reproducibility of geologic standards (and repeat measure-
ments of samples) measured before and after each session (Table  S6). These uncertainties are typically 
2%–5% for all elements >0.5 ppm, which is comparable to the internal precision of the three averaged anal-
yses (Table S7). Of note, reproducibility of high abundance transition metals for our XRF analyses is a factor 
of 5 better than on the ICP-MS (1%; Ni, Cr, V), and comparable for lower abundance elements (2%–4%; Sc, 
Ga, Cu, Zn). Thus, we prefer these XRF derived measurements for these elements over the ICP-MS values.

3.3. Radiogenic Isotope Analysis

Splits of the chipped samples, previously prepared for major and trace element analysis, were leached in 
6 M HCl to remove the effect of seawater contamination and alteration on the isotopic ratios. To assess the 
effects of alteration and contamination on the measured isotopic ratios, samples were leached using two 
methods, the first was a gentle approach and involved the repeat leaching of samples in an ultrasonic bath 
(e.g., Nobre Silva et al., 2009); the second was more aggressive, where samples were leached for two 3-h pe-
riods in 150°C 6M HCl, followed by repeated 20 min sonication in ultrapure H2O and decanting until clear 
of fines. Leached rock chips were dissolved and separated into their chemical species using ion exchange 
chromatography, using standard procedures practiced at the BSU Isotope Geology Laboratory (IGL; Fisher 
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Figure 2. Map of seamount samples for eastern (a), southern (b), and western regions (c). Labels indicate human occupied submersible dive names. Gold lines 
show submersible dive track. Clastic samples are shown as yellow squares. Lavas that were not analyzed because of high degrees of alteration are shown as gray 
squares. All other samples are shown as colored circles representing (La/Sm)N (Table 1).
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et al., 2011; Sousa et al., 2013) as adapted from Korkisch and Worsfold (1990). All isotope ratios were meas-
ured on the IsotopX Phoenix X62 thermal-ionization mass spectrometer at the IGL.

Strontium isotope ratios were measured on single Re filaments in a three-sequence dynamic routine utiliz-
ing five Faraday cups (e.g., Kurz et al., 2017). Samples were loaded using 2 μL Ta gel emitter solution fol-
lowing standard loading procedures. Samples and standards were run maintaining 2–4V 88Sr beam for 150 
cycles. Internal precisions of analyses are typically 6–12 ppm (2SE) for 87Sr/86Sr (Table S8). Mass dependent 
fractionation is corrected using an exponential law and 86Sr/88Sr of 0.1194. The mean of National Bureau of 
Standards -987, used as a check standard for this analytical session is 0.710247 ± 8 (11 ppm 2 SD, n = 31), 
which is within error of the accepted value of 0.710248 ± 23 (Thirlwall, 1991). Thus, no bias or detectable 
blank were observed or corrected for in our data.

Neodymium isotope ratios were measured using a triple filament setup, with sample loaded on a single 
side filament and ionized from a high temperature center filament (Thirlwall, 1982). Analysis comprised a 
three-sequence dynamic routine utilizing five Faraday cups (e.g., Kurz et al., 2017). Samples were loaded 
as 3 μL aliquots of dilute nitric acid. Samples and standards were run maintaining ≥2V 144Nd beam for 150 
cycles. Internal precisions of analyses are 20 ppm (2SE) on average for 143Nd/144Nd (Table S8). Mass de-
pendent fractionation is corrected using an exponential law and 146Nd/144Nd = 0.7219. The mean of JNdi-1 
143Nd/144Nd, used as a check standard for this analytical session is 0.512104 ± 4 (7 ppm 2 SD, n = 34); be-
tween run reproducibility is consistently better than the internal precision of analyses (Table S8). The mean 
of measured JNdi-1 is within error of the consensus value for JNdi-1 of 0.512115 ± 7 (Tanaka et al., 2000). 
Similar to Sr, given the similarity of check standard measurements and the accepted value of JNdi-1, no bias 
or detectable blank were observed or corrected for in these data.

3.4. He Isotope Analysis

Olivine grains used for He isotopic analysis were handpicked under a binocular microscope, from the 500–
1,000 µm sieve fractions of crushed and cleaned samples. Helium measurements of crushed and melted 
olivine samples were carried out at Woods Hole Oceanographic Institution using the fully automated mass 
spectrometer system (MS2), consisting of a 90° magnetic sector helium isotope mass spectrometer and a 
quadrupole mass spectrometer on the extraction line for pre-measurement of gases. The analyses followed 
the analytical procedure described by Kurz and Geist (1999), Kurz (1986a), and Kurz et al. (1996). Crushing 
the olivine in vacuum releases He contained in melt and fluid inclusions, which is representative of the 
inherited magmatic component and measured as 3He/4He (Kurz 1986b), and reported as the 3He/4He rel-
ative to the present day atmospheric ratio (R/RA). Melting the crushed fraction in a single step releases the 
remaining gas, yielding total concentrations of 3He and 4He. We also report isotopic ratios obtained upon 
melting, which were initially collected to assess the presence of a cosmogenic component, originating from 
subaerial sample exposure (Schwartz et al., 2018a), reported in Table S9. The similarity of crushed and melt-
ed isotopic compositions demonstrate that the samples did not accrue significant cosmic radiation while 
above the sea surface, are not discussed further. We assume that the inherited He ratio does not change due 
to the radiogenic production of 4He from the decay of U and Th. This assumption is valid due to the relative-
ly young eruption ages and low concentration of U and Th in the samples (<1 ppm; Table S5).

3.5. Agglomerative Clustering Analysis

To statistically compare the new seamount data between itself and previously existing data, we have per-
formed two hierarchical-clustering analyses of the combined seamount and regional dataset. The first 
analysis is used to exhibit the archipelago-wide geochemical variations and how this relates to seamount 
compositions (Figure 1). The second examines how the seamounts vary within themselves and between 
proximal islands or other features sampled within each region as defined by the map extents in each panel 
of Figure 3, which are the same as the colored outlines of Figure 1a. The hierarchical clustering analysis is 
meant to allow for the visual assessment of the similarity or difference between one another and the litera-
ture data from the region. Differing from the principle component analysis of Harpp and White (2001), we 
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choose to use isotopic and trace element characteristics, which are sensitive to both source and degree of 
melting, which likely both vary across the archipelago (Gibson & Geist, 2010; White et al., 1993).

The archipelago-wide and regional clustering analyses utilize the MATLAB™ function linkage, which is an 
agglomerative hierarchical clustering analysis. The function linkage is based on a separate function pdist, 
which measures the distance (i.e., dissimilarity) between pairs of observations. For this analysis, these dis-
tances are derived from all of the trace element ratio permutations resulting from select trace elements (La, 
Ce, Nd, Sm, Yb, Th, Nb, and Ba), and isotope ratios (87Sr/86Sr and 143Nd/144Nd). The trace elements were cho-
sen due to their relatively high concentration and utility in distinguishing between source characteristics 
defined previously, including rare-earth element patterns and Th, Nb, and Ba anomalies (e.g., Harpp and 
White, 2001). Of note, the use of these specific elements and isotope ratios limits the seamount and com-
parison dataset to samples that have all of this data, which filters the dataset to more recent publications, 
especially those reporting trace elements (Anderson et al., 2018; Christie et al., 2004; Fisk et al., 1982; Geist 
et al., 2002, 2008; Gibson et al., 2012; Graham et al., 1993; Handley et al., 2011; Kelley et al., 2013; Kurz & 
Geist, 1999; Marty & Humbert, 1997; Naumann & Geist, 2002; Peterson et al., 2017; Saal et al., 2007; Schil-
ling et al., 2003; Sinton et al., 2014; Wilson, 2013). We have chosen to not include He isotopic composition in 
the clustering analysis because it would considerably limit the seamount and comparison dataset.

