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Abstract Significant zonation in major, minor, trace, and

volatile elements has been documented in naturally glassy

olivine-hosted melt inclusions from the Siqueiros Fracture

Zone and the Galapagos Islands. Components with a higher

concentration in the host olivine than in the melt

(e.g., MgO, FeO, Cr2O3, and MnO) are depleted at the

edges of the zoned melt inclusions relative to their centers,

whereas except for CaO, H2O, and F, components with a

lower concentration in the host olivine than in the melt

(e.g., Al2O3, SiO2, Na2O, K2O, TiO2, S, and Cl) are enri-

ched near the melt inclusion edges. This zonation is due to

formation of an olivine-depleted boundary layer in the

adjacent melt in response to cooling and crystallization of

olivine on the walls of the melt inclusions, concurrent with

diffusive propagation of the boundary layer toward the

inclusion center. Concentration profiles of some compo-

nents in the melt inclusions exhibit multicomponent dif-

fusion effects such as uphill diffusion (CaO, FeO) or

slowing of the diffusion of typically rapidly diffusing

components (Na2O, K2O) by coupling to slow diffusing

components such as SiO2 and Al2O3. Concentrations of

H2O and F decrease toward the edges of some of the

Siqueiros melt inclusions, suggesting either that these

components have been lost from the inclusions into the

host olivine late in their cooling histories and/or that these

components are exhibiting multicomponent diffusion

effects. A model has been developed of the time-dependent

evolution of MgO concentration profiles in melt inclusions

due to simultaneous depletion of MgO at the inclusion

walls due to olivine growth and diffusion of MgO in the

melt inclusions in response to this depletion. Observed

concentration profiles were fit to this model to constrain

their thermal histories. Cooling rates determined by a sin-

gle-stage linear cooling model are 150–13,000 �C h-1

from the liquidus down to *1,000 �C, consistent with

previously determined cooling rates for basaltic glasses;

compositional trends with melt inclusion size observed in

the Siqueiros melt inclusions are described well by this

simple single-stage linear cooling model. Despite the

overall success of the modeling of MgO concentration

profiles using a single-stage cooling history, MgO con-

centration profiles in some melt inclusions are better fit by

a two-stage cooling history with a slower-cooling first stage

followed by a faster-cooling second stage; the inferred total

duration of cooling from the liquidus down to

*1,000 �C ranges from 40 s to just over 1 h. Based on our
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observations and models, compositions of zoned melt

inclusions (even if measured at the centers of the inclu-

sions) will typically have been diffusively fractionated

relative to the initially trapped melt; for such inclusions,

the initial composition cannot be simply reconstructed

based on olivine-addition calculations, so caution should be

exercised in application of such reconstructions to correct

for post-entrapment crystallization of olivine on inclusion

walls. Off-center analyses of a melt inclusion can also give

results significantly fractionated relative to simple olivine

crystallization. All melt inclusions from the Siqueiros and

Galapagos sample suites exhibit zoning profiles, and this

feature may be nearly universal in glassy, olivine-hosted

inclusions. If so, zoning profiles in melt inclusions could be

widely useful to constrain late-stage syneruptive processes

and as natural diffusion experiments.

Keywords Melt inclusions � Chemical zonation �
Diffusion � Geospeedometry

Introduction

It is often implicitly assumed that glassy melt inclusions in

phenocrysts are homogeneous and thus that analyses from

near the center of an inclusion are representative of the

inclusion composition. Likewise, inclusion homogeneity is

usually assumed in models of melt inclusion formation and

evolution (Qin et al. 1992; Danyushevsky et al. 2000;

Cottrell et al. 2002; Danyushevsky et al. 2002a, b; Gaetani

and Watson 2002; Lloyd et al. 2013; Chen et al. 2013). A

priori, this would seem to be a reasonable assump-

tion, because although crystallization of the host mineral on

the walls of the inclusion and reequilibration of the melt

inclusion with the host mineral are known to affect inclu-

sion composition (Danyushevsky et al. 2000, 2002a, b;

Gaetani and Watson 2002), the timescales for diffusive

homogenization of melt inclusions [102 lm in diameter

are expected to be [102 min at magmatic temperatures

based on known diffusivities in silicate melts—orders of

magnitude smaller than residence times of phenocrysts in

magma chambers and than the timescales for significant

diffusion of most elements into the host mineral (Qin et al.

