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Abstract Compositions of basalts erupted between the main zone of Gal�apagos plume upwelling and
adjacent Gal�apagos Spreading Center (GSC) provide important constraints on dynamic processes involved
in transfer of deep-mantle-sourced material to mid-ocean ridges. We examine recent basalts from central
and northeast Gal�apagos including some that have less radiogenic Sr, Nd, and Pb isotopic compositions
than plume-influenced basalts (E-MORB) from the nearby ridge. We show that the location of E-MORB,
greatest crustal thickness, and elevated topography on the GSC correlates with a confined zone of low-
velocity, high-temperature mantle connecting the plume stem and ridge at depths of �100 km. At this site
on the ridge, plume-driven upwelling involving deep melting of partially dehydrated, recycled ancient oce-
anic crust, plus plate-limited shallow melting of anhydrous peridotite, generate E-MORB and larger amounts
of melt than elsewhere on the GSC. The first-order control on plume stem to ridge flow is rheological rather
than gravitational, and strongly influenced by flow regimes initiated when the plume was on axis (>5 Ma).
During subsequent northeast ridge migration material upwelling in the plume stem appears to have
remained ‘‘anchored’’ to a contact point on the GSC. This deep, confined NE plume stem-to-ridge flow
occurs via a network of melt channels, embedded within the normal spreading and advection of plume
material beneath the Nazca plate, and coincides with locations of historic volcanism. Our observations
require a more dynamically complex model than proposed by most studies, which rely on radial solid-state
outflow of heterogeneous plume material to the ridge.

1. Introduction

Sites of plume-ridge interaction correspond to some of the world’s most active volcanism, but the dynamic
processes involved in the transfer of compositionally distinct material from a deep-seated mantle plume to
an adjacent spreading ridge are not fully understood. The restricted spatial extents of geophysical and geo-
chemical data together with tectonic complexities at sites of off-axis plume-ridge interaction limit our
understanding of the underlying mass transfer processes and interpretations are largely based on the find-
ings of numerical and laboratory studies. In situations where the ridge migrates away from the hot spot,
major outstanding problems concern (i) the lateral extent of plume outflow in the upper mantle, which
relates to models of dispersal of high-temperature material away from the plume stem, e.g., by radial out-
flow or basal lithospheric channeling [Schilling, 1991; Feighner and Richards, 1995; Kincaid et al., 1995; Small,
1995; Kingsley and Schilling, 1998; Ribe and Delattre, 1998; Sleep, 2008] and (ii) the nature of the boundary
layer that controls the depth of flow. Whereas some workers advocate a significant role for gravitational
flow of plume material upslope, along the base of the lithosphere, toward the adjacent ridge [Schilling et al.,
1985; Schilling, 1991; Kincaid et al., 1996; Kingsley and Schilling, 1998; Sleep, 2002, 2008; Braun and Sohn,
2003], others favor ridgeward horizontal flow at depths well below the anhydrous peridotite solidus [Ribe,
1996; Ito et al., 1997, 1999; Hall and Kincaid, 2003, 2004; Villag�omez et al., 2014].

Our study of plume-ridge interaction is focused on the Gal�apagos Archipelago and adjacent Gal�apagos
Spreading Center (GSC) (Figure 1). This region is exceptional because the islands are widely distributed
between the upwelling plume and adjacent intermediate-spreading ridge (Figure 1), and the compositions
of recently erupted basalts provide a broad aperture into underlying mantle processes. Also, there are high-
resolution seismic data from which to constrain spatial variations in lithospheric thickness, melt distribution,
and temperature [Villag�omez et al., 2007, 2011, 2014; Gibson and Geist, 2010; Byrnes et al., 2015]. At least five

Key Points:
� Recycled oceanic crust contributes to

Galapagos Spreading Center basalts
� On-axis capture and anchoring of

Galapagos plume stem during ridge
migration
� Deep melt channels may connect

Galapagos plume and adjacent ridge

Supporting Information:
� Supporting Information S1

Correspondence to:
S. A. Gibson,
sally@esc.cam.ac.uk

Citation:
Gibson, S. A., D. J. Geist, and
M. A. Richards (2015), Mantle plume
capture, anchoring, and outflow
during Gal�apagos plume-ridge
interaction, Geochem. Geophys.
Geosyst., 16, doi:10.1002/
2015GC005723.

Received 14 JAN 2015

Accepted 17 APR 2015

Accepted article online 24 APR 2015

VC 2015. American Geophysical Union.

All Rights Reserved.

GIBSON ET AL. MANTLE PLUME CAPTURE & OUTFLOW 1

Geochemistry, Geophysics, Geosystems

PUBLICATIONS

http://dx.doi.org/10.1002/2015GC005723
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1525-2027/
http://publications.agu.org/


different models of plume-ridge interaction have been proposed for Gal�apagos. These include: (i) flow of
plume material in a sublithospheric channel [Morgan, 1978; Schilling et al., 1982; Verma and Schilling, 1982;
Braun and Sohn, 2003]; (ii) a spreading ‘‘puddle’’ model involving radial flow away from the plume stem
[Schilling et al., 1982; Shorttle et al., 2010]; (iii) eastward bending of the plume head in the direction of
motion of the Nazca Plate [Richards and Griffiths, 1989; Geist, 1992; White et al., 1993; Harpp and White,
2001]; (iv) gravitational spreading along the base of the lithosphere [Bercovici and Lin, 1996]; and (v) solid-
state transport of plume material beneath a dehydrated, high-viscosity mantle lid [Kokfelt et al., 2005; Ito
and Bianco, 2014; Villag�omez et al., 2014; Byrnes et al., 2015].

We use geochemical and geophysical observables for the Gal�apagos Archipelago and adjacent spreading center
together with inferences from published fluid mechanical models to assess the mechanisms involved in the
mass transfer of plume material to the ridge. Important to our interpretations are recently published geochemi-
cal data sets for islands in central and NE Gal�apagos [Gibson et al., 2012; Harpp et al., 2014b]. Basalts from these
islands have low 87Sr/86Sr and high 143Nd/144Nd isotopic ratios relative to those on the nearest section of ridge
and contain a greater contribution of melts derived from a depleted mantle source. We show that covariations
in Pb isotopes are evidence that ancient recycled oceanic crust contributes to these basalts and also those
erupted on the adjacent spreading ridge. Moreover, we have identified a mechanism by which the capture of
material upwelling in the on-axis Gal�apagos plume stem by the GSC is maintained during subsequent ridge
migration and remains anchored to a contact point on the spreading axis. This causes a deep confined zone of
long-term plume stem-to-ridge flow embedded within ‘‘normal’’ spreading of material in the plume head.

2. Melt Generation Beneath Gal�apagos

2.1. Mantle Reservoirs Intrinsic to the Gal�apagos Plume
Regional investigations of basalts from the Gal�apagos Archipelago have shown that they result from melt-
ing of at least four isotopically distinct reservoirs intrinsic to a mantle plume [Geist et al., 1988; White et al.,

Figure 1. Spatial relationship of the Gal�apagos hot spot to the Gal�apagos spreading center (GSC). The GSC is an intermediate spreading-
ridge along which the full spreading rate varies from 40 mm/yr in the west to 65 mm/yr in the east [DeMets et al., 1994]. Open star in circle
at 90.428W represents the center of symmetry of the isostatic axial depth profile [Ito et al., 1997]. Subdivisions of basalt types from the
GSC, based on K/Ti ratios, are from Schilling et al. [1982, 2003], Detrick et al. [2002], Cushman et al. [2004], Christie et al. [2005], and Ingle
et al. [2010]. 3He/4He (R/Ra) for volcanoes that have experienced historic eruptions are from Graham et al. [1993, 2014], Kurz and Geist
[1999], and Kurz et al. [2010]. A, CA, D, E, SN, and W show the locations of the Alcedo, Cerro Azul, Darwin, Ecuador, Sierra Negra, and Wolf
volcanoes on Isabela, respectively. Plate velocities and vectors are from Gripp and Gordon [2002]. Gal�apagos subprovinces are after Geist
et al. [1998] and color coding illustrates locations mentioned in the text and geochemical plots.
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1993; Hoernle et al., 2000; Blichert-Toft and White, 2001; Harpp and White, 2001]. Across the Archipelago,
melt contributions from these different Gal�apagos plume reservoirs correlate with lithospheric thickness
[Gibson and Geist, 2010]. In this work, we exploit this long wavelength spatial variability of isotopically dis-
tinct plume reservoirs to infer the flow of Gal�apagos plume material.