The pdist function uses the Ward Method to determine the distance between samples in the dendrograms. 
The Ward Method combines samples and clusters where a merger results in the least overall increase of 
resulting within-cluster variance, or Ward's Distance. The Ward's Distance is the inner squared Euclidian 
distance between all samples within clusters and is visualized as the length of the vertical lines connecting 
leaves in the resulting dendrogram. In the agglomerative clustering algorithm, samples linked within the 
first linkage step, shown at the bottom of the dendrogram (Figure 1d), are the most similar, and dissimilar-
ity increases at higher linkage steps. For visualization, samples are clustered into five colored-clades for all 
analyses, which we refer to as “affinities.” As opposed to the initial linkage of samples, affinities are selected 
from the “top down,” splitting clades separated by the greatest Ward's Distance until five affinities are segre-
gated. However, we note that despite using a clustering approach for determining affinities, which are used 
to visually assess the similarities and differences between samples, pairs are ordered within each cluster by 
the function optimalLeafOrder, which maximizes the sum of the similarities between adjacent samples by 
flipping tree branches without dividing clusters. So, in this way, the similarity between all samples can be 
assessed independent of their designated affinity (Figures 1 and 3).

4. Results
Summaries of the seamount spatial statistics, including rose diagrams of seamount elongations and his-
tograms for the seamount volume and aspect ratio for each region, are shown in Figure S1 and described 
by region below (Table S2). A total of 145 rock samples were recovered from 21 seamounts. Many of the 
samples were variably altered and contaminated by adhering carbonates on outer surfaces and in vesicles. 
From the eastern and southern regions, 20 samples were volcaniclastic (termed “clastic”) and are not eval-
uated further (Figure 2). Only samples reasonably cleaned of alteration were analyzed for major and trace 
elements (N = 81), and subsequent isotopic analysis (N = 31). The majority of our samples were recovered 
using the M/V Alucia, but we include in our discussion 13 samples collected on the R/V Nautilus (Anderson 
et al., 2018; Schwartz et al., 2018b) since three of these samples were analyzed for isotopes and are presented 
in this study. Trace elements from Schwartz et al. (2018b) have been reprocessed using updated standard 
values and reported here, so they can be compared directly with our data.

Excluding samples with LOI >1%, all samples analyzed are tholeiitic to alkalic basalts (MgO = 4.88–13.4 
and SiO2 = 43.4–50.0; Table 1 and Figure 4), with total alkali (Na2O + K2O) contents ranging from 2.14 to 
5.39 wt%. Given that we will compare the isotopic and trace element signatures of the samples to mantle 
sources, all trace element ratios are discussed relative to the primitive mantle (McDonough & Sun, 1995). 
To characterize melting and source characteristics, the seamounts are described by differences in middle 
to heavy and light to middle rare earth element ratios ([Sm/Yb]N and [La/Sm]N, respectively). These are 
summarized along with their major element and isotopic characteristics by region below. For reference, 
individual samples and seamount averages, as well as the averages for the data within each region are tab-
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ulated in Table 1. Variable leaching experiments on isotopic measurements indicate that while Sr isotopic 
compositions are extensively affected by seawater contamination (Table S8), Nd is unaffected and is thus 
preferred in the interpretation of source variation between each seamount.

Clustering analyses compare the closeness of seamount sample compositions to other samples in the re-
gion. On the archipelago-wide scale, this comparison results in a dendrogram, where the final pair (at the 
top of the diagrams) separate clades of samples at a Ward's Distance of 5,493, or the greatest separation of 
trace element and isotope ratios between the two clades (Figure 1c). From top-to-bottom, branches connect 
clades of increasing similarity until each sample occupies its own branch (Figure 1d). Thus, samples con-
nected at branches closer to the bottom of the diagram are more closely related in terms of geochemistry 
(Figure 1d). Five clades, that when separated result in the greatest reduction in Ward's Distance, are colored 
to visualize compositional affinities across the archipelago (Figure 1c). Results of the archipelago-wide and 
regional clustering analyses are shown in Figures 1 and 3. The archipelago-wide clustering analysis visually 
reproduces the broad domains observed by previous researchers, with three of the most prevalent affinities 
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Figure 3. Dendrograms (a–c) and maps (d–f) for the eastern, southern and western seamount regions, compared to 
previous data. Note that the y-axis for plots (a–c) have been split into two scales to exaggerate details in early linkage 
steps. Sample symbology is the same as Figure 1. Filled colored boxes show the locations of panels in Figure 2. For each 
region colors and dendrograms show the results of the local agglomerative clustering analysis for all samples in each 
map region (see Section 3.5 for more details). The dive numbers for each seamount sample are given as labels in the 
dendrogram and map.
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represented in the east, south and west, with only a few samples represented by the remaining two affinities, 
located in the southern region (Figure 1a). In general, the seamount samples from this study fall within the 
variability previously observed in the archipelago (i.e., do not lie at the edges of the dendrogram). However, 
there are seamounts that have affinities not previously observed in individual geographic regions. This is 
particularly apparent in the southern region, where two seamounts (DR377 and DR382) are the only two 
features to have affinities (represented by pink and cyan) that are observed primarily in the northeast and 
the western regions (Figure 1a). The same is true, at least from a subaerial perspective, for the western re-
gion, where two seamounts have affinities that do not closely match those observed on the nearest island, 
Fernandina (DR383 and DR387). These archipelago-wide differences, which are only highlighted here, are 
described and evaluated in greater detail for each region in the following sections.