1992; Cottrell et al. 2002; Danyushevsky et al. 2002b;

Gaetani and Watson 2002; Morgan et al. 2004; Costa and

Dungan 2005). However, there have been reports of con-

centration profiles away from the host–glass interface in

glassy inclusions from a variety of magmatic settings

(Anderson 1974; Danyushevsky et al. 2002b; Mercier 2009;

Colin et al. 2012), indicating that there are processes acting

on melt inclusions on timescales sufficient for measurable

concentration profiles to have been generated, but insuffi-

cient for the profiles to have been erased by diffusion.

In this paper, we examine in detail concentration profiles

in glassy, olivine-hosted melt inclusions in submarine lavas

from the Siqueiros Fracture Zone and in subaerial and

submarine lavas from the Galapagos Islands. We demon-

strate that significant zonation in melt inclusions is the

norm rather than the exception; that the cores of melt

inclusions can be significantly influenced by simultaneous

growth of the host mineral on inclusion walls and multi-

component diffusion in the melt inclusion; and that aspects

of the resultant concentration profiles can be used to con-

strain the last stages of the thermal histories of their host

magmas.

Samples

Thirty-five glassy, olivine-hosted melt inclusions were

characterized for this study: 26 from the Siqueiros Fracture

Zone and nine from the Galapagos Islands. All inclusions

were naturally glassy (i.e., no homogenization procedures

were applied). Sample names and locations are given in

Table S1 of Online Resource 1, and backscattered electron

images of the inclusions are shown in Fig. 1 and in Online

Resource 2. The inclusions from the Siqueiros Fracture

Zone were collected in May–June 1991 by dredging

(sample names containing D20 in Table S1 of Online

Resource 1) and by the submersible ‘‘Alvin’’ (sample

names containing 2384). The samples from this study are

from the glassy rinds of pillow basalts that were collected

from depths of [3,000 m (Perfit et al. 1996; Saal et al.

2002). The locations of the samples and their petrography

and compositions are described in detail by Perfit et al.

(1996). A subset of the Siqueiros inclusions were analyzed

previously by Saal et al. (2002); these inclusions are listed

in Table S1 (Online Resource 1). The remaining Siqueiros

inclusions were prepared from new olivine separates. Two

of the melt inclusions we studied from the Galapagos

Islands are from Fernandina Island, and seven are from

Santiago Island. The Fernandina inclusions were sampled

from a submarine flank of the island at a depth of

*2,900 m during dredge AHA25 of the AHA-Nemo2

cruise in 2000 (Geist et al. 2006), and the Santiago inclu-

sions were sampled from a glassy subaerial hornito

(Koleszar et al. 2009). All nine Galapagos inclusions have

been analyzed previously by Koleszar et al. (2009).

The Siqueiros Fracture Zone is on the northern East

Pacific Rise (EPR); its lavas span a broad range of basaltic

compositions and include some of the most primitive

samples known from the EPR (Perfit et al. 1996). The

olivines we studied are from lavas ranging in composition

from magnesian basalts to picrites that are thought to have

been affected by variable amounts of olivine accumulation

(Perfit et al. 1996). These lavas are more depleted in
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incompatible trace elements than normal mid-ocean ridge

basalt (N-MORB) observed elsewhere on the EPR (Perfit

et al. 1996). The Siqueiros melt inclusions have relatively

primitive compositions with MgO contents up to 9.5 wt%

(and up to 12.8 wt% after correction for post-entrapment

olivine crystallization (Saal et al. 2002; Danyushevsky

et al. 2003). Following correction for post-entrapment

olivine crystallization, most of the Siqueiros inclusions are

thought to represent nearly primary mantle melts (Saal

et al. 2002). However, the compositions of some Siqueiros

inclusions are relatively enriched in Al2O3, CaO, and Sr,

and relatively depleted in Na2O, TiO2, and incompatible

elements; these inclusions are thought to have been affec-

ted by variable amounts of assimilation of gabbroic mate-

rial (Danyushevsky et al. 2003, 2004; Saal et al. 2007). The

Siqueiros inclusions are contained in Fo89–91 olivine

phenocrysts (Saal et al. 2002), similar to mantle olivine and

hence consistent with crystallization from nearly primary

mantle melts.