The high 3He/4He, 87Sr/86Sr and low 143Nd/144Nd Gal�apagos plume (PLUME) reservoir shares the high Ti, Ta,
and Nb compositions of other hot spot provinces [Jackson et al., 2008] and isotopically resembles the global
mantle plume component known as FOZO or C [Hart et al., 1992; Hanan and Graham, 1996]. PLUME is most
dominant in basalts from western Gal�apagos, i.e., Fernandina and Isabela, above the zone of greatest man-
tle plume upwelling [Kurz and Geist, 1999]. Other Gal�apagos plume reservoirs with relatively radiogenic Sr,
Nd, and Pb isotopic compositions include Floreana (FLO) and Wolf-Darwin (WD), which are prevalent in
basalts erupted in southern and northwestern Gal�apagos, respectively. FLO has a similar Nd isotopic ratio to
the PLUME reservoir, intermediate 3He/4He together with high 87Sr/86Sr and elevated 206Pb/204Pb ratios,
and has recently been interpreted as ancient (>2 Ga) altered oceanic crust [Harpp et al., 2014a]. WD is dis-
tinguished from other Gal�apagos plume reservoirs by elevated 208Pb/204Pb at a given 206Pb/204Pb ratio and
may represent an ancient sedimentary component within the plume [Schilling et al., 2003]. The Gal�apagos
mantle plume reservoir with relatively unradiogenic Sr, Nd, and Pb isotopic compositions, which we refer to
here as Depleted Gal�apagos mantle (DGM), tends to be more evident in basalts erupted on thinner litho-
sphere in northeast Gal�apagos (Genovesa) and in central and eastern parts of the archipelago (e.g., eastern
Santiago, Santa Cruz, and San Cristobal). The Pb isotopic composition of DGM is subtly different from the
global MORB source [Ingle et al., 2010]. While the extent of lithological variations in the Gal�apagos plume
remains uncertain, the dominant source material in the Gal�apagos plume is believed to be peridotite [Vidito
et al., 2013], with recycled ancient oceanic crust (FLO) and sediment (WD) making only small contributions
to erupted melts [Harpp and White, 2001].

2.2. Western Gal�apagos: Plume Stem Melts
The most voluminous volcanism occurs in western Gal�apagos in the vicinity of the present-day plume stem,
which has been imaged as a steeply dipping low seismic-velocity anomaly in the upper mantle in tomo-
graphic studies [Villag�omez et al., 2014] (Figure 1). Lavas on the islands of Fernandina and southern Isabela
are characterized by the highest 3He/4He (up to 29 R/Ra) and lowest 143Nd/144Nd and [La/Nb]n ratios of any
Gal�apagos basalts [Graham et al., 1993; Kurz and Geist, 1999; Geist et al., 2006; Saal et al., 2007; Kurz et al.,
2009] (Table 1 and Figure 2). Western Gal�apagos basalts have the highest [Sm/Yb]n ratios, which correlate
with a thick lithosphere (55–60 km) [Gibson and Geist, 2010]. Small variations in elemental and isotopic
ratios have been linked to short wavelength variations in plume composition [Geist et al., 2005].

Table 1. Summary of Compositional Variations Exhibited by Basalts From the Gal�apagos Archipelago and Spreading Center

[La/Sm]n [Sm/Yb]n [La/Nb]n
87Sr/86Sr eNd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

�X r �X r �X r �X r �X r �X r �X r �X r

Western Gal�apagos
Fernandina 1.55 0.06 2.62 1.02 0.64 0.16 0.70323 0.00004 5.86 0.23 19.08 0.02 15.55 0.01 38.71 0.04
Central Gal�apagos (Santiago)
Mildly-alkaline basalts 1.50 0.13 2.42 0.32 0.82 0.06 0.70302 0.00024 7.07 0.28 19.12 0.09 15.59 0.00 38.75 0.08
Transitional basalts 1.17 0.18 1.75 0.27 1.04 0.13 0.70284 0.00004 7.99 0.52 18.77 0.15 15.55 0.02 38.36 0.15
Low-K MORB-like tholeiites 0.80 0.07 1.12 0.13 1.12 0.10 0.70285 0.00009 8.25 0.42 18.66 0.06 15.54 0.01 38.24 0.06
Northeast Gal�apagos
Genovesa 0.49 0.08 1.13 0.14 1.58 0.12 0.70267 0.00005 9.52 0.25 18.44 0.07 15.53 0.03 38.02 0.12
Marchena 0.89 0.05 1.60 0.13 0.81 0.70282 0.00005 7.78 0.17 18.91 0.02 15.56 0.00 38.51 0.01
Pinta 2.36 0.24 2.30 0.3 0.72 0.06 0.70326 0.00010 5.33 0.52 19.22 0.09 15.61 0.02 39.13 0.14
Western Gal�apagos Spreading Center
E-MORB 1.37 0.16 1.45 0.40 0.67 0.24 0.70296 0.00006 7.52 0.56 18.82 0.11 15.56 0.01 38.61 0.11
T-MORB 0.91 0.32 1.09 0.30 0.77 0.11 0.70291 0.00008 7.52 0.56 18.82 0.11 15.56 0.01 38.61 0.11
N-MORB 0.57 0.10 0.97 0.09 1.20 0.28 0.70273 0.00015 8.52 0.92 18.56 0.17 15.53 0.02 38.29 0.19
Eastern Gal�apagos Spreading Center
E-MORB 0.93 0.44 1.23 0.26 0.78 0.25 0.70282 0.00011 7.92 1.25 18.89 0.26 15.57 0.04 38.56 0.35
T-MORB 0.78 0.07 1.11 0.11 0.81 0.06 0.70274 0.00017 8.48 1.06 18.75 0.14 15.55 0.03 38.40 0.22
N-MORB 0.57 0.11 0.98 0.11 1.22 0.58 0.70263 0.00026 9.04 0.72 18.54 0.21 15.52 0.04 38.10 0.28

aData are from Schilling et al. [1982, 2003], White et al. [1993], Christie et al. [2005], Saal et al. [2007], Gibson et al. [2012], and Harpp et al. [2014b].
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2.3. Central and Northern
Gal�apagos: Sampling
Melts of Plume Outflow
Historic volcanism has also
occurred in central
Gal�apagos on Santiago,
beyond the margin of the
plume stem (Figure 1). San-
tiago lavas range in compo-
sition from low-K tholeiites
to mildly alkaline basalts
and exhibit strikingly large
variations in incompatible
trace element and isotopic
ratios in comparison to
those from the western and
northern Gal�apagos Islands
[Gibson et al., 2012] (Figure
2). Large variations of [Sm/
Yb]n in basalts from Isla San-
tiago, over a distance of
20 km, coincide with a major
10 km lithospheric ‘‘step’’
beneath the island [Gibson
et al., 2012]. Older, but com-
positionally similar basalts
also erupt from Islas Santa
Cruz and San Cristobal.

Much of the region between
the plume stem and the
closest segment of spread-
ing ridge is >1000 m below
sea level and melts of plume
material undergoing ridge-
ward flow are sampled by
tholeiitic basalts erupted on
Islas Wolf, Darwin, Pinta,
Marchena, and Genovesa
together with seamounts in
northern Gal�apagos [Harpp
and White, 2001; Harpp
et al., 2014b]. Basalts from
Pinta have similar [Sm/Yb]n,

[La/Nb]n, and 143Nd/144Nd ratios (although distinctive Pb and Sr isotopic ratios) to enriched basalts in west-
ern Gal�apagos whereas other basalts from northeast Gal�apagos (Marchena and Genovesa) are comparable
to basalts erupted in central Gal�apagos, i.e., on western and eastern Santiago, respectively (Table 1 and
Figure 2). Basalts erupted in northwest Gal�apagos (Islas Wolf and Darwin) are notable for their low [La/Nb]n

and elevated 208Pb/204Pb ratios, which are a distinctive feature of the PLUME and WD reservoirs, respec-
tively [Harpp and White, 2001; Harpp et al., 2014b].

2.4. Gal�apagos Spreading Center: Plume Melting Beneath the Ridge
The morphology and geochemistry of the GSC indicate that the maximum influence of the Gal�apagos hot
spot occurs across a broad region centered on 90.58W, but the pattern is complicated by the Gal�apagos
918W transform fault [e.g., Schilling et al., 1976, 1982, 2003; Ito et al., 1997; Canales et al., 2002] (Figure 1).