4.1. Eastern Region

Using the high-resolution bathymetry, 22 seamounts were identified in the eastern region (Schwartz 
et al., 2018a). Integrating the volume within the footprints of each of these mapped seamounts results in 
a total seamount volume of 6.4 km3, which is 6% of the subaerial volume of Santiago Island (99 km3). The 
average seamount volume is 0.07 km3, which is the median of the three regions investigated here (Table 1). 
The eastern seamounts are spatially clumped into two primary regions, the first off of the southwestern 
flank of Santiago and the second between Santiago and Santa Cruz, off the east-southeast flank of Santiago 
(Figure 2a); however, we note that not all of the seafloor in this region has been mapped at a high resolution. 
The southeastern flank of Santiago harbors a majority of mapped seamounts (Figure 2a). The seamounts 
in this sub-region are variably elongate (mean aspect ratio = 1.7; Table 1) and form multiple lineaments 
parallel to the individual seamount elongations (mean elongation direction = 96°; Table 1). The elongation 
direction of the seamounts is similar to that of the elliptical island of Santiago (Figure 1) and the orientation 

SCHWARTZ ET AL. 14 of 30

10.1029/2020GC008914

Figure 4. Total alkali contents as a function of silica for seamount samples compared to previously collected data. 
Seamount samples are shown as circles, colored by region. Samples with black X's had LOI >1%. Colored lines outline 
data used in the clustering analysis within each region, as defined by the extents of Figure 3 and shown in Figure 1 (see 
Section 3.5 for data references). Outlined gray squares are literature data used in the clustering analysis. Smaller gray 
squares show all other compiled literature data (see Table 1 for references). The division between alkalic and tholeiitic 
samples in the basalt field is from Macdonald and Katsura (1964).
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of its elongate volcanic vents (see Gibson et al., 2012). By comparison there are only two relatively conical 
seamounts in the southwestern region, as first described in Schwartz et al. (2018b). Generally, seamounts 
furthest from Santiago are the most conical, which includes the two seamounts on the southeastern flank 
of the island (Figure 2).

We analyzed 45 samples from 11 seamounts (and one from a lava flow front; DR373) southwest (NA-064; 
Schwartz et al., 2018b) and east-southeast (DR366-DR376) of Santiago. Together, the seamounts from both 
of these subregions are composed of relatively magnesian (MgO = 6.52–10.9; Table 1, Figure S2) tholeiitic 
to mildly alkaline (K2O + Na2O = 2.35–3.34 wt%) basalts (Figure 4). Although the most alkalic samples are 
from the conical seamounts off the southwest coast of Santiago (NA-064), mildly alkalic samples are also 
observed in both the southwestern and eastern seamount subregions. In all cases these seamounts are low 
aspect ratio, conical vents, differing from the more elongate features directly to the east of Santiago (Fig-
ure 2a). Samples from each individual seamount have different trace element concentrations and ratios, 
resulting in a relatively wide range of compositions erupted in the region (e.g., [La/Sm]N = 0.757–1.59) 
(Figures 2 and 5a). However, all the samples erupted at an individual seamount are characterized by nearly 
uniform trace element ratios ([La/Sm]N < 4 % relative standard deviation [RSD]; Table 1), with the excep-
tion of one seamount, which spans nearly the entire range of chemical and isotopic variability observed in 
the region (DR372).

Isotope ratios for Santiago seamount samples from two linear-trends in bivariate isotope space (Figure 6). 
The two trends are pinned toward the more depleted isotopic endmember but diverge toward two more 
enriched compositions in Sr-Nd isotopic space (Figure 6). The eastern region seamounts have the most de-
pleted compositions of all samples recovered and are more depleted compared to subaerial samples erupted 
on Santiago Island (Gibson et al., 2012; min. 87Sr/86Sr = 0.702639 and max. 143Nd/144Nd = 0.513085). Helium 
isotopic compositions for the eastern region seamounts are slightly greater than the average mid-ocean 
ridge basalt value of ∼8.5 R/RA and range from 8.49 to 10.4 R/RA (Table 1). These values are between those 
of Santiago and nearby satellite islands, compositionally bracketed by Isla Daphne Major and Roca Bain-
bridge #3 (7.5–13.2; Geist et al.,  2014a). Neither major or trace element contents directly correlate with 
isotopic enrichments of the seamounts, which is also true for He isotopes (Table 1).

In the clustering analyses, the eastern region seamounts are compared to lavas from adjacent islands of San-
ta Cruz, Santiago and part of Isabela (Figures 1, 3a, and 3d). Samples within the eastern region are separated 
at the highest linkage step with a total Ward's Distance of 1,039. None of the seamount lavas represent the 
most extreme values in the region (Figures 3c and 6). However, lavas fall within four of the five affinities in 
the region (Figure 3a), suggesting the seamounts are sampling significantly different melts. For seamounts 
with multiple samples in the clustering analysis, all except DR372 are linked on the first linkage step, mean-
ing they are more similar to other lavas from the same seamount than to other seamounts or regionally 
analyzed samples. Thus, most seamounts are monogenetic. However, seamounts of different affinities are 
linked with other subaerial samples in the region earlier than being linked with other seamount samples. In 
other words, seamounts and subaerial samples do not form their own affinities. Only one submarine sample 
is separated from the other seamounts in the region at the greatest Wards Distance (DR373), suggesting it 
is the least similar to other seamount lavas. This sample was not actually collected from a seamount, but 
instead from edge of a large lava flow emanating from the northwest (Abbott & Richards, 2020) that may 
be related to Santiago. This sample is the most similar in composition to a few lavas erupted on the western 
edge of Santiago and to lavas erupted on Isabela and Santa Cruz.

4.2. Southern Region

A total of 61 seamounts were identified in the southern region (Schwartz et al., 2018a). The seamounts are 
located on the eastern, northern, and western flanks of the island of Floreana, but predominantly on the 
island's northeastern (Figure 2b) and western flanks (Schwartz et al., 2018a). The southern seamounts are 
the largest on average (0.09 km3) and represent the greatest proportion relative to the adjacent subaerial 
volcano at 23% (seamount volume = 5.7 km3; Floreana subaerial volume = 26 km3). Of note, a previously 
unrecognized prominent northwest striking submarine volcanic rift zone emanating from Floreana island 
is observed in the new bathymetric data (Figure 2b). The rift is similar to, but smaller than, a rift emanating 
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from the island's southwest flank, which has been likened to other rift zones that are observed on the west-
ern islands (Harpp et al., 2014b).

We measured 28 lavas from seven seamounts west of Floreana (no samples were collected east of Florea-
na). Similar to the eastern region seamounts, the composition of samples from individual seamounts are 
generally more homogenous than the seamount region as a whole ([La/Sm]N = 1.4–4.7 for all seamounts; 
Figures 2 and 6; [La/Sm]N < 5 %RSD for five out of six seamounts; Table 1). Southern region seamount sam-
ples are distinguished from the other Galápagos seamount lavas by concave-up light Rare Earth Element 
patterns (Figure S3). All southern region seamount samples form a linear, albeit scattered array in Nd-Sr 
isotope space (Figure 6). Floreana samples are characterized by radiogenic Sr compositions (e.g., average. 
87Sr/86Sr = 0.70340), with intermediate 143Nd/144Nd (0.51296) (Table 1). Similar to the eastern region, there 
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Figure 5. Spider diagrams showing trace element variability for each seamount region compared to representative data 
from each nearby island (a) eastern, (b) southern, and (c) western. Trace elements are ordered from most incompatible 
to least incompatible based on bulk partition coefficients for a basaltic melt from a peridotite (57% olivine, 13% 
clinopyroxene, 28% low Ca pyroxene, and 2% spinel). Partition coefficients for each mineral are averages of all values 
for each mineral from the Geochemical Earth Reference Model database (Table S10). Blue, green and gold colored lines 
are data from this study, as in Figure 4. Colored lines outlined in black are those with isotopes analyzed to show that 
isotopes were analyzed on the most extreme seamount samples and to highlight the differences in their trace element 
patterns, which are otherwise hard to distinguish. All other lines show literature data defined by the map extents in 
Figure 3 and are dark for those in the clustering analysis (see Section 3.5 for references) and light for all other data (see 
Table 1 for references). Red line in (c) shows average deep water lava flow (DWF) sampled in situ at the leading edge of 
the Galápagos platform (Anderson et al., 2018).
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are no clear trends in major and trace element data with seamount morphology or geography (Table 1 and 
Figure 2).