The olivines we studied from Fernandina are from the

‘‘normal series’’ of submarine tholeiitic basaltic lavas

described by Geist et al. (2006). These magmas are thought

to have fractionated in a magma chamber at a depth of

*2 km before being injected laterally, entraining variable

amounts of olivine, clinopyroxene, and plagioclase from a

crystal mush zone\1 year before eruption. The Fernandina

melt inclusions have higher Mg#s than associated matrix

glasses, and the matrix glass compositions can be largely

accounted for by fractionation of plagioclase, olivine, and

minor clinopyroxene from the melt inclusion compositions

(Geist et al. 2006; Koleszar et al. 2009). The melt inclu-

sions are contained in Fo81–87 olivine phenocrysts (Koles-

zar et al. 2009). There is a positive correlation between the

forsterite content of the host olivines and the variability of

incompatible trace element concentration ratios in the

trapped melts (as represented by the La/Yb ratio), e.g.,

more primitive olivines with Fo86–87 contain inclusions

with La/Yb ratios ranging from 0.91 to 7.0 (chondritic La/

Yb is 1.5; McDonough and Sun 1995), whereas more

evolved olivines with Fo\82 contain melts with La/Yb

ratios ranging only from 5.3 to 6.1 (approximately the same

as the average concentration of Fernandina lavas; Koleszar

et al. 2009). This trend is suggestive of concurrent crys-

tallization and mixing of incompatible trace-element-enri-

ched and -depleted melts (e.g., Maclennan et al. 2003). Of

the two Fernandina melt inclusions we studied, one has a

low La/Yb ratio of 0.91 and is hosted in a Fo87 olivine

(Gal-AHA2-24) and one has a relatively high La/Yb ratio

A

A' A

A'

Siq7 Siq8

A

A'

Siq16
A

A'

A'

A B

BSiq1-19

a

b
B'

B'

Fig. 1 Backscattered electron

images of a subset of the

Siqueiros melt inclusions used

in this study. Further images are

provided in Online Resource 2.

White bars are 100 lm in

length. Electron microprobe

analyses are marked in red. The

nanoSIMS profile measured

across Siq8 (see Fig. 4) closely

followed the marked path of the

electron microprobe traverse
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of 5.5 and is hosted in a Fo83 olivine (Gal-AHA2-27)

(Koleszar et al. 2009).

The host lavas of the Santiago melt inclusions are typ-

ical of N-MORB (White et al. 1993; Koleszar et al. 2009).

The melt inclusions have variable major element compo-

sitions at similar Mg# that cannot be easily reproduced by

fractional crystallization of any combination of olivine,

clinopyroxene, and/or plagioclase (Koleszar et al. 2009).

Saal et al. (2007) proposed that this variability can be

explained by assimilation of plagioclase during interaction

of the melt with lithospheric gabbros. The melt inclusions

are mostly contained in Fo86–87 olivine phenocrysts; there

are two exceptions with lower forsterite contents of Fo82

and Fo85 (Koleszar et al. 2009). Unlike the Fernandina

inclusions, the Santiago inclusions are relatively uniform in

their incompatible trace element concentrations, and their

incompatible trace element concentrations are similar to

their associated matrix glasses.

Analytical techniques

Inclusion-bearing olivines previously studied in Saal et al.

(2002) (21 inclusions; indicated in Table S1) were mounted

in epoxy. The remaining inclusion-bearing olivines (five

from the Siqueiros Fracture Zone, two from Fernandina,

Galapagos, and nine from Santiago, Galapagos) were pol-

ished (using alumina lapping films and 0.25-lm diamond

paste) and pressed into indium (e.g., Hauri et al. 2002;

Koleszar et al. 2009). Care was taken to expose the max-

imum possible surface area of the melt inclusions during

polishing.

Concentration profiles of major, minor, and trace ele-

ments were measured across the glass inclusions in WDS

mode using the JEOL JXA-8200 electron microprobe at

Caltech. For most of the inclusions, concentrations of SiO2,

TiO2, Al2O3, Cr2O3, FeO, MnO, MgO, CaO, NiO, Na2O,

K2O, and P2O5 were measured in the glass with an accel-

erating voltage of 15 kV, a beam current of 10 nA, and

counting times of 20 s on peak and 10 s on high and low

backgrounds. In the early phases of the study, the beam

diameter was set to 5 lm, and automated line profiles were

constructed across the melt inclusions with analyses spaced

at 10-lm intervals (we will refer to this distance as the

‘‘point spacing’’). In order to improve spatial resolution,

later line profiles were measured with a focused beam (with

a nominal diameter of *150 nm) and a point spacing of

1–2 lm. The following standards were used for the elec-

tron microprobe analyses: Shankland forsterite (MgO);

VG2 basaltic glass (SiO2); synthetic TiO2 (TiO2); synthetic

anorthite (Al2O3, CaO); synthetic Cr2O3 (Cr2O3); synthetic

fayalite (FeO); synthetic tephroite (MnO); Amelia albite

(Na2O); synthetic Ni olivine (NiO); Durango apatite

(P2O5); and Asbestos microcline (K2O). Data were reduced

using a modified ZAF procedure (CITIZAF; Armstrong

(1988)). Secondary standards (BHVO-2g, BIR-1g, and/or

VG2 basaltic glasses) were analyzed 5–10 times at the

beginning and end of each traverse, under the same ana-

lytical conditions used to analyze the melt inclusions.