Figure 2. Variation of [La/Nb]n with 143Nd/144Nd and [Sm/Yb]n ratios in basalts from the
Gal�apagos archipelago and adjacent Gal�apagos Spreading Center (GSC). Plots exclude basalts
identified by Harpp and White [2001] as having a high Floreana incompatible trace element
and isotopically enriched mantle component. G, M, and P correspond to Genovesa, Marchena,
and Pinta, respectively. (a) Variation of [La/Nb]n with [Sm/Yb]n. Note that basalts from Wolf and
Darwin Islands have similar [La/Nb]n and [Sm/Yb]n to E-MORB whereas those from Genovesa
(diamonds) are comparable to NMORB. (b) The solid red arrow illustrates binary mixing
between melts from a depleted end-member, that has the composition of a Genovesa basalt
(and similar to average depleted MORB, D-MORB), with an enriched end-member melt, similar
in composition to Floreana basalts [Harpp and White, 2001]. If melts are also derived from the
enriched PLUME source then estimates for DGM are maximum values. Note that N-MORB and
some T-MORB and E-MORB from the western GSC plot well above the mixing curve. Normaliza-
tion factors are from McDonough and Sun [1995]. Data are from Schilling et al. [1982, 2003],
White et al. [1993], Harpp and White [2001], Detrick et al. [2002], Harpp and Geist [2002], Harpp
et al. [2003], Cushman et al. [2004], Christie et al. [2005], Fitton [2007], Saal et al. [2007], Gibson
and Geist [2010], Ingle et al. [2010], and Harpp et al. [2014b].
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The GSC geochemical anomaly is most prominent between �92.58W and 89.58W, where the erupted basalts
resemble global enriched (E-) MORB, i.e., they typically have elevated K/Ti and light rare earth element con-
centrations together with relatively high [La/Sm]n, [Sm/Yb] and [La/Nb]n, and eNd values as low as 5.6 [Schil-
ling et al., 1982, 2003; Ito and Lin, 1995a; Ito et al., 1997; Canales et al., 2002; Detrick et al., 2002; Cushman
et al., 2004; Christie et al., 2005; Kokfelt et al., 2005; Ingle et al., 2010]. The location of E-MORB corresponds to
axial highs on both the eastern and western GSC (Figure 1). Transitional (T-) MORBs with moderate K/Ti,
[Sm/Yb]n, [La/Nb]n, and eNd values tend to occur on the GSC either side of E-MORBs where the ridge is at a
similar or lower elevation (Figure 1). Normal (N-) MORBs with low K/Ti and high [La/Nb]n are found at the
eastern and western ends of plume-influenced ridge and are associated with an axial low.

Subtle differences exist in some incompatible trace element ratios and also the isotopic ratios of MORBs
erupted on the eastern and western GSC [Schilling et al., 1982, 2003; Ito and Lin, 1995a; Ito et al., 1997;
Canales et al., 2002; Detrick et al., 2002; Cushman et al., 2004; Christie et al., 2005; Kokfelt et al., 2005; Ingle
et al., 2010]. In particular, E-MORBs from the eastern GSC have lower La/Sm, Ba/Nb, Nb/Zr, 87Sr/86Sr,
207Pb/204Pb, 208Pb/204Pb, and 230Th/238U ratios and higher 206Pb/204Pb, 143Nd/144Nd, 176Hf/177Hf, and
3He/4He than E-MORBs on the western GSC. These differences are important because they suggest that dif-
ferent mantle reservoirs, intrinsic to the Gal�apagos plume, are melting beneath different sections of the
ridge. While there is no significant correlation between 3He/4He and Sr, Nd, and Pb isotopic ratios (Figure 3)
in GSC basalts, the along axis gradient in all of these isotopic ratios is unaffected by the 918W transform
fault [Graham et al., 2014]. All GSC basalts are characterized by low 3He/4He (Figure 1) and the decoupling
(and also of CO2, 21Ne/22Ne, and 4He/40Ar) from Sr, Nd, and Pb isotopic ratios has been attributed to deple-
tion of highly volatile elements during deep melting in the Gal�apagos plume stem [Villag�omez et al., 2014].

2.5. Variable Melting of Recycled Oceanic Crust in the Gal�apagos Archipelago and Adjacent Ridge
The different correlations between [La/Nb]n and [Sm/Yb]n in basalts from the GSC compared to those in the
Gal�apagos Archipelago (excluding Wolf and Darwin Is; Figure 2) occur primarily because the various types
of GSC MORB exhibit large differences in proportions of low [La/Nb]n, isotopically enriched (PLUME, FLO,

Figure 3. Correlation matrix of isotopic and incompatible trace element ratios for Gal�apagos Spreading Center basalts. The moderate cor-
relation between isotopic and incompatible trace element ratios in GSC basalts suggests that variability in source compositions and the
depths and extents of melting are imperfectly coupled. This highlights the complexity of chemical and physical processes during plume-
ridge interactions. Data used in correlations are from Schilling et al. [1982, 2003], Detrick et al. [2002], Cushman et al. [2004], Christie et al.
[2005], Ingle et al. [2010], and Graham et al. [1993, 2014].
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and WD components) and high [La/Nb]n isotopically depleted Gal�apagos mantle (DGM) plume-derived
melts but show relatively minor variations in [Sm/Yb]n compared to those in the archipelago (Table 1).

It was previously thought that the isotopically enriched FLO component (partially dehydrated ancient
recycled oceanic crust) was restricted to the southern Galapagos Archipelago [Harpp and White, 2001] but
recently published isotopic data for central Gal�apagos basalts (Isla Santiago) [Gibson et al., 2012] provide
important constraints on how this deep-sourced plume material is dispersed toward the ridge. This is
because Santiago basalts exhibit far greater isotopic variations than any other island in the archipelago.
When combined with data for northeast and western Gal�apagos [White et al., 1993; Saal et al., 2007], San-
tiago compositions display continuous linear variations between recycled ancient oceanic crust (FLO) and
depleted mantle (DGM) in isotopic space (Figure 4).

In order to quantitatively and statistically assess the mixing relations, principal component analysis (PCA) is
applied to isotopic data from all of the islands and the GSC (see supporting information). PCA shows that
variance in all Galapagos Island and GSC isotopic data can be explained by five vectors (Table S1), following
Harpp and White [2001]. The first three principal components account for �76%, 12%, and 8% of the var-
iance, respectively, whereas PC4 and PC5 are so small (<4%) that they are insignificant. The first principal
component vector (PC1) defines mixing between high 208Pb/206Pb, 207Pb/206Pb DGM and low 208Pb/206Pb,
207Pb/206Pb FLO mantle. The second component vector (PC2) extends toward the PLUME component. The
third component vector (PC3) involves a fourth end-member with moderate 208Pb/206Pb, 207Pb/206Pb and
high 208Pb/207Pb and resembles WD (ancient recycled sediment). PC3 is most prevalent in E-MORB and T-
MORB on the western GSC.

In order to eliminate errors associated with the common 204Pb isotope, we have illustrated variations on
208Pb/206Pb versus 207Pb/206Pb and 208Pb/207Pb versus 206Pb/207Pb plots (Figure 4). We interpret linear
trends as binary mixing between distinct mantle source regions and assume they extrapolate linearly to
source compositions [Rudge et al., 2013]. An important observation from this analysis is that most samples
from the eastern GSC, and those found immediately west of the 918W transform fault, plot on the same
well-defined FLO-DGM binary mixing lines in Pb isotopic space as basalts from NE, central and western
Gal�apagos. The Pb isotope data for central and NE Gal�apagos fall, which we refer to as Gal�apagos Reference
Lines, and are defined by the following equations:

206Pb=207Pb50:99349 � 208Pb=207Pb21:24372 ðr250:986Þ;

207Pb=206Pb50:77965 � 208Pb=206Pb20:76488 ðr250:988Þ:

The majority of basalts from the western GSC, Pinta and northwest Gal�apagos have elevated 208Pb and in
Figure 4 fall to the right of the Gal�apagos Reference Lines and toward the WD (recycled sediment) compo-
nent of Harpp and White [2001]. The few samples from the eastern GSC that have elevated 208Pb occur
immediately east of the axial high between 89.28W and 89.68W. Surprisingly, this analysis indicates that the
PLUME component is sparsely sampled in the northern and central Galapagos and the GSC. We conclude
that melting of partially dehydrated, recycled ancient oceanic crust (FLO component) is occurring beneath
central Gal�apagos and the eastern section of the ridge, which is closest to the present-day Gal�apagos plume
stem.

3. ‘‘Deep’’ Lateral Transport of Mantle Volatiles Beneath a Rheological Boundary
Layer

While western Gal�apagos basalts are notable for their primitive He and Ne isotopic ratios, noble gas isotopic
anomalies are absent from GSC basalts (Figure 1) [Graham et al., 1993, 2014; Kurz and Geist, 1999; Detrick
et al., 2002; Kurz et al., 2009; Colin et al., 2011]. It has been proposed that the absence of a plume signal in
helium isotopes on the GSC is because He is highly incompatible and removed during deep incipient melt-
ing in the plume stem [Kurz and Geist, 1999; Villag�omez et al., 2014]. H2O is, however, less strongly incompat-
ible and the spatial variability in H2O contents of mantle melts both at the spreading center and in the
archipelago provides important information on melting and transport mechanisms. H2O contents have
been analyzed in olivine-hosted melt inclusions from a few Gal�apagos islands in the Galapagos Archipelago
(Fernandina and Santiago [Koleszar et al., 2009]) and also in basaltic glasses from the GSC [Detrick et al.,
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2002; Asimow and Langmuir, 2003; Cushman et al., 2004], and these analyses are useful in constraining
mechanisms of dispersal of plume material, because H2O exerts very strong controls on the depth of
melting.