We compare southern region seamounts to samples from Floreana island and submarine platform samples 
to the southwest of the seamount sampling area (Figures 1 and 3e). Samples within the southern region 
are separated at the highest linkage step with a total Ward's Distance of 3,506. This value is more than 
twice that of the eastern and western regions, despite including the fewest samples (Figure 3), highlighting 
the extreme variation observed in the south of the Galápagos. Similar to samples previously analyzed on 
Floreana Island (e.g., Harpp et al., 2014b), seamount lavas show nonsystematic isotopic and trace element 
enrichment patterns, geographically (e.g., [La/Sm]N; Figures 2 and 6). The seamount lavas have composi-
tions similar to the range observed on Floreana Island (Figure 5). However, two seamounts have isotopic 
ratios that more closely resemble eastern and western region samples, than anything else yet observed in 
the area (DR377, DR382; Figure 6). These are most similar to regional lavas dredged from the edge of the 
Galápagos Platform, southwest of the island. This difference is highlighted in the regional agglomerative 
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Figure 6. Trace element and Isotopic variation of seamounts compared to previously published data. Seamount samples are shown as colored circles. Colored 
lines outline data used in the clustering analysis within each region, as defined by the extents of Figure 3 and shown in Figure 1. Gray outlined squares are 
literature data used in the clustering (see Section 3.5 for references). Smaller gray squares show all other compiled literature data (see Table 1 for references).
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clustering analysis, where these two seamounts are the only ones in the southern region that have affinities 
predominantly observed in the west and east and represent an endmember for the region (Figures 1a and 
1c). These samples have less enriched isotopic signatures and are similar to the most isotopically enriched 
samples at Santiago (Gibson et al., 2012). Interestingly, unlike the eastern seamounts, lavas from these two 
southern seamounts still have concave-up Rare Earth Element patterns (Figure S3), but less pronounced 
enrichment in fluid mobile trace elements like Ba, and higher Hf relative to Nd (Figure 5). The southern 
region seamount lavas have intermediate 3He/4He, between 12.4 and 15.1 R/RA. These values expand the 
upper and lower bounds of previous Floreana measurements (13.4–14.4; Kurz & Geist, 1999) and do not 
directly correlate with other isotopic ratios (Table 1).

4.3. Western Region

Using bathymetric data, 18 seamounts were identified in the western region, all of which were mapped on 
Fernandina's southern flank (Schwartz et al., 2018a). Unlike the other study areas, these seamounts do not 
sit on top of the volcanic platform but are situated on the submarine flanks of Fernandina. The seamounts 
have an average volume of 0.06 km3, which is the smallest of the three regions (Table 1). Correspondingly, 
the total mapped seamounts volume (1.2 km3) accounts for the lowest absolute volume and lowest percent-
age of the subaerial island volume of Fernandina (<1%), which is 191 km3. In total, the seamount volume 
is on the order of what is estimated for single subaerial eruptions on Fernandina (1–2 km3; Simkin & How-
ard; 1970). Seamounts morphologies are either conical (e.g., DR383 and DR387), or are elongate features 
comprising either stair stepping flat top cones (e.g., Clague et al., 2000) or a sharp ridge oriented radially to 
Fernandina's summit (e.g., DR386) (Figure 2c).

We analyzed 22 samples from four seamounts south of Fernandina (Figure 2c). Unlike the previously 
described seamount regions, these samples from two distinct, chemical domains (mildly alkalic, DR383, 
DR387 and tholeiitic DR384–5 and DR386; Figure 4 and Table 1), and show limited chemical variation 
within each cluster (%RSD of [La/Sm]N <2%; Table  1). These domains are distinct in major elements 
(Figure 4) and trace element ratios (e.g., high total-alkali samples have higher trace element contents; 
Figure  5 and higher [La/Sm]N; Figure  6a). Tholeiitic seamount lavas have compositions most similar 
to subaerial Fernandina and form the elongate volcanic features (northwest-southeast trending fissure 
and the northwest-southeast trending series of flat-topped stepped seamounts) (Table 1 and Figure 2). 
By contrast, the more alkalic lavas produced the circular, point source seamounts and are unlike any 
subaerial Fernandina lavas, but are chemically similar to two deep water (∼4,000 m) alkalic lava flows 
located on the seafloor at the western leading edge of the Galápagos Platform (Anderson et al., 2018, Fig-
ure 5). Western region lavas are intermediate in Sr isotopes (87Sr/86Sr = 0.703239–0.703271; Figure 6) but 
with the least radiogenic 143Nd/144Nd (0.512931; Figure 6) and the highest 3He/4He of 23 R/RA (Table 1). 
Notably, lavas from seamounts in the western region show very little variation in Sr isotope ratios, with 
variation in Nd isotopes, which is different than the other seamount region mixing arrays. Nd isotopes 
negatively correlate with trace element enrichment, where alkalic lavas have enriched isotopic composi-
tions (Figure 6a).

In the western region, the seamounts are compared to samples from the adjacent islands of Fernandina, Is-
abela, and the submarine platform (Figures 1, 3a, and 3d). Samples within the western region are separated 
at the highest linkage step with a total Ward's Distance of 1,663. Alkalic samples have most extreme (Sm/
Yb)N (Figure 6c). The two seamounts with tholeiitic compositions are indistinguishable from those erupted 
on subaerially Fernandina, or samples with that affinity (Figure 3f). The alkalic samples are classified in 
the same affinity as those from deep water flows at the western extent of submarine sampling (Anderson 
et al., 2018, Figure 3c). The two seamounts are indistinguishable from these deep water flow samples, in 
that they are not next to each other at the lowest levels of the classification (Figure 3c). However, the deep 
water flow lavas and these two alkalic seamounts are the only two lavas of that affinity.
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5. Discussion
5.1. Seamount Heterogeneity and Relation to Surrounding Islands

Our bathymetric data show that seamounts constitute a smaller, yet significant volume of material rela-
tive to the subaerial islands (Table 1), although both are dwarfed by the volume of the volcanic platform. 
In general, the seamounts appear to be primarily monogenetic in their construction. For example, lavas 
erupted at individual seamounts have limited variation in major element contents and trace element ratios 
(e.g., %RSD of (La/Sm)N is < 4% at 17 of the 18 seamounts where there are at least three analyzed samples; 
Table 1). This observation is supported by results of the clustering analyses, where lavas from individual 
seamounts are clustered in the first linkage steps, indicating similarity in composition (Figures 1c, 1d and 
3). This suggests that each seamount formed from a single or a series of closely timed eruptions from a sin-
gle batch of magma. One exception is DR372, which has three samples that are not linked in early steps of 
the clustering analysis and are separated into three different affinities, suggesting the eruption of distinct 
magma batches (Figure 3a).