Although no corrections have been applied to our con-

centration data based on analyses of secondary standards,

the percentage deviation from the accepted values for these

standards [calculated as 100*(1 - (mean measured value/

accepted value))] is within 1.0 % for SiO2, 1.6 % for TiO2,

2.5 % for Al2O3, 1.3 % for FeO, 5.8 % for MgO, 2.4 % for

CaO, and 4.7 % for Na2O. Our analyses of the secondary

standards are given in Online Resource 2. One hundred and

five replicate analyses of BHVO during an analytical ses-

sion in May 2010 gave relative standard deviations

(100*standard deviation/mean) of 0.6 % for SiO2, 0.06 %

for TiO2, 1.0 % for Al2O3, 0.9 % for FeO, 1.4 % for MgO,

0.9 % for CaO, and 2.7 % for Na2O.

In order to improve analytical precision for minor and

trace elements (TiO2, K2O, Cr2O3, MnO, P2O5, NiO, Na2O,

and S), concentration profiles in some inclusions were re-

measured using longer counting times (400 s on peak and

400 s on background for MnO; 360 s on peak and 360 s on

background for Cr2O3; 280 s on peak and 280 s on back-

ground for TiO2; 120 s on peak and 120 s on background

for K2O, P2O5, S, and NiO; and 60 s on peak and 60 s on

background for Na2O), a higher beam current (30 nA), and

a 5-lm beam diameter. The detection limits at 99 % con-

fidence for this setup were 0.007 wt% for MnO, 0.011 wt%

for Cr2O3, 0.004 wt% for TiO2, 0.006 wt% for K2O,

0.011 wt% for P2O5, 0.015 wt% for NiO, 0.004 wt% for S,

and 0.016 wt% for Na2O. The concentrations of NiO and

Cr2O3 in the glasses were below the detection limit under

these analytical conditions. For all of the other oxides, the

percentage errors on the measurements calculated from

counting statistics were \10 % in the glasses. These re-

measurements of the minor elements were made along

approximately the same profiles as the major element

analyses.

H2O, Cl, F, and S profiles were measured across five

Siqueiros melt inclusions mounted in indium with the

Cameca NanoSIMS 50L at Caltech, using methods similar

to those outlined by Hauri et al. (2002). A primary beam of
133Cs? ions with a beam current of *3.5 pA (on-sample)

and a beam diameter of *100–200 nm was used to sputter

secondary ions from the sample surface over a 2 9 2 lm

rastered area, with charge compensation provided by an

electron flood gun. Pre-sputtering for 158 s before each

analysis removed the gold coating from the sample surface

within the analysis crater and reduced contamination by

surface-adsorbed volatiles. Electronic gating was used such

that only secondary ions from the central 30 % of the

1030 Page 4 of 26 Contrib Mineral Petrol (2014) 168:1030

123



rastered area were detected. This technique reduces con-

tamination from volatiles adsorbed on the sample surface.

Negatively charged ions of 16O1H-, 35Cl-, 19F-, 32S-,
24Mg16O-, and 18O- were detected simultaneously using

six electron multipliers. The mass resolution power for
16O1H was sufficient to distinguish 16O1H from 17O. 18O-

was used as a denominator of all reported ion intensity

ratios, and the intensity of the 24Mg16O- ion beam was

used to distinguish between analyses of olivine versus

analyses of glass. San Carlos olivine containing

0.3 ± 0.1 ppm H2O (GRR997; Mosenfelder et al. (2011))

was analyzed to determine the analytical blank, and a

selection of homogeneous basaltic and andesitic glasses

were used as standards. Four replicate analyses of GRR997

were used to assess the detection limits at 99 % confidence

for H2O, Cl, F, and S, following equation (7) of Long and

Winefordner (1983). The detection limits were 74 ppm for

H2O, 1.8 ppm for F, 0.9 ppm for S, and 0.4 ppm for Cl.

Further details regarding the calibration of our SIMS data

are provided in Online Resource 3.