Figure 4. Variations in Sr, Nd, and Pb isotopic ratios in basalts from central and northeast Gal�apagos and the Gal�apagos Spreading Center. Gray vectors are derived from Principal Com-
ponent Analysis (PCA) of Sr, Nd, and Pb isotopic ratios (supporting information Tables S1 and S2). PLUME, DGM, FLO, and WD are isotopically distinct reservoirs in the Gal�apagos plume
[Harpp and White, 2001]. Our PCA analysis reveals that the PLUME component makes only a small contribution to GSC basalts and is consistent with Schilling et al. [2003]. Dashed blue
line indicates the deviation in 208Pb/206 ratios from the linear regression line for samples that fall on the Gal�apagos Reference Line (red dashed line) and is calculated using the following
equation: D208Pb 5 (208Pb/206PbGRL 2 208Pb/206PbWGSC)*1000. Analyses of Fernandina, Wolf, and Darwin Island basalts are shown for comparison. Data are from White et al. [1993], Schil-
ling et al. [2003], Saal et al. [2007], Ingle et al. [2010], Gibson et al. [2012], and Harpp et al. [2014b].

Geochemistry, Geophysics, Geosystems 10.1002/2015GC005723

GIBSON ET AL. MANTLE PLUME CAPTURE & OUTFLOW 7



Investigations of basaltic glasses from the western GSC reveal that, in addition to elevated incompatible
trace element, 206Pb/204Pb, and 87Sr/86Sr, and low 143Nd/144Nd, E-MORB have higher H2O contents than T-
MORB and N-MORB [Detrick et al., 2002; Asimow and Langmuir, 2003; Cushman et al., 2004]. Figure 5 shows
that there is a positive correlation between H2O content and Sm/Yb, which we interpret as evidence of
deep melting of volatile-bearing mantle between 92.58W and 89.58W. Moreover, olivine-hosted melt inclu-
sions found in MORB-like low-K tholeiites from central Gal�apagos (eastern Santiago) have similar H2O con-
tents and [Sm/Yb]n ratios to GSC N-MORB [Koleszar et al., 2009] (Figure 5a). Both H2O contents and [Sm/Yb]n

ratios are much lower in these basalts than in those from western Gal�apagos: melt inclusions from Fernan-
dina basalts have the highest H2O contents (Figure 5a) so far analyzed in Gal�apagos [Koleszar et al., 2009].
The lower water concentrations of mantle melts in central Gal�apagos most likely correspond to: (i) relatively
large amounts of upwelling and melting (15–20%) of depleted mantle beneath thin lithosphere (�45 km)
[Gibson and Geist, 2010; Villag�omez et al., 2011; Gibson et al., 2012] and (ii) removal of significant quantities
of volatiles during plume-driven vertical upwelling and melting in the stem prior to lateral outward disper-
sal in the shallow mantle [Kurz and Geist, 1999; Villag�omez et al., 2014]. More H2O and Pb isotopic data are

Figure 5. Variations in [Sm/Yb]n and H2O of GSC basalts with bathymetry. (a) [Sm/Yb]n typically increases with H2O contents in basaltic
glasses from the western Gal�apagos Spreading Center (GSC) and also in olivine-hosted melt inclusions from the Gal�apagos archipelago.
This reflects deep melting of volatile-rich mantle. The field for undegassed Pacific MORB (analyzed from melt inclusions from the Juan da
Fuca Ridge) is shown for comparison. (b) [Sm/Yb]n decreases as the bathymetric height of the GSC increases and correlates with different
styles of mantle flow through the melt column. Data are from Schilling et al. [1982], Christie et al. [2005], Cushman et al. [2004], Detrick et al.
[2002], Koleszar et al. [2009], Ingle et al. [2010], and Helo et al. [2011]. Normalization factors are from McDonough and Sun [1995].
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required for Gal�apagos and also the eastern GSC to establish if it is the PLUME and/or FLO mantle reservoir
that is rich in H2O.

The high H2O concentrations of plume-influenced GSC MORBs [Detrick et al., 2002] indicate that material is
reaching the ridge at depths greater than that of the anhydrous peridotite solidus and provide important
constraints on the depth of dispersal of Gal�apagos plume material. While the effect of water on mantle rhe-
ology is under debate [cf. Hirth and Kohlstedt, 1996; Fei et al., 2013], here we follow the model of Ito et al.
[1997] which proposes that a rheological boundary between hydrous and dehydrated peridotite forces
most plume material to flow laterally at depths below the hydrous solidus. For Gal�apagos, the TP of the
plume is �14008C (supporting information Table S3), lateral flow of low-viscosity, volatile-bearing mantle
will occur at depths >�80 km [Gibson and Geist, 2010]. Where localized upwelling of the overlying anhy-
drous peridotite occurs—such as beneath the thin lithosphere of central and northeast Gal�apagos—under-
lying hot, low-viscosity plume material will also passively decompress and may undergo partial melting. We
suggest that melting away from the plume stem requires the coincidence of thin lithosphere, fertile mantle,
and high temperatures, which is why the northern Gal�apagos volcanoes exist and Gal�apagos volcanism is
more widespread than in other archipelagos.

Isotopically depleted basalts from central and northeast Gal�apagos (e.g., eastern Santiago and Genovesa)
were generated <200 km from the center of plume-driven mantle upwelling (Figure 1) and, as we have
shown above, contain smaller proportions of melts from the PLUME source and recycled ancient oceanic
crust (FLO mantle) than more distal E-MORB on the adjacent GSC (Figures 2 and 4). That the GSC erupts
more enriched basalts than does the northern Galapagos implies that ridgeward dispersal of plume material
is more complex than current conceptual geodynamic models, which invoke radial gravitational flow and
progressive dilution of plume material. In the gravitational flow regime, there is a ‘‘puddle’’ of plume mate-
rial of lateral dimension comparable to the distance along the ridge in which enriched geochemical signa-
tures are seen (�970 km for the GSC [Feighner and Richards, 1995]). Radial flow along the base of the
lithosphere is not easily reconciled with the relatively depleted isotopic signatures of recently erupted
basalts from the central and northern Islands and the absence of seamounts to the west of the Wolf-Darwin
lineament (Figure 1).

The isotopic ratios of GSC basalts are to a large extent decoupled from incompatible trace element ratios
(Figure 3), which suggests that the compositions and volumes of the erupted melts are influenced by both
chemical heterogeneity in mantle source regions and melting processes. Both Gal�apagos plume-driven
‘‘deep’’ volatile-rich melting and plate-limited ‘‘shallow’’ anhydrous melting have been suggested as impor-
tant processes in the formation of magma on the GSC west of the 918W transform fault [Cushman et al.,
2004; Ingle et al., 2010]. A first-order observation from our study is that the geochemical signatures of GSC
E-MORB, both west and east of the 918W transform fault, are due to the increased contribution of deep
melts derived from partially dehydrated, recycled ancient oceanic crust (FLO mantle). Homogenization of
these melts, and their channelized ascent in relative isolation from shallower melts, would preserve their
geochemical signatures [Katz and Weatherley, 2012] in GSC basalts. We have shown above that deep melt-
ing of recycled oceanic crust extends into the garnet stability field, which is why aggregate melts have high
Sm/Yb and low La/Nb ratios, and are isotopically enriched, relative to GSC melts resulting from plate-driven
flow and melting of less fertile mantle at shallower depths (Figure 2).

4. Spatial Variations of Vs and Temperature in the Gal�apagos Mantle

The variations in incompatible trace element and isotopic ratios of basalts from the Gal�apagos Archipelago
and adjacent spreading center that we have described above place independent constraints on interpreta-
tions of geophysical investigations of the region. The seismic models of Villag�omez et al. [2007, 2014] show
large spatial variations in VS in the sub-Gal�apagos mantle (Figure 6a), and depth slices between 50 and
110 km exhibit a low-velocity anomaly extending beneath northeast Gal�apagos and the GSC. While this
anomaly occurs where there are few crossing seismic rays, we note that it correlates almost exactly with our
proposed region of ridgeward flow of plume material based on geochemistry and ridge morphology (see
below).