Based on variability in isotopic (Figure 6b) and trace element ratios that are invariant to fractionation for 
small degrees of crystallization (e.g., [La/Sm]N; Figure 6b), it is clear that the seamount fields as a whole 
(eastern region, southern region, and western region) must have formed through multiple episodes of vol-
canism sourced from different magma batches. For example, in the eastern region samples from DR375 
([La/Sm]N = 1.05) must be produced by a melting event or mantle source that is different to that of sea-
mount DR374 ([La/Sm]N =  0.77) despite their geographical proximity (Figures  2a and Table  1). This is 
further supported by the clustering analyses, where samples from these two seamounts are not linked in 
early steps and are separated into different regional affinities (Figures 3a and 3d). Similarly, seamounts in 
the southern region show much less variability at individual seamounts in comparison to the seamount re-
gion as a whole (Table 1 and Figures 1–3) and samples from different seamounts fall into different affinities 
on the regional scale (Figures 3b and 3e). Seamounts in the western region show the least intra-seamount 
variability of the three regions (RSD of [La/Sm]N <2%; Table 1). However, unlike other regions, the western 
seamounts form two groups based on geochemistry and morphology (Figures 2 and 3c), including an alkalic 
and tholeiitic group (Figure 4) and have separate affinities in the clustering analysis (Figure 3c). Of note, 
the samples from the alkalic seamounts are within an affinity not observed on Fernandina Island and pre-
viously only observed at the western submarine extent of sampling (Figure 3f). We note that although there 
are alkalic and tholeiitic seamounts in the Santiago region, they are not as distinctly clustered (Figures 1c 
and 3a).

At monogenetic volcanic fields, magma is either focused through the volcano's central magmatic plumb-
ing system and then redirected via lateral dikes (e.g., Muirhead et  al.,  2016; Walker,  2000) or emplaced 
through the vertical ascent of magmas that bypass the magmatic plumbing system of the central edifice 
(e.g., Needham et al., 2011). In the former case, there may be little variability in the compositions of the 
submarine and subaerial samples as magmas are mixed within the shallow system prior to eruption. In the 
latter case, there may be significant chemical variations among monogenetic volcanoes themselves that may 
provide insights into the length scale and structural heterogeneity in the mantle or small-scale variations in 
melting systematics (e.g., LeCorvec et al., 2013; Rasoazanamparany et al., 2015). In the following sections, 
we evaluate the origins of the geochemical heterogeneity of each seamount region relative to the adjacent 
islands to determine if the seamount lavas are sourced from the central magmatic system and then summa-
rize the results on the archipelago scale.

5.1.1. Eastern Region

Samples erupted on the island of Santiago previously have been divided into two spatially and geochem-
ically distinct lavas (Gibson et al., 2012; Swanson et al., 1974). The island contains alkalic and isotopical-
ly enriched basaltic samples in the west and tholeiitic, isotopically depleted basalts to the east. Howev-
er, enriched and depleted samples are not strictly isolated to these two sub-regions and are interpreted to 
have been erupted coevally (Gibson et al., 2012), which makes it unique for a Galápagos volcano. Thus, 
these variations are not interpreted to arise as a result of an evolutionary sequence of the island (Swanson 
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et  al.,  1974). Based on this, and geophysical evidence for lithospheric thickness variations between the 
west and east across Santiago (Villagomez et al., 2007), it has been suggested the difference in chemical 
composition of erupted samples to the east and west of this divide results from a change in the total extents 
of mantle melting (Gibson & Geist, 2010; Gibson et al., 2012). In this model, samples erupted in the east 
are produced by higher extents of melting, while samples erupted in the west result from lower extents of 
melting. However, Gibson et al. (2012) note that trace element enrichment cannot be entirely attributed to 
variations in melting, given that samples on each side that have similar trace element contents can have 
different isotopic ratios. Nevertheless, the preservation of two spatially and geochemically distinct magma 
types, with differing source characteristics, suggests that the melts are not homogenized in a single, central-
ized shallow magma reservoir prior to eruption (Gibson et al., 2012). Instead variations result from vertical 
ascent of melts, with different source characteristics resulting from lower degrees of melting in the west 
compared to the east (Gibson et al., 2012).

The seamounts in the eastern region generally conform to the broad spatial chemical division of Santiago, 
where the most alkalic lavas were erupted at the western seamounts and the more tholeiitic samples erupt-
ed in the east (Figure 2a). Tholeiitic samples in the eastern seamount province have the same depleted trace 
element patterns as the island tholeiites (Figure 5a). Similarly, a detailed investigation of samples erupted 
at the two western-seamounts shows they are nearly compositionally identical to a subset of subaerially 
erupted alkalic lavas, suggesting that the magmas were transported laterally from the western magmatic 
center onto the submarine flanks (Schwartz et al., 2018b). Furthermore, many of the seamounts in the east 
have elongate or linear vents that are oriented radially from Santiago and aligned with its subaerial vent 
structures (Figures 2 and 3; Gibson et al., 2012; Swanson et al., 1974), suggesting that the seamounts may be 
an extension of the subaerial magmatic system. Combined, these observations indicate that the seamount 
samples in this region may pass through one of Santiago's centralized plumbing systems prior to being re-
distributed out toward its flanks onto the seafloor via lateral diking.

Despite apparent processing through central magmatic systems, the seamount samples are more mafic on 
average than samples erupted on Santiago, meaning that seamount lavas are likely a closer representation 
to primary magmas than those erupted on the subaerial portion of Santiago. This observation aligns with 
interpretations of submarine flank volcanism in Hawai'i (Garcia et al., 1995) and the submarine flanks of 
Fernandina (Geist et al., 2006), where picritic lavas, sampled only in dredge-recovered submarine glasses 
are interpreted to result from the lateral emplacement of these lavas from deeper portions of the island's 
magmatic systems. Furthermore, we note the difference in composition between the sample collected from 
the submarine lava flow emanating from SE Santiago (DR373), compared to the rest of the seamount sam-
ples. DR373 is more evolved and has a composition most similar to Isabela and Santa Cruz. The evolved 
characteristics of this lava flow are more indicative of a lava that was erupted from a magma that evolved in 
a shallow magma reservoir (Naumann & Geist, 2002) than that of the seamount lavas. This observation, and 
the absence of seamount lavas of similar compositional characteristics, could indicate that it was formed 
from a more robust phase of volcanism at some point in the volcano's history.