Results

Chemical zonation was observed in all of the studied melt

inclusions. Concentration profiles of major elements across

inclusion Siq16 are shown in Fig. 2. The concentration

profiles are approximately symmetric about the center of

the melt inclusion. Oxides that have higher concentrations

in the olivine than the melt (e.g., FeO and MgO) are

depleted at the edges of the inclusion, whereas oxides that

have lower concentrations in the olivine than the melt (e.g.,

SiO2, Al2O3, CaO, and Na2O) are generally enriched at the

edges. The minor and trace elements in the inclusions are

also zoned (analyses of Siq1–19b are shown in Fig. 3).

TiO2 and K2O, which are incompatible in olivine, are

enriched at the edges of the inclusions, while MnO, which

is compatible in olivine, is depleted at the edges of the

inclusions. Although the concentrations of P2O5 and Cr2O3

are close to or below the detection limit of the electron

microprobe given our analytical procedures, some inclu-

sions appear to show the expected enhancement of P2O5

and depletion of Cr2O3 toward their edges (e.g., Siq1–19b;

see Fig. 3 and Online Resource 2). As shown in Fig. 4,

nanoSIMS measurements of H2O, S, F, and Cl across the

Siq8 inclusion revealed zonation in these components.

Given that they are incompatible in olivine, we would have

expected the concentration of all of these volatile compo-

nents to increase from the center to the edge of the inclu-

sion. However, although the expected behavior is observed

for S and Cl, the concentrations of H2O and F decrease

toward the edges of this melt inclusion. Similar trends were

observed across the other melt inclusions analyzed with the

nanoSIMS (see Online Resource 3). Also of note is the

similarity between the shapes of the concentrations profiles

of H2O and F (see Fig. 4 and Online Resource 3).

The widths of the concentration profiles vary from oxide

to oxide in a given melt inclusion. For example, the widths

of the concentration profiles of SiO2, Al2O3, and Na2O are

all similar in Siq16 (*30 lm; Fig. 2), whereas the con-

centration profile of MgO propagates much further into the

inclusion (*80 lm; Fig. 2). The shapes of the concentra-

tion profiles from the edges of the melt inclusions to the

centers can also be variable: Although most oxides show a

monotonic increase or decrease in concentration from edge

to center, CaO and FeO sometimes increase, reach a

maximum, and then decrease from edge to center; this is

the case for inclusion Siq16 (Fig. 2). A similar trend may

also be apparent in profiles of H2O and F across inclusion

Siq16 (see Online Resource 3). In melt inclusions Siq7,

Siq8, and Siq16, the shapes of the H2O and F concentration

profiles mimic the shapes of the FeO concentration profiles.

There is a relationship between the glass composition

measured in the center of an inclusion and the radius of the

inclusion. As shown in Fig. 5, the smallest inclusions in the

Siqueiros suite are enriched in oxides that are incompatible

in olivine and depleted in oxides that are compatible in

olivine. As inclusion radius increases, the degree of

incompatible oxide enrichment and compatible oxide

depletion decreases until the composition reaches a roughly

constant value. The radius at which this concentration

‘‘plateau’’ is reached is different for each oxide: For FeO,

the center concentration is approximately constant for melt

inclusions larger than *30 lm; for SiO2 and Al2O3, the

concentration plateau is reached at radii larger than

*60 lm; for MgO, the concentration plateau is reached at

radii larger than *100 lm; and for CaO, the variability of

center concentration with radius extends to inclusions with

even larger radii. No discernible trend is observed for

central Na2O concentration with inclusion size. The vari-

ability observed in central concentrations of Na2O in the

Siqueiros inclusions could be due to interaction of these

melts with plagioclase prior to their entrapment (e.g.,

Danyushevsky et al. 2003, 2004; Saal et al. 2007).

Concentration gradients within melt inclusions have

been observed previously. For example, a study of olivine-

hosted melt inclusions from Mt. Shasta by Anderson

(1974) noted that ‘‘concentration gradients are common in

glass inclusions within about 10 microns of the olivine

host.’’ Danyushevsky et al. (2002b) also observed depres-

sed concentrations of FeO and MgO in a zone that extends

up to 5–6 lm from the walls of both naturally and exper-

imentally quenched olivine-hosted melt inclusions from a

variety of magmatic and tectonic settings (MORB from the

Siqueiros transform fault, arc tholeiite from Hunter Ridge,

komatiite from Belingwe, and high-Ca boninite from the
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Tonga arc). The zonation observed in this study is more