Variations in VS of the magnitude found in the study by Villag�omez et al. [2007] are thought to be predomi-
nantly controlled by temperature and—to a lesser extent—differences in composition, grain size, and water
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concentration caused by partial
melting, and/or the amount of melt
present [Faul and Jackson, 2005;
McKenzie et al., 2005; Schutt and
Lesher, 2006; Goes et al., 2012]. An
empirical relationship between VS,
temperature, and pressure for
Pacific Ocean lithosphere was
established by Priestley and
McKenzie [2006] who showed that
there is a rapid, nonlinear decrease
in VS at temperatures close to the
anhydrous peridotite solidus. The
parameterization of Priestley and
McKenzie [2006] is thought to be
most appropriate for regions of
young oceanic lithosphere and
where potential mantle tempera-
ture is ambient (i.e., 13158C) or has
a moderate excess (<1008C) [Schutt
and Dueker, 2008]. Here we assume
that the effect of temperature is
dominant and have examined spa-
tial variations in VS at depths below
that of the anhydrous peridotite sol-
idus (90–120 km).

4.1. Radial Spreading of a Plume
‘‘Puddle’’ Versus Channelized
Plume Outflow
The lateral variation in temperature
of the Gal�apagos plume is believed
to be very small (<508C) [Villag-
mez et al., 2007]. At a depth of
110 km, the lowest VS and hence
highest estimated temperatures
occur beneath western Gal�apagos
(Figure 6). This spatially large
anomaly (130 km 3 >170 km)
coincides with the area of most
active volcanism and the most
primitive noble gas isotopic com-
positions and is therefore inter-
preted to be the stem of the
Gal�apagos plume [White et al.,
1993; Kurz and Geist, 1999; Villag-
mez et al., 2007, 2014]. Seismic
velocities [Villag�omez et al., 2014]
indicate that outflowing plume
material is being dispersed asym-
metrically rather than retaining the
radial symmetry predicted by some
conceptual models for ridge-
centered plumes [cf. Ribe and
Delattre, 1998; Shorttle et al., 2010].

Figure 6. Variations in (a) seismic velocity at 110 km depth and eNd and (b) mantle
potential temperature at 110 km depth and lithospheric thickness. Seismic data are
from Villag�omez et al. [2007], and temperatures were calculated using the parameteriza-
tion of Priestley and McKenzie [2006], which is based on seismic data for the Pacific
Ocean [see Gibson and Geist, 2010]. The estimated temperature at a given pressure was
converted to TP assuming a mantle adiabat of 0.68C km. The temperature map was gen-
erated using a normal kriging algorithm. Estimates of lithospheric thickness, from REE
inversion of the whole-rock compositions of recently erupted basalts, exclude older
eruptions on Santa Cruz and San Cristobal [Gibson and Geist, 2010]. Similar lithospheric
thicknesses have been calculated from seismic data and also correspond with thickness
estimates based on the age of the underlying plate [Gibson and Geist, 2010; Villag�omez
et al., 2011]. Note that the expected first-order thinning of the lithosphere toward the
ridge does not apply for Gal�apagos. Bathymetric contours are from http://www.pmel.
noaa.gov/vents/staff/chadwick/ Gal�apagos.html. Open star in circle at 90.428W repre-
sents the center of symmetry of the isostatic axial depth profile [Ito et al., 1997]. Note
how the axial high corresponds to the predicted intersection of warm plume mantle
with the GSC. The temperature difference along the ridge is similar to that proposed by
Ito et al. [1997] and Asimow and Langmuir [2003]. CPC and NPC are the Central and
Northern Plume Components identified by Kokfelt et al. [2005]. Geochemical data are
from Schilling et al. [1982], White et al. [1993], Geist et al. [1995], Naumann and Geist
[1999], Harpp and White [2001], Detrick et al. [2002], Cushman et al. [2004], Christie et al.
[2005], Saal et al. [2007], Ingle et al. [2010], and Gibson and Geist [2010]. Normalization
factors are from McDonough and Sun [1995]. Vectors of plate motions are from Gripp
and Gordon [2002].

Geochemistry, Geophysics, Geosystems 10.1002/2015GC005723

GIBSON ET AL. MANTLE PLUME CAPTURE & OUTFLOW 10

http://www.pmel.noaa.gov/vents/staff/chadwick/
http://www.pmel.noaa.gov/vents/staff/chadwick/


We interpret the seismically slow region between 100 and 120 km as being relatively hot Gal�apagos plume
material flowing northeast toward the nearest section of the GSC. The elongation of this seismic anomaly is
parallel to: (i) a zone of thin lithosphere beneath NE Gal�apagos [Gibson and Geist, 2010], (ii) the present-day
NE azimuth of Cocos Plate motion [Gripp and Gordon, 2002; Argus et al., 2011], and (iii) the direction in which
the GSC is migrating away from the plume [Wilson and Hey, 1995]. While the limited aperture and resolution
of VS variations in northern Gal�apagos and the corresponding inferred temperature anomalies are reason
for caution in interpreting the dimensions of the deep zone of flow, we note that north-easterly flow of
plume material coincides with historic volcanism on the islands of Pinta and Marchena and recent activity
at Genovesa [Harpp et al., 2014a]. There appears to be no marked decrease in seismic velocities (and inter-
preted TP) of plume material as it is dispersed from the zone of buoyant upwelling beneath western volca-
noes toward the GSC (Figure 6b). The �558C difference in temperature between the GSC and ambient
mantle, and the �108C variation that we estimate between 918W and 888W on the eastern GSC concurs
with findings that apply other methods to estimate TP (supporting information Table S3) [Feighner et al.,
1995; Ito and Lin, 1995a; Canales et al., 2002; Asimow and Langmuir, 2003; Cushman et al., 2004].

Many enriched basalts (defined by elevated 208Pb/204Pb) in NW Gal�apagos and from the western and east-
ern GSC reside outside the postulated zone of high-temperature plume flow (Figure 6). We propose that a
second zone of high 208Pb material flows more directly north, creating the axial high on the western GSC,
the Wolf-Darwin Lineament and the numerous seamounts in the inside corner of the 918 transform. There is
no seismic coverage in this part of Gal�apagos (Figure 6) [Villag�omez et al., 2007], however, this hypothesis is
consistent with Kokfelt et al. [2005], who suggest two isotopically distinct regions of plume material are
flowing toward the GSC: one northwest beneath Wolf and Darwin Islands and another northeast, exactly in
the region we have identified in this study.

4.2. The Role of the Thermal Lithosphere in Gal�apagos Plume-Ridge Interaction
Previous studies of plume-ridge interactions have highlighted the importance of thermal erosion in carving
a lithospheric channel to the adjacent spreading center [Morgan, 1978; Schilling et al., 1985; Schilling, 1991;
Kincaid et al., 1995; Kingsley and Schilling, 1998; Sleep, 2002]. Seismic and petrologic estimates (Figure 6b)
indicate that the lithosphere is thinner by �10 km in the area that extends to the NE of the archipelago
toward the ridge. This is too small, however, compared to the thickness of the plume material (�70 km
beneath the ridge [Feighner and Richards, 1995]) to trap plume material and influence outflow paths.

5. Correlating Geochemical and Geophysical Anomalies on the Gal�apagos
Spreading Center

Along the 970 km zone of the GSC that is influenced by the Gal�apagos plume both geochemical and geo-
physical data exhibit long wavelength variations [Schilling et al., 1982, 2003; Ito and Lin, 1995b; Ito et al.,
1997; Ingle et al., 2010; Graham et al., 2014]. Schilling et al. [2003] and Christie et al. [2005] showed that an
eastern geochemical peak is defined by elevated 206Pb/204Pb together with low 143Nd/144Nd and
176Hf/177Hf isotopic ratios and occurs between 90.588W and 918W, and roughly coincides with the peak in
geophysical data. They likewise show that a western geochemical peak is best defined by elevated
87Sr/86Sr, 207Pb/204Pb, and 208Pb/204Pb ratios and is located between 91.678W and 92.178W, slightly east of
the intersection of the GSC and Wolf Darwin lineament (Figure 7). Additionally, when basalts from the 918W
transform are excluded (the intratransform lavas have anomalous compositions), MORB erupted between
908W and 92.178W has elevated [La/Sm]n and [Sm/Yb]n. Figure 7 shows that if the low VS anomaly of Villag-
mez et al. [2007] is extrapolated �50 km NE (89.58W–918W), it coincides with (i) the major axial high on the
eastern GSC; (ii) greatest crustal thickness (�10 km); and (iii) the eastern isotopic peak [Schilling et al., 1982,
2003; Ito et al., 1997, 2003; Canales et al., 2002; Detrick et al., 2002; Sinton, 2003; Cushman et al., 2004; Christie
et al., 2005; Kokfelt et al., 2005; Ingle et al., 2010; Mittelstaedt et al., 2014].