5.1.2. Southern Region

Floreana volcano, at the southern extent of the archipelago, erupts lavas that are geochemically distinct in 
both trace element patterns and radiogenic isotope ratios compared to all other Galápagos islands (Harpp & 
White 2001; Harpp et al., 2014b; White et al., 1993). The samples are typified by high concentrations of fluid 
mobile trace elements (e.g., elevated [Ba/La]N), have concave-up normalized trace element patterns, and the 
most radiogenic Sr and Pb isotope compositions (Harpp et al., 2014b). Based on the extreme variability of 
subaerial samples it is hypothesized that there is no centralized magma chamber at Floreana to homogenize 
melts prior to eruption (Harpp et al., 2014b). Despite the island's unique chemistry, studies of cumulates 
erupted in subaerial lavas provide evidence for evolution from a Fernandina-like source (Lyons et al., 2007). 
This is interpreted as evidence that the mantle source feeding eruptions on Floreana has transitioned from 
more PLUME to FLO as the island has migrated over the center of plume upwelling (Harpp et al., 2014b). 
However, similar compositions to PLUME-like samples have not been observed in subaerial lavas, perhaps 
because they have been buried by subsequent eruptions.
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There is a wide range of (La/Sm)N observed in all of the southern region seamounts (Table 1), which form a 
random geographic distribution (Figure 2). This observation supports the hypothesis that most lavas are not 
erupted from a single steady-state magma reservoir, which would presumably homogenize samples prior 
to eruption (Harpp et al., 2014b). However, the identification of a submarine rift zone emanating radially 
from the northwest flank of Floreana, suggests that the island may have supported a centralized magma 
reservoir in its past and therefore was once more magmatically active than currently represented on the 
subaerial island.

Trace element and isotopic data show that the southern region seamounts generally have the most incom-
patible trace-element enriched signatures of all the seamount samples (Figure 6), such as elevated (Ba/La)
N (Figure 5) and the characteristic concave-up trace element patterns (Figure S3), typifying the FLO mantle 
endmember (Harpp et  al.,  2014b). However, the seamounts in this region expand on the heterogeneity 
previously observed in subaerial lavas in the region (Figures 1a, 1c, 5b, and 6). In particular, two seamounts 
(DR377 and DR382) have lower Sr isotopic compositions (Figure 6b), (La/Sm)N (Figures 2b and 6a) and (Ba/
La)N that are more similar to those of eastern and western regions (Figure 5). This difference is exemplified 
in the in the regional clustering analyses, where these two seamounts form a clade within themselves that 
lies at the edge of its affinity (Figure 3b). In the archipelago-wide clustering analysis (Figure 1a), samples 
from DR377 are classified to have the same affinity as the platform samples in the region, which typifies the 
affinity in the western region in the archipelago (i.e., PLUME). Thus, the samples from DR377 seamounts 
provide complementary evidence that southern region magmatism is sourced from melts derived from var-
iable proportions of multiple source components, like those of the western volcanoes during its evolution 
(Lyons et al., 2007). Additionally, samples from DR382 more closely resemble the affinity of those in the 
eastern region (i.e., DUM) (Figures 1a and 1c), further supporting the heterogeneous nature of the southern 
seamounts.

5.1.3. Western Region

Subaerial Fernandina erupts some of the most monotonic tholeiitic samples in the modern Galápagos Ar-
chipelago (Allan & Simkin, 2000; Geist et al., 2014b; Saal et al., 2007). This suggests that lavas are composi-
tionally buffered by a steady state magma reservoir (Geist et al., 2014a). These inferences are corroborated 
by interferometric synthetic aperture radar measurements of volcano inflation and deflation, which con-
firm the presence of a shallow magma reservoir (Bagnardi & Amelung,  2012). This shallow centralized 
magmatic system appears to be directly connected to radial and circumferential vents on the volcano (Ba-
gnardi et al., 2013; Chadwick et al., 2011). Radial vents on the western Galápagos volcanoes, in particular, 
provide evidence that magmas routinely undergo lateral transport from the volcano's center to its flanks.

Although subaerial lavas have a clear connection to the centralized magmatic system, the seamounts 
erupt both tholeiitic and alkalic compositions, suggesting a more complex system. The tholeiitic sea-
mount lavas have major, trace element, and isotopic compositions that closely resemble subaerially erupt-
ed Fernandina samples (Figures 4–6). Furthermore, the tholeiitic seamount samples are all erupted from 
∼northwest-southeast oriented vents that generally align with the trend of the subaerial vents. The simi-
larity in vent orientation and chemistry of the submarine and subaerial samples suggests that the tholeiitic 
seamounts are the submarine extension of the same volcanic plumbing system that sources radial vents 
subaerially.

By contrast, the alkalic seamounts are conical, and appear to be point source volcanic features (Figure 2c). 
They have higher incompatible trace element abundances (Figure  5) and more steeply sloped primi-
tive-mantle normalized trace-element and Rare Earth Element patterns than the tholeiitic samples from 
the region (Figure S3). Additionally, the alkalic seamount samples have slightly more radiogenic Nd isotop-
ic compositions for a given Sr isotopic compositions (Figure 6a). There are also no known subaerial alkalic 
samples erupted on Fernandina. Combined, this suggests that the alkalic magmas bypass Fernandina's 
present-day shallow magma reservoir. Instead, the seamount alkalic samples are compositionally identical 
to alkalic deep water lava flows sampled in situ on the seafloor at the leading edge of the Galápagos plume 
(Figure 5c; Anderson et al., 2018) and similar, but more alkalic than, those sampled to the north at Roca 
Redonda (Standish et al., 1998).
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5.1.4. Archipelago-Wide Summary

The diversity of seamount samples in each region indicate both a connection to and isolation from the 
magmatic systems of the subaerial volcanoes. In some cases, seamount samples can be directly linked to 
subaerially erupted samples (Figure 5), suggesting that they are processed through the central edifice of the 
volcano. This is particularly evident in two seamounts at the western edge of the eastern seamount region 
(Schwartz et al., 2018a), and a subset of western seamounts compared to Fernandina (tholeiitic group; Fig-
ures 4–6), where seamount lavas are nearly indistinguishable from subaerially erupted products (Figure 3c). 
However, there is more chemical diversity recorded in the seamounts at both Fernandina and Floreana 
compared to the islands that they surround (Figures 1 and 6) despite fewer samples, suggesting that sea-
mounts can record more unique magmatic events than what is preserved on the islands. These contrasting 
observations are similar to submarine sampling in Hawai'i (Cousens & Clague, 2015; Greene et al., 2010), 
which is the only other archipelago that has been sampled in similar detail. In Hawai'i, seamounts often fall 
within geochemical fields of the nearby islands however, in both studies, some seamount samples expand 
upon what is observed.

The above observations suggest that while the islands have been at least partially repaved by ongoing vol-
canism, or, in the case of the western volcanoes, all the exposed magmas are being homogenized within a 
central system, the seamounts may preserve the complexity of chemical variations in some regions of the 
Galápagos Archipelago and elsewhere. Thus, seamount lavas may bypass the island centralized magmatic 
systems and retain more primitive compositions or be preserved by a lack of repaving and provide new 
insights into ocean island evolution.

No additional geochemical variability of seamounts compared to the volcanic islands is observed in the 
eastern archipelago. Therefore, we suggest that the lack of a centralized vent system may be a persistent 
feature of these volcanoes. As a result, the significance of a selection bias, related to sampling large edifices, 
is reduced. Conversely, for more magmatically active volcanoes, which have established centralized vent 
systems, this bias is accentuated. Nevertheless, the observation of only sparse samples that fall outside of 
previously observed heterogeneity, highlight the importance of targeting large numbers of features (e.g., 
seamounts) when testing ocean-island evolution and plume heterogeneity models in detail. Furthermore, 
even though samples from the eastern region do not expand the heterogeneity previously observed in the re-
gion, the fact that they are more mafic on average than what has been sampled subaerially means that sub-
marine sampling may provide a means to recover rocks which most closely represent primary mantle melts.