extensive and demonstrably reaches the center of many of

the Siqueiros inclusions (e.g., the CaO concentration pro-

file in Fig. 2). Colin et al. (2012) observed concentration

gradients of MgO, SiO2, Al2O3, and FeO within olivine-

hosted melt inclusions from a Mid-Atlantic ridge pillow

basalt (sample RD87DR10). Their concentration gradients

of Al2O3 are 20–30 lm wide, consistent with the Siqueiros

and Galapagos melt inclusions described in this study; they

also measured concentration gradients of Al2O3 in matrix

glass extending outward from the rims of some of the

olivine phenocrysts, and these concentration profiles are

similar to those measured inward from the edges of the

inclusions. Additionally, Mercier (2009) observed zonation

of MgO, Al2O3, and CaO in olivine-hosted melt inclusions

in scoria from La Sommata (Vulcano Island). The con-

centration gradients observed in the La Sommata sample

suite are shorter than those described in this study (e.g.,

*20 lm for MgO and *10 lm for Al2O3), and SiO2 and

Na2O do not show zonation. However, the shapes of the

concentration profiles of Al2O3, CaO, and MgO are gen-

erally consistent with those reported here for the Siqueiros

and Galapagos melt inclusions.

Discussion

Formation of the zonation: general considerations

As an olivine-hosted melt inclusion cools, it will typically

crystallize olivine on its walls (e.g., Anderson 1974;

Danyushevsky et al. 2002b), and an olivine-depleted

boundary layer will form in the melt near the olivine–melt

interface. This boundary layer is depleted in oxides that are

compatible in olivine (such as MgO, FeO, MnO, and

Cr2O3) and enriched in oxides that are incompatible (such
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Fig. 2 Major element

concentration profiles in melt

inclusion Siq16 measured by

electron microprobe. Only

analyses of the melt are shown;

a typical olivine analysis is

labeled on the left of each panel.

The distance between analyses
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as SiO2, Al2O3, CaO, Na2O, TiO2, K2O, and P2O5). There

is, however, a competition between the development of the

boundary layer due to olivine growth and its relaxation due

to diffusion between the boundary layer and the interior of

the melt inclusion. In the case of partitioning of a trace

element between olivine and melt, if the olivine growth

were into a melt of infinite extent and the olivine growth

rate, the diffusion coefficient of the element in the melt,

and the partition coefficient of the element between the

olivine and melt were all constant, a steady-state concen-

tration profile of the element would develop in the melt

(Tiller et al. 1953; Smith et al. 1955; Albarede and
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Bottinga 1972; Zhang 2008). In melt inclusions, however,

the volume of the inclusion is finite rather than infinite, and

if the olivine on the inclusion wall is growing in response

to a decrease in temperature, neither the partition coeffi-

cients nor the diffusion coefficients of any elements are

constant, so the resulting profiles will be time dependent

and more complex. Additional complications in natural

systems with substantial major element variability along

the concentration profile are that diffusion coefficients may

vary along the profile and that there may be interactions

between the diffusivities of the various elements leading to

cross terms in the diffusion matrix that can even lead to

uphill diffusion. Such ‘‘multicomponent diffusion’’ features

have been described in many experimental studies (Watson

1982; Watson and Jurewicz 1984; Zhang et al. 1989; Kress

and Ghiorso 1995; Mungall et al. 1998; Lundstrom 2000;

Richter et al. 2003; Chen and Zhang 2008) and in a small

number of studies of natural samples of quartz xenocrysts

dissolving in basaltic and andesitic melts (Maury and Bi-

zouard 1974; Sato 1975).

We have developed a model of olivine growth and the

evolution of MgO and perfectly incompatible elements

across a melt inclusion in response to a given cooling

history using the effective binary diffusion treatment. The

model is described in detail in ‘‘Using zonation in melt

inclusions to derive thermal histories’’, but the results of

two simple simulations are described here to provide a

framework for thinking about what to expect for a melt

inclusion undergoing olivine crystallization on its wall.

Figure 6 shows the evolution of the concentration of a

compatible oxide (MgO) and an incompatible oxide

(Al2O3) in an olivine-hosted melt inclusion that is sud-

denly cooled by 100 �C and then held at a constant

temperature. At the start of the process, the melt is

homogeneous, with a scaled concentration (i.e., concen-

tration at any time t/initial concentration) of 1.0 (Fig. 6a,

b; in black). When the temperature is suddenly decreased

from 1,300 to 1,200 �C (Fig. 6c), it is assumed that MgO

concentration in the interface melt reaches instantaneous

interface equilibrium, leading to a pulse of rapid olivine

growth (Fig. 6d). This results in a narrow boundary layer

in the melt adjacent to the newly grown olivine, with the

concentration of MgO lowest at the interface and

increasing up to its initial concentration far from the

olivine–melt interface (Fig. 6a; in blue), and the concen-

tration of Al2O3 highest at the interface and decreasing
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Fig. 5 Major element composition measured in the center of each