Both Christie et al. [2005] and Kokfelt et al. [2005] recognize that the eastern and western geochemical peaks
on the GSC represent locations of melting of different Gal�apagos plume components beneath the ridge.
While findings from our study concur with this interpretation an important advance is that we link the
enriched plume component associated with the eastern geochemical peak is related to melting of partially
dehydrated, ancient recycled oceanic crust (i.e., the FLO mantle reservoir). The smaller concentrations of
incompatible trace elements, and low Ba/Nb, La/Sm, and Nb/Zr, in E-MORB from the eastern GSC combined
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with higher ridge elevation (�1 km) [Mittelstaedt et al., 2012] relative to the western GSC indicate larger
amounts of adiabatic decompression melting or melting of this more fertile mantle: partially dehydrated,
recycled oceanic crust will be more readily fusible and melt at higher pressures than the surrounding peri-
dotite. We propose that greater melt productivity associated with the eastern GSC axial high partly reflects
the presence of slightly higher-temperature, lower-viscosity, more buoyant plume mantle entering the base
of the melt column at the ridge axis.

Gradients in isotopic and some of the elemental characteristics of GSC basalts are unaffected by ridge off-
sets (Figure 7b), which suggests that they were established in the dispersed plume material before it
reached the ridge [Schilling et al., 2003]. Moreover, the geochemical enrichments and similarity in composi-
tions of E-MORB, erupted immediately west of the 918W transform fault, to basalts in central and NE

Figure 7. (a) Comparison of variations of mantle potential temperature at 110 km depth (from Figure 6b) with profiles of crustal thickness,
mantle Bouger anomalies, and bathymetry for the Gal�apagos Spreading Center (GSC). Estimates of crustal thickness are from Ito and Lin
[1995b] (red solid line), Canales et al. [2002] (blue dashed line), and Mittelstaedt et al. [2014] (black dotted line). Mantle Bouger anomalies
are from Ito et al. [1997]. Axial depths are from Ingle et al. [2010] (closed blue circles) and Christie et al. [2005] (closed red circles) and are
sampling depths. Bathymetric profile (red line) is corrected for crustal thickness and from Ito et al. [1997]. Locations of the Central and
Northern Plume Components are from Kokfelt et al. [2005]. Vectors of plate motions are from Gripp and Gordon [2002]. (b) Variations in ele-
mental and isotopic ratios with longitude on the GSC. Data are from Schilling et al. [1982], Byers et al. [1983], Detrick et al. [2002], Schilling
et al. [2003], Cushman et al. [2004], Christie et al. [2005], and Ingle et al. [2010]. D208Pb 5 (208Pb/206PbGRL 2 208Pb/206PbWGSC)*1000 (see cap-
tion of Figure 4). VS variations beneath the Gal�apagos archipelago 110 km depth are from Figure 6a. Amounts of FLO (Floreana) and DGM
(depleted Gal�apagos mantle) are shown as PC scores (see Table S2).
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Gal�apagos (Figures 2 and 4) imply
they are tapping the same melt source
region(s) in the underlying mantle. We
suggest this may relate to deep plume
material being dragged westward,
perhaps following subridge flow lines
inherited from when the plume was
centered beneath the GSC between
�12 and 5 Ma (see below). Such a
scenario would explain the low
3He/4He of basalts on the western GSC
(Figure 1).

6. Constraints on the
Geometry and Kinematics of
Gal�apagos Plume-Ridge
Interaction

6.1. Variable Rates of Plume
Upwelling
Our geochemical and geophysical
observations of the Gal�apagos plume-
ridge system require a model that
involves a narrow zone of flow of
highest temperature, compositionally
heterogeneous mantle from the
plume stem to the nearest section of
the GSC at depths below the anhy-
drous peridotite solidus (>80 km).
Regional variations in Gal�apagos
plume temperature are calculated to
be small [Villag�omez et al., 2007] and
do not fully explain the large spatial
variations in compositions of erupted
melts (Figure 6b) [cf. White et al.,
1993]. Numerical models of plume-
driven flow predict that upwelling
rates will be greater near the base of
the melting region, such that the com-
positions of aggregate fractional melts
are more heavily weighted toward
those of deep incremental melts than
in models of uniform upwelling [Ito
and Mahoney, 2005; Ito et al., 1999,
1997; Maclennan et al., 2001]. In the
zone separating the plume stem from
the nearest section of ridge, U-series
data are limited but suggest mantle
upwelling is slow (2 cm yr21) [Saal

et al., 2000] relative to plate motion and we infer from this that north-easterly plume outflow beneath cen-
tral and NE Gal�apagos is essentially lateral and the relative contribution of deep enriched melts to the final
melt aggregate is small compared to at the plume stem and EGSC. The depleted nature of melts generated
in the region between the plume stem and nearest section of ridge (e.g., eastern Santiago and Genovesa)
may also reflect the trajectory of mantle material: some may have undergone melting during upwelling at

Figure 7. (continued)
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the stem of the plume, prior to lateral flow toward the ridge as proposed by Hoernle et al. [2000] and illus-
trated in Figure 6.

6.2. Ridge ‘‘Capture’’ and ‘‘Anchoring’’ of Material Upwelling in the Gal�apagos Plume Stem
The Gal�apagos plume was ridge-centered between 12 and 5 Ma [Wilson and Hey, 1995; Werner, 2003; Harpp
et al., 2005] and subsequent migration of the Gal�apagos Spreading Center (GSC) �160 km to the northeast
has been associated with numerous ridge jumps and development of transform faults [Mittelstaedt et al.,
2012]. The most prominent transform fault, at �918W, displaced the eastern GSC south of the western GSC
in two phases during the last 3 Ma [Mittelstaedt et al., 2012] (Figure 1), and has resulted in the separation
distance between the current center of the shallow plume stem and the adjacent spreading center ranging
from 160 km east of the 918W transform fault to 250 km west of this structure.

We propose that confined, northeasterly oriented, deep ridgeward flow of compositionally and lithologically
heterogeneous plume material has arisen because, following ridge capture between 12 and 5 Ma, material
upwelling in the stem of the Gal�apagos plume has been ‘‘anchored’’ to the ridge (primarily to the east of
918W). As the ridge migrated away from the plume, a broad (�175 km wide) channel of relatively high-
temperature plume flow has developed. This anchoring of material flowing from the plume stem to a con-
tact point on the GSC is determined by the buoyancy flux and temperature (viscosity) of the plume together
with the rate of NE migration of the GSC (Figure 9). The channel of relatively high-temperature (and low vis-
cosity) NE ridgeward flow occurs at depths >100 km and is embedded within the normal spreading and
advection of Gal�apagos plume material, and intersects the eastern GSC where the axial bathymetric height
is greatest. Figure 8 shows that the channel has the same NE azimuth as the motion of the Cocos Plate
[Gripp and Gordon, 2002]. Moreover, we propose that the location of the major 918W transform fault may
have been influenced by tensional lithospheric stresses associated with plate motions, anchoring of the
plume stem to the eastern GSC, and confined high-temperature plume outflow. We further suggest epi-
sodic stress release may have controlled the two phases of southward movement on the 918W transform
fault that have resulted in a nearly fixed plume-ridge separation distance of 145–215 km during the last 3
Ma [Mittelstaedt et al., 2012].

6.3. Some Remarks on Possible Channeling of Plume Flow Toward the Ridge
In the foregoing sections, we have inferred that plume material is being dispersed toward the Gal�apagos
Spreading Center at depths below the anhydrous peridotite solidus, likely through a channel dating from
the last time the plume was ridge centered at �5 Ma. A variety of geochemical, geophysical, and tectonic
information supports this view, especially the evidence from GSC basaltic glasses that they contain deep,
hydrous melts of enriched plume material (Figure 5). By contrast, we have shown above that relatively anhy-
drous, depleted material is melting beneath the NE and central Gal�apagos, and this material must therefore
overlie the enriched plume material that is flowing ridgeward from the deep mantle plume. Two distinct

Figure 8. Schematic illustrations of relationships between mantle flow and plate motions beneath Gal�apagos. (a) VS variation beneath
Gal�apagos at 110 km depth (from Figure 6a) together with upwelling velocities from Saal et al. [2000]. (b) The relationship between the
center of the plume upwelling (open squares) at a depth of 110 km and the center of axial height symmetry (open star) on the Gal�apagos
Spreading Center (GSC). (c) The azimuth of confined plume stem-to-ridge flow is the same as the motion of the Cocos Plate. Estimates of
plate motions are from the HS3-NUVEL_1A data set of Gripp and Gordon [2002].
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fluid mechanical effects may be at play in generating the deep ridgeward flow, viscous fingering or return
flow to the ridge, and may involve melt rather than solid-state transport.