5.2. Seamount Insights Into Ocean Island Evolution

Plume theory predicts that ocean islands evolve systematically as a function of proximity to the plume 
center, which is primarily modulated by plate motion (Morgan, 1971). Hawai'i serves as the type example 
for ocean island evolution as it relates to plume theory, where islands undergo a series of evolutionary 
phases related to increasing and decreasing magma flux controlled by the relative position of islands and 
hotspot source (Clague & Sherrod, 2014). This progression begins with a low magma supply alkalic stage at 
the leading edge of the plume (typified by Lōʻihi; Moore & Clague, 1982), but also observed west of Mauna 
Loa, in submarine radial vent lavas (Wanless et al., 2006b). As the plate moves over the plume center, the 
volcano transitions into a shield building, tholeiitic main stage (Clague & Sherrod, 2014) and then back to 
an alkalic post-shield building phase as it passes beyond the center of upwelling. The volcano may undergo 
a later rejuvenated highly alkalic phase related to a second stage of decompression melting at the periphery 
of a hotspot swell (Bianco et al., 2005). While this evolution has been well documented in some ocean island 
systems (Albarède et al., 1997; Carracedo, 1999; Devey et al., 2003), it is less obvious at other archipelagos, 
including the Galápagos (Harpp & Geist,  2018). We hypothesize that some inconsistencies between the 
Galápagos and traditional plume theory can, in part, be explained by a sampling bias compared to Hawai'i 
where more of the small-scale volcanism has been sampled in detail (Cousens & Clague,  2015; Greene 
et al., 2010; Moore & Clague, 1982; Wanless et al., 2006a, 2006b).

A recent study of deep water flows collected in situ from the seafloor west of the Galápagos platform reveal 
the presence of alkalic lava flows at the leading edge of the plume (Anderson et al., 2018). Based on geo-
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chemical analyses and numerical models, these lavas are interpreted to be the result of lower degree melts 
produced during the early stages of melting of the Galápagos plume. The alkalic Fernandina samples were 
collected from seamounts on the submarine flanks of the volcano and have nearly identical geochemical 
characteristics to the deep water flows (Figure 5c), thus they were likely formed from a similar process. 
Therefore, for a detailed discussion into the origins of these alkalic lavas, the reader is directed to Anderson 
et al. (2018). In summary, the trace element enrichment of the alkalic samples is accompanied by extreme 
enrichments in middle-to-heavy Rare Earth Element ratios (e.g., high [Sm/Yb]N; Figures 6b and 6c), and 
very little isotopic variation, compared to tholeiitic samples from the same region (Figure 6a). The decou-
pled behavior of (Sm/Yb)N and isotopic ratios is inconsistent with origins related to variations is the mantle 
source (e.g., Gibson et al., 2012). Alternatively, the enrichment of (Sm/Yb)N is predicted for melts originat-
ing in the presence of garnet, due to a 10-fold difference in compatibility of HREEs compared to MREEs 
in garnet (Table S10). Although variable (Sm/Yb)N enrichments are observed in samples throughout the 
archipelago (White et al., 1993), the extent of enrichment depends on the relative proportion of melting oc-
curring in the garnet stability field, modulated by the depth of melt initiation and the truncation of melting 
(Gibson & Geist, 2010). Thus, the higher (Sm/Yb)N of the alkalic compared to tholeiitic lavas in the western 
region support that they are derived from a greater proportion of melting in the presence of garnet (i.e., 
at greater mean depths). We suggest that the onset of volcanism at the leading edge of the archipelago in 
the Galápagos likely consists of alkalic magmas resulting from low-degree melts, similar to observations of 
geochemical evolution of ocean islands in Hawai'i (Clague et al., 2014) and is a consequence of progressive 
melting of a fixed hotspot source predicted by plume theory (Watson & McKenzie, 1991; Campbell, 2007).

The only difference between the seamount alkalic seamounts and the alkalic deep water flows is that the 
former are located on the shallower flanks of Fernandina volcano (Figure 2). The presence of alkalic sam-
ples higher up in the volcanic stratigraphy in Fernandina confirms that the eruption of low degree melts is 
a modern part of the growth of Galápagos volcanoes. The observation of submarine alkalic samples on the 
leading island's flanks is somewhat analogous to Hawai'i, where submarine sampling at Lōʻihi was required 
in order to observe the same phenomenon (Moore et al., 1982). However, the scale of the submarine feature 
that records this progression is much smaller in the Galápagos, hence it has been previously missed from 
sampling. To date, a similar systematic decrease in the extent of melting as the islands migrate away from the 
plume center in has not been observed in the Galápagos. This may result from the majority of sampling being 
restricted to the younger portion of the archipelago. Alternatively, it could reflect inherent differences in the 
Galápagos and Hawai'i systems (Harpp & Geist, 2018). However, the observation of an evolved Isabela-like 
submarine lava flow in the eastern region, and a submarine rift zone in Floreana may provide evidence that 
these volcanoes have experienced a higher-volume phase of volcanism in their pasts. Better age control on 
these submarine samples would likely resolve this relationship in terms of ocean-island evolution.

5.3. Seamount Insights Into Mantle Plume Zonation

Conventional “plume theory” makes no explicit predictions about mantle composition but OIBs show the 
most extreme compositional variation of all ocean basin lavas and are often used to investigate mantle het-
erogeneity owing to their deep mantle origins (e.g., Hofmann, 1997). Chemical variations in OIBs reflect a 
combinaFisktion of shallow and deep magmatic processes, while, isotopic variations are thought to reflect 
longstanding heterogeneities in the mantle from which they are sourced (Hart et al., 1992; Hofmann, 1997). 
Differences in the isotope composition of individual islands are often interpreted to represent the length 
scales and relative distributions of deeply seated mantle source reservoirs. For instance, longstanding tem-
poral variations in lavas erupted at single ocean island chains have resulted in schematic illustrations of 
the mantle, where reservoirs are simplified into distinct domains, hundreds of kilometers in scale (Hawai'i; 
e.g., Abouchami et al., 2005; Galápagos; e.g., Gazel et al., 2018; Hoernle et al., 2000). Geographic isotopic 
patterns within and between ocean islands are explained by the variable tapping of these numerous res-
ervoirs (Hart et al., 1992), each sequestered somewhere in the mantle (Castillo, 1988; Hoernle et al., 2015; 
Hofmann, 1997; Harpp et al., 2014a; Mazza et al., 2019; Weis et al., 2011). Alternative models suggest that 
the mantle is heterogeneous on short length scales and persistent geographic patterns in isotopic signatures 
in the ocean island record are only apparent given the nature of mantle melting at ocean islands themselves 
(Bianco et al., 2011, 2008 and; Ito & Bianco, 2014; Jones et al., 2016, 2017).
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Although there is little consensus on the length-scale and geometry of isotopic endmembers in the Galápa-
gos, a dominant interpretation of the geographic pattern of geochemical variability is that it is the result 
of melting of large-scale mantle domains (Harpp & White, 2001; White et al., 1993), which have persisted 
in the same configuration for much of the hotspot's history (Gazel et al., 2018; Geldmacher et al., 2003; 
Hoernle et al., 2000). These domains have isotopic compositions that are less extreme than the principle 
components identified by Harpp and White (2001). This observation is interpreted to represent mixing of 
the source endmembers, prior to eruption in each of the domains (Harpp & White, 2001). If this is the case, 
one prediction of a predominantly island-based sampling bias is that samples from small seamounts, which 
bypass mixing on the island scale, could have isotopic compositions that more closely match the extreme 
values of the principle components. This is not observed in our dataset, where all of the seamounts have 
compositions that fall within the isotopic range of previous samples. Nevertheless, higher resolution sam-
pling can be used to investigate whether or not the apparent domains are a mixture of different proportions 
the mantle endmembers identified through the principle component analysis of Harpp and White (2001), 
and how many (between one and three) components are involved in this mixing. We cannot assess whether 
all four principle components of Harpp and White (2001) are mixing in each region and their relative pro-
portions without Pb isotopes, due to the fact that the WDL component is distinguished from that of DUM 
by anomalously high 208Pb/204Pb (Harpp & White, 2001).