Siqueiros melt inclusion plotted against inclusion radius. Each point

represents the mean of 3–25 analyses (with the number of analyses

used dependent on the size of the melt inclusion and the point

spacing) taken from the central portion of each melt inclusion. Error

bars indicate ±1 standard deviation of these analyses. Solid and

dashed red curves are the results of a simulation of a representative

linear cooling history (2,220 �C/h over 10 min) for six melt

inclusions with an assumed initial composition close to the

composition of the largest melt inclusions in the Siqueiros suite

(see caption to Fig. 13) and with radii ranging from 10 to 150 lm

(see ‘‘Relationship between inclusion size and composition in the

center of the inclusion’’ and Fig. 12). Melt inclusions Siq1–19a and

Siq1–19b are labeled in the plot of Al2O3 to emphasize that Siq1–19b

has a concentration of Al2O3 that is elevated relative to other melt

inclusions of a similar size in the Siqueiros suite (see discussion

in ‘‘Testing the two-stage linear cooling model—2: modeling zona-

tion of Al2O3’’)
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down to its initial concentration far from the olivine–melt

interface (Fig. 6b; in blue). When the temperature is then

held constant at 1,200 �C, the profiles of MgO and Al2O3

relax progressively due to diffusion in the melt (Fig. 6a,

b; red, cyan, and green curves). As stated in the previous

paragraph, the widths and shapes of the resultant MgO

and Al2O3 concentration profiles depend on the partition

coefficients of MgO and Al2O3 between the melt and the

olivine, the growth rate of the olivine, and the diffusivi-

ties of MgO and Al2O3 in the melt. After approximately

20 min for MgO and 1 h for Al2O3 at 1,200 �C, the

concentration profiles disappear, and the melt again

becomes homogeneous, depleted in MgO and enriched in

Al2O3 relative to the starting composition of the melt

inclusion (assuming back reaction with the olivine can be

neglected; see the detailed description of the model in

‘‘Using zonation in melt inclusions to derive thermal

histories’’).

Although the process modeled in Fig. 6 is illustrative, in

nature, cooling, crystallization, and diffusion are concurrent

and continuous. In Fig. 7, we illustrate the effect of a simple

linear cooling history on the distribution of MgO and Al2O3

in a melt inclusion. Again, the initial condition is a homo-

geneous melt inclusion with scaled concentrations of MgO

and Al2O3 of 1.0. As the melt cools and crystallizes, a

boundary layer depleted in MgO and enriched in Al2O3

builds up and is maintained at the moving olivine–melt

interface. As crystallization continues with decreasing
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Fig. 6 a Forward model of MgO concentration in a melt inclusion

with a radius of 150 lm in response to rapid cooling followed by a

period of diffusive relaxation at a constant temperature. Scaled

MgO = concentration of MgO/initial concentration of MgO. Black

line, initial condition; blue curve, concentration profile after 10 s; red

curve, concentration profile after 1 min; cyan curve, concentration

profile after 2 min; green curve, concentration profile after just over

1 h. Gray-shaded regions are olivine. Note that the edges of the melt

inclusion are assumed to be fixed in the model, whereas in reality, the

edges of the melt inclusion would be expected to move inwards by up

to a few microns as a result of the crystallization of a thin rim of

olivine on the inclusion walls. This assumption is discussed further in

‘‘Assumptions of the forward model’’. b Forward model of Al2O3

concentration in response to the same thermal history as a. Scaled

Al2O3 = concentration of Al2O3/initial concentration of Al2O3.

Colors and line styles as in a. c Thermal history used to generate

a and b. Colored points highlight the times of the snapshots plotted in

a and b. The system begins in equilibrium at 1,300 �C. The

temperature is decreased by 100 �C over 10 s and is then held at

1,200 �C for just over 1 h. d Width of olivine growth during cooling

and re-equilibration of melt inclusion. Colored points as in c. Note

that allowing the melt to fully re-equilibrate in this way results in a

large amount of olivine crystallization compared to that observed in

the natural samples (which tend to crystallize an olivine rim with a

width of *1 % of their radii—see ‘‘Assumptions of the forward

model’’)
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temperature, the depletion of MgO and the enrichment of

Al2O3 become stronger at the olivine–melt interface, and

the boundary layer is maintained even as it propagates by

diffusion toward the center of the inclusion. Eventually, as

the system cools sufficiently, olivine crystallization and

diffusion of MgO and Al2O3 slow down to the point that the

concentration profiles in the boundary layer are quenched

and preserved in the glassy melt inclusion. The important

point here is that if melt inclusions cool at a rate slow

enough to allow continuous olivine crystallization on their

walls before quenching but fast enough such that the dif-

fusive boundary layers are not completely erased, then

diffusively moderated concentration profiles in the bound-

ary layers can be preserved in glassy inclusions as the

kinetics of crystal growth and diffusion in the melt slow

sufficiently on cooling; this differs from the example

described in the previous paragraph where given sufficient

time, the concentration gradients due to a pulse of olivine

growth can always be erased by diffusion.