6.3.1. Viscous Fingering Between the Gal�apagos Plume and Adjacent Spreading Ridge
Heat flow from a hot plume channel in the base of the lithosphere must be comparable to that out of
the young overlying oceanic lithosphere in order for channelization to occur, and connecting the plume
and ridge via a channel ‘‘burned’’ into the base of the lithosphere is under most circumstances unlikely
[Sleep, 2008]. Another necessary condition is that a viscosity contrast of order at least �30–100 between
the plume channel material and the surrounding asthenosphere is required for a ‘‘fingering’’ instability
to occur [e.g., Helfrich, 1995; Wylie and Lister, 1995]. Such a large contrast is certainly possible for the
excess temperatures associated with the Gal�apagos plume (TP 5�14008C; Table S3), especially if a small
degree of partial melting is present, as we have shown above appears likely at subanhydrous peridotite
solidus depths.

6.3.2. Return Flow to the Ridge Confined Within the Upper �200 km of the Mantle
Another fluid mechanical effect, which appears not to have been accounted for in previous geodynamic
models for plume-ridge interaction, is that of confinement of return flow to the spreading ridge within a
thin asthenospheric channel of very low viscosity. Many mantle dynamics models include a low viscosity

Figure 9. Temporal evolution of Gal�apagos plume-ridge flow. Observed variations in compositions of melts generated between the
Gal�apagos plume and ridge require a more dynamically complex model than simple radial outflow in a ‘‘puddle’’ of plume material. Large
length-scale variations in ridge topography and melt thickness, combined with the lack of seamounts in regions between the plume and
ridge to the west of �928W, are best explained by subridge flow of plume material rather than simple radial flow from the plume stem [cf.
Shorttle et al., 2010]. The region of high temperature confined flow in Figure 9b correlates with the region of elevated crustal thickness
(10 km) [Mittelstaedt et al., 2014] beneath the eastern GSC. We propose the zone of confined plume stem-to-ridge flow has been main-
tained since the plume was last ridge centered 12–5 Ma [Wilson and Hey, 1995; Werner, 2003; Harpp et al., 2005]. In this scenario, the loca-
tion of confined plume stem-to-ridge flow may have influenced formation of the 918W transform fault, which developed in two stages �3
and 1 Ma [Mittelstaedt et al., 2012]. The location of the Gal�apagos plume stem at >200 km depth is from Villag�omez et al. [2014].
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upper mantle, ‘‘LVZ’’ or ‘‘asthenosphere,’’ but they generally model the asthenosphere as filling the upper
400–670 km of the mantle (corresponding to prominent mantle phase transitions), and assume only modest
viscosity contrasts of order �3–100. However, all lines of evidence of which we are aware (including post-
glacial rebound, the geoid, rotational dynamics, intraplate stresses, postseismic relaxation, and seismic ani-
sotropy) are equally consistent with a very thin low-viscosity channel bottoming at �200 km depth and
representing a viscosity contrast of order at least �1000 beneath the oceanic lithosphere [Thoraval and
Richards, 1997; Paulson and Richards, 2009; M. A. Richards and A. Lenardic, manuscript in preparation, 2015].
The fundamental reason for this ambiguity is that the viscosity contrast required to satisfy most geody-
namic constraints on upper mantle viscosity structure scales inversely with the cube of the channel thick-
ness [Cathles, 1975; Lenardic et al., 2006; Paulson and Richards, 2009]. Thus, for example, a 300 km thick
channel between the bottom of the lithosphere and the 400 km discontinuity that is a factor of 30 lower vis-
cosity than that of the underlying mantle is essentially indistinguishable from a 100 km thick channel of vis-
cosity contrast 810 (30 3 33) when modeling most data sets.

Of relevance to the present study, such a thin and very weak LVZ, or asthenosphere, effectively confines the
return flow to a mid-ocean ridge within the asthenosphere itself [Richards, 1991]. Therefore, it is a reasona-
ble hypothesis—especially in the vicinity of the ridge itself—that hot, buoyant mantle plume material will
be strongly advected horizontally within the lower part of the asthenosphere toward the ridge, where it
would undergo ‘‘deep,’’ hydrous partial melting, as illustrated by the red arrows in Figure 10. The depleted
melt residuum would then be advected horizontally away from the ridge immediately beneath the plate
(beneath the NE and central Gal�apagos). This latter return flow confinement effect would be enhanced in a
positive feedback sense if a low-viscosity channel had already been established between the ridge segment
where the plume last impinged, as we have hypothesized in this paper. Unfortunately, this confluence of
conditions—a thin, strong asthenosphere, overlying divergent plate motions, and a buoyant, off-ridge-axis
plume—have not been incorporated together into geodynamic models for plume-ridge interaction, mainly
because such large viscosity contrasts (asthenosphere plus effects of hot plume temperature and partial
melting) occurring over such small length scales presents extreme computational challenges. Therefore the
inferences we have made for channelized plume flow toward the ridge within the asthenosphere provides
impetus for a new class of plume-ridge interaction models that should incorporate return flow to the ridge
confined by a thin, very low viscosity asthenospheric channel at 200–100 km depth. Key questions for such
studies would include that of whether small-scale convection within the sub-Gal�apagos asthenosphere (for
which there is no conspicuous evidence) might disrupt the hypothesized plume-ridge channel, and the

Figure 10. Conceptual model illustrating deep dispersal of Gal�apagos plume material via a ‘‘deep’’ network of melt channels to the adja-
cent spreading ridge (see text for detailed discussion). Note (i) the coincidence of the intersection of the region of confined flow of high-
temperature plume mantle (red arrows) with the location of E-MORB on the eastern GSC and also (ii) the offset between the channel of
ridgeward plume flow and the region of thin lithosphere. Filled circles represent ‘‘blebs’’ of fusible FLO mantle (partially dehydrated,
recycled ancient oceanic crust) [Harpp et al., 2014a] at depths below the subanhydrous peridotite solidus. The overall contribution of the
FLO reservoir to the isotopic signature of basalts in central and northeast Gal�apagos and on the GSC is small [Harpp and White, 2001].
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degree to which ridgeward advection of plume material (via plate-induced return flow) would promote the
kind of channeling instabilities that were investigated by Sleep [2008] for the case of no overlying plate
motions and no asthenosphere.

6.3.3. Plume-Ridge Transport: Via Solid-State Flow or Melt Veins and Channels?
The foregoing discussion has been in terms of solid-state mantle flow and transport, as most models of
plume-ridge interaction have been developed in this context, including those most recently proposed for
Gal�apagos. For example, Kokfelt et al. [2005] concluded that dispersal of Gal�apagos plume material occurs in
the solid state. This inference is based on U-series data which suggest that melt transport times between
the Gal�apagos plume and GSC must be less than �35,000 years, whereas numerical models predict melt
migration over this distance would take 165,000 years [Braun and Sohn, 2003]. Nevertheless, the parameters
in the Braun and Sohn [2003] model are by no means certain and a significant range of transport times is
possible. More importantly, the Braun and Sohn [2003] model refers to a pervasive 2-D (sheet-like) region of
partially molten mantle through which melt migration would be occurring by shallow porous flow, at a
more or less uniform rate, over a huge areal extent between the plume and the ridge (i.e., �10,000 km2). By
conspicuous contrast, as we have described above all evidence is that ridgeward flow is deep. If such flow
occurs it is likely in pipe-like channels confined both vertically and horizontally to perhaps as little as tens of
meters to a few kilometers in both directions, but elongated by about 100 km along the plume-to-ridge
direction (see below). Confinement of ridgeward melt transport to narrow channels would increase the local
flow rate over that predicted by Braun and Sohn [2003] by a large factor and hence there would be no prob-
lem matching the constraint imposed by the U-series data of Kokfelt et al. [2005].

The most recent numerical simulations of Gal�apagos plume-ridge interaction involve solid-state transport of
plume material consisting of veins of geochemically enriched material set in a depleted matrix [Ito and Bianco,
2014]. The two models described by Ito and Bianco [2014] involve melting of plume material with (i) low vis-
cosity and no dependence on water content and (ii) high viscosity in the shallowest mantle with the depend-
ence of water content. Neither of these models, however, satisfactorily reproduces the observed variations in
melt flux: the anhydrous melting model predicts a melt volume that is much higher than estimated from
bathymetric and gravity data [Feighner and Richards, 1994]. In contrast, the model involving deep melting of
volatile-bearing mantle is significantly influenced by the increase in mantle viscosity associated with dehydra-
tion, which restricts the extent of buoyancy-driven mantle upwelling, so that the predicted melt flux is not
only low immediately above the plume stem (i.e., western Gal�apagos) but is �50% less than observed for the
ridge. Moreover, this model requires melting over an area much broader than the Gal�apagos platform. The
failure of solid-state transport models involving both gravitational flow of anhydrous material and deep, con-
fined flow of volatile-bearing mantle beneath a rheological boundary layer of dehydrated mantle to satisfacto-
rily explain observed covariations in the spatial extent of melting and melt flux associated with the Gal�apagos
plume confirms the complexity of processes involved in plume-ridge interaction.