If the domain model does not represent variable mixing between all principle components, we would expect 
seamounts to be dominated by the local domain composition assuming they are co-genetic with the island 
or an upstream domain if they are older. In general, we observe that the monogenetic seamounts generally 
have geochemical characteristics similar to those of the islands that they surround, supporting a domain 
concept (Figures 5 and 6). However, some Santiago and Floreana seamounts are geochemically distinct 
from one another (Figures 1, 3, and 6). For these regions, mixing must occur between at least three distinct 
geochemical endmembers in order to produce the complex spread in isotopic data (Figure 6b). Although 
this is observed sub-aerially in the eastern region (e.g., Gibson et al., 2012), this was not previously clear for 
Floreana in the south. Southern region seamount lavas clearly have compositional characteristics aligning 
closely with PLUME, DUM/WDL, and FLO affinities (Figure 1). Neither the DUM or WDL affinities are 
predicted to be involved in the southern domain if it does not represent mixing of all principle components 
and these domains are oriented in the mantle with PLUME in the west, DUM in the east and FLO to the 
south (Hoernle et al., 2000). This suggests that domains are, instead, a manifestation of variable mixing 
between multiple mantle endmembers in each region.

Within a given region enriched and depleted seamounts are scattered at random suggesting short-scale 
heterogeneities (Figure 2). In order to tap these heterogeneities in such proximity (different isotopic compo-
sition of seamounts <1 km apart; Figure 2), the length scales of the isotopic domains in the mantle must be 
on or less than that scale, supporting the short scale heterogeneity models of Gibson et al. (2012) and Harpp 
et al. (2014b), as opposed to large-scale mantle endmembers (>100 km zones; e.g., Hoernle et al., 2000). As 
an alternative to large geochemical zonation in the mantle, it is possible that consistent broad patterns of 
geochemical heterogeneity can be brought about through melting systematics of various lithologies (e.g., 
Jones et al., 2017).

6. Conclusions
We have sampled small near-island seamounts from three sub-regions of the Galápagos Archipelago and 
compared their geochemical characteristics to literature data to evaluate the significance of a potential 
selection bias associated to sampling of primarily large subaerial volcanic edifices. This study shows that 
almost all individual seamounts sampled are chemically homogeneous, when compared to the overall vari-
ation in chemistry between seamounts within any given region. This similarity in composition suggests that 
most seamounts are monogenetic and erupted during the same magmatic event or under similar magmatic 
conditions. This observation indicates that these small volcanic constructs are likely good targets for eval-
uating magmatic processes through time, in that they are not repaved through multigenetic eruptions, as 
are large edifices. This is true even if only limited sample is collected from individual seamounts, which is 
typically the case for submarine sampling campaigns.
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Variations in major, incompatible trace element and particularly isotope ratios between seamounts in each 
region result from magmas produced from slightly different mixtures of the three primary Galápagos man-
tle endmembers, as well as variations in extents of melting. This suggests that although seamounts are 
generally generated from discrete magmatic events, they collectively represent a range of processes/events 
that produce their geochemical diversity. Some seamounts have samples that appear identical to subaer-
ially erupted samples, while others do not. Nevertheless, there is more chemical diversity erupted at the 
seamounts compared to the islands, suggesting that some seamount samples bypass mixing in the main 
magmatic system or that the seamounts preserve more unique magmatic signatures than large volcanic 
edifices sampled in the past. This means that seamounts can provide a wider window into mantle processes 
compared to samples erupted on the islands themselves. However, we note that seamount construction as 
a byproduct of ocean-island formation, necessitates that a large number of features need to be sampled, in 
order to capture these nuances. Moreover, some ocean islands may be more susceptible to a selection bias 
than others. In particular, islands that do not show evidence for a centralized magmatic system may not be 
as affected as ones that do, given that magmas are not being as readily homogenized prior to eruption. How-
ever, in cases where volcanoes do not show evidence for a centralized magmatic system in the Galápagos 
today, submarine observations and sampling may recover samples that more closely resemble primary man-
tle melts than their subaerial counterparts (which is true for the eastern seamount region) or evidence that 
shallow magma chambers were once supported in the past, as exemplified in evolved samples recovered in 
the eastern sampling region and identification of a submarine rift system surrounding Floreana in the south.

Incompatible trace element and isotopic characteristics of seamounts are used to evaluate the source con-
tributions to the seamount samples. Seamounts with alkalic compositions on the flank of Fernandina in the 
western region of the Galápagos are indicative of low-degree melting at the leading edge of the Galápagos 
hotspot, which are not observed subaerially. We suggest that these seamounts represent low-volume melts, 
associated with incipient melting at the leading edge of the Galápagos plume. We believe these samples 
are akin to the pre-shield phase of volcanism observed at Lōʻihi in Hawai'i, as predicted by plume theory. 
Furthermore, the compositional characteristics of a submarine lava flow in the eastern region of the archi-
pelago provides evidence that Santiago may have once supported a centralized magmatic system, indicating 
a waning of magmatism at greater distances from the plume center. In addition, observations of source 
variations between closely spaced seamounts (<1 km), which do not follow predictable patterns, indicate 
that island-based sampling may lead to aliasing of the apparent scale and organization of mantle heteroge-
neities beyond their true length scales, which are likely smaller and less organized. From the evaluation of 
the geochemical and isotopic variations of seamount samples we show that geochemical domains observed 
geographically in the archipelago result from the disproportionate mixing of the principle components pres-
ent in the Galápagos plume. Although, our evaluation of the monogenetic features is not comprehensive, 
this study exemplifies that the sampling of numerous small near-island volcanic features, even at a recon-
naissance level, is required in order to accurately test second order predictions of plume theory.

Data Availability Statement
The data supporting this study are available within the article, Supporting Information and through Earth-
Chem (https://doi.org/10.26022/IEDA/111730).
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