These simple examples emphasize the critical result of

our study: In the final stages of their magmatic histories,

the walls of all melt inclusions we have studied underwent

olivine growth at rates sufficient to generate concentration

profiles extending ca. 10–100 lm into the adjacent melt

(this length differs from inclusion to inclusion and from

element to element); although these profiles were modified

by diffusion in the melt, they have been preserved in the

quenched glassy inclusions. In the remainder of this dis-

cussion, we describe the implications of chemical zonation

in melt inclusions for the understanding of chemical dif-

fusion in silicate melts (see ‘‘Multicomponent diffusion

effects’’), and we illustrate how this zonation can be used
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Fig. 7 a Forward model of MgO concentration in a melt inclusion

with a radius of 150 lm in response to cooling from 1,200 to

1,000 �C at a constant rate of 2,000 �C/h. The black solid line shows

the homogeneous initial condition; the blue curve shows the model

concentration profile after 36 s; the red curve shows the model

concentration profile after 72 s; the cyan curve shows the model

concentration profile after 144 s; and the green curve shows the

model concentration profile after 360 s. Gray-shaded regions are

olivine. Scaled MgO = concentration of MgO/initial concentration of

MgO. Note that the melt at the edges of the inclusion is assumed to be

in equilibrium with the host olivine at all times, so the concentration

of MgO decreases with time at the edges of the inclusion as the

system cools, reflecting the temperature dependence of the partition-

ing of MgO between melt and olivine (Chen and Zhang 2008).

b Forward model of Al2O3 concentration in response to the same

thermal history as a. Scaled Al2O3 = concentration of Al2O3/initial

concentration of Al2O3. Colors and line styles as in a. c Thermal

history used to generate a and b. Colored points highlight the times of

the snapshots plotted in a and b. The system begins in equilibrium at

1,200 �C and cools at a constant rate of 2,000 �C/h for 6 min.

d Width of olivine growth during cooling and re-equilibration of melt

inclusion. Colored points as in c
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to constrain the final stages of the thermal histories of

olivine-hosted melt inclusions (see ‘‘Using zonation in

melt inclusions to derive thermal histories’’). Finally, we

discuss the implications of the chemical zonation for the

interpretation of melt inclusion compositions (see ‘‘Rela-

tionship between inclusion size and composition in the

center of the inclusion’’ and ‘‘Zonation of volatile

elements’’).

Multicomponent diffusion effects

As briefly described in the Results section, some of the

concentration profiles in the Siqueiros and Galapagos melt

inclusions exhibit apparently ‘‘anomalous’’ diffusion

behavior, suggestive of multicomponent diffusion effects.

For example, in inclusion Siq16, profiles of FeO and CaO

from inclusion edge to center increase, reach a maximum,

and then decrease, indicating that these oxides are diffusing

up their own concentration gradients (Figs. 2, 8c). This

phenomenon is called ‘‘uphill diffusion’’ (e.g., Lasaga

1979; Liang 2010). It is often observed during olivine

dissolution experiments (Zhang et al. 1989; Chen and

Zhang 2008) and reflects diffusive coupling between

components in the melt (i.e., the flux of a component

responds to concentration gradients in other components in

addition to its own concentration gradient). Uphill diffu-

sion of FeO and/or CaO is observed in all of the melt

inclusions for which we collected high spatial resolution

major element profiles. In most of these inclusions, the FeO

and CaO profiles look similar to those in Siq16 (Figs. 2,

8c). However, in Siq7, which is a relatively small inclusion

(Fig. 8d), although uphill diffusion of FeO is not apparent,

the uphill diffusion in CaO has reached the center of the

inclusion, thereby entirely inverting the shape of the con-

centration profile expected for an element that is incom-

patible in olivine (i.e., from concave-up, which would be

expected for an incompatible oxide like CaO, to concave-

down).

Another seemingly anomalous feature of the concen-

tration profiles in the Siqueiros and Galapagos inclusions is

the similarity in the shapes of the SiO2, Al2O3, and Na2O

profiles