An attractive possibility that has received remarkably little attention in this literature is that melt transport via
veins and channels (two-phase flow) may dominate the geochemical signatures of plume-ridge interaction and
lead to a focused melt flux. Although detailed modeling is beyond the scope of this paper, a simple plausibility
argument can be made that melt transport via veins and channels, at depths below the anhydrous peridotite
solidus and embedded in the normal spreading and advection of plume material, might be the case for
Gal�apagos. Small-fraction, volatile-rich, low-viscosity melts are readily mobilized from their source regions
[McKenzie, 1989] and develop an interconnecting network of channels formed naturally by melt migration insta-
bility [e.g., Weatherley and Katz, 2012]: this channelization of melts is perhaps evidenced at larger length scales
by trends such as the Wolf-Darwin Lineament (and other subparallel volcanic chains) and by short wavelength
variations in incompatible and isotopic ratios of melts erupted along the GSC between 92.58W and 89.58W (Fig-
ure 1). We envision deep melt transport may be either in the porous flow regime (with locally high permeabil-
ity), the ‘‘mush’’ regime (with wholesale transport of melt and crystals), or almost pure melt channels.
Gravitational ridgeward flow of melts of recycled oceanic crust in deep channels would be enhanced by the
slope of the rheological boundary layer. This varies from �72 6 5 km at the ridge to �91 6 8 km above the
plume [Byrnes et al., 2015]. For the past �5 Ma the GSC has maintained a distance of order �150–250 km north
of the Gal�apagos plume via a series of ridge jumps, no one of which appears to be larger than �30–50 km [Mit-
telstaedt et al., 2012]. If we assume that asthenospheric melt transport beneath ridges is dominated by stable
melt channels—via some type of reactive infiltration instability process and that for anhydrous mantle and at
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ambient temperatures these exist at depths of <80 km [Aharonov et al., 1995; Katz and Weatherley, 2012]—then
it is straightforward to envision how a confined network of channels might be maintained during migration of
the ridge from the plume stem. This requires no single ridge jump to exceed the typical horizontal extent of the
melt-channeling zone beneath mid-ocean ridges (�50–70 km), as appears to be the case in the Gal�apagos.
Given the difficulty reconciling the standard solid-state plume-ridge mixing paradigm with the data presented
in this paper (Figure 10) and in the models of Ito and Bianco [2014], the situation in the Gal�apagos clearly points
toward the need to explore two-phase flow models in greater detail in future work.

6.4. Implications for Models of Gal�apagos Plume-Ridge Interaction
The ridgeward flow of high-temperature plume material at depths greater than the anhydrous peridotite soli-
dus that we have proposed above presents a paradox and also a challenge to the current state of geodynamic
modeling of plume-ridge interaction. The paradox is that if there is relatively confined plume-stem-to-ridge
flow then it is not obvious how to explain the �970 km width of the geophysical and geochemical signature
of the ‘‘plume’’ along the GSC. One possibility is that there is dispersed outward flow, forming a puddle of
plume material �970 km wide at the base of the lithosphere. Such a feature is not apparent from the distribu-
tion of surface volcanism, or geophysical and geochemical data (on both sides of the ridge). Instead, our find-
ings suggest there may be flow of ‘‘captured’’ plume material below the ridge, both westerly and easterly,
away from the closest ridge segment (Figure 9) [Sleep, 2002]. The 918W transform fault must exert a minimal
effect on along-ridge plume dispersal and is consistent with (i) the proposition that Gal�apagos plume material
has been transported along the GSC at times of superfast spreading of the East Pacific Rise [Geldmacher et al.,
2013] and (ii) the lack of inflections in isotopic ratios along this part of the GSC [Graham et al., 2014]. While
this interpretation contrasts with the findings of early analytical studies, which predicted that ridge offsets
would dam plume flow [Vogt and Johnson, 1975; Schilling et al., 1982], more recent numerical studies suggest
that this effect is only significant for transform faults with offsets >100 km, because at smaller offsets the dif-
ference in lithospheric thickness on either side of the fault is too small to dam the flow of plume material
[Braun and Sohn, 2003; Weatherley and Katz, 2010; Georgen, 2014]. The cumulative offset of the 918W trans-
form is �90 km and has resulted in the juxtaposition of lithosphere with a small difference in age (5 Ma) and
thickness (�10 km). Moreover, our model assumes that along ridge flow was inherited while the Gal�apagos
plume was ridge centered and prior to the formation of the 918W transform fault. Since movement on the
transform fault has involved a series of southward displacements (initially 60 km at 5 Ma followed by 30 km at
1 Ma [Mittelstaedt et al., 2012]), at any one time the effective length of this ridge offset has been relatively
small and only responsible for minimal disruption of shallow subaxial plume flow. Another possibility is that
along-ridge flow is much deeper than the lithosphere-asthenosphere boundary.

Ribe and Delattre [1998] treated the case of the fluid-mechanical interaction between an off-ridge plume and a
migrating ridge, including ridge migration at oblique angles, similar to the case of the GSC and Gal�apagos
plume. Their work [following Feighner and Richards, 1995; Ribe, 1996; Ito et al., 1997] assumes that plume buoy-
ancy and plate-driven advection dominate the signature of the plume along the ridge axis, that is, the disturb-
ance of a radially spreading sublithospheric ‘‘puddle’’ of mantle plume material by the flow induced by the
ridge. In this context, the inferred direction of flow from the plume stem north-eastward toward the nearest
GSC segment, more or less along the direction of both the north-easterly Cocos Plate relative motion and migra-
tion of the GSC (Figures 8b and 9), is just as expected. The work of Ribe and Delattre [1998] also suggests that
the ‘‘slope’’ of the lithosphere, due to aging away from the ridge, is not likely to affect the flow regime to first
order. As yet there are no geodynamic models that fully capture the kinematic situation summarized in Figure
10, especially the presence of both oblique ridge migration and ridge-segment offset, and, perhaps more impor-
tantly, the influence of a thin, low-viscosity asthenospheric channel, or low-viscosity zone (LVZ). Nor do we cur-
rently have models that satisfactorily account for the effects of temperature-dependent viscosity in perhaps
focusing (narrowing) sublithospheric plume flow that we have shown above. In a word, existing models are
inadequate to account for the rich set of observations constraining plume-ridge interaction in the Gal�apagos.

7. Conclusions

The spatial distribution in historic Gal�apagos volcanism, geochemical and geophysical observables in the
archipelago and adjacent Gal�apagos Spreading Centre (GSC) cannot be readily explained by dispersal of
plume material either radially in a ‘‘puddle’’ at the base of the lithosphere or a ‘‘pipeline’’ in a shallow
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sub-lithospheric channel to the ridge [c.f. Schilling et al., 1982; Braun & Sohn, 2003; Sleep, 2008; Shorttle et al.,
2010]. Our Principal Component Analysis of Sr-Nd-Pb isotopic ratios of Gal�apagos and GSC basalts shows
that geochemical signatures of E-MORB on the section of ridge nearest the plume are a result of preferential
deep melting of partially-dehydrated, recycled, ancient oceanic crust (Floreana component) intrinsic to the
plume. This component is also evident – but to a lesser and more variable extent – in basalts erupted
between the plume stem and ridge. We infer that the first order control on the location of historic
volcanism and the greatest amount of melt generation beneath the ridge, is a �175 km wide, NE trending
confined channel of plume stem-to-ridge flow that exists at depths below the anhydrous-peridotite solidus
(i.e. >80 km).

We propose a two-stage model for the development and sustainment of a long-term (>5 Ma), confined
zone of deep NE plume flow that involves initial on-axis capture of the upwelling plume stem by the GSC,
and subsequent anchoring of this to a contact point on the ridge during NE migration of the spreading axis.
We suggest confined plume flow occurs via a deep network of melt channels embedded in the normal
spreading and advection of material in the Gal�apagos plume rather than by solid state transport [Kokfelt et
al., 2005; Ito and Bianco, 2014]. The physical parameters and styles of mantle flow that we have defined for
Gal�apagos are not well constrained for other well-known sites of plume-ridge interactions, such as Easter
Island in the Pacific, the Azores, St Helena and Tristan in the mid-Atlantic, and Amsterdam in the Indian
Ocean. In many of these cases the presence of a mantle plume is contested. Our findings permit realistic
parameters and boundary conditions to be used in dynamical models of global plume-ridge interactions
and therefore aid understanding of what drives the most currently active volcanism on the surface of the
Earth.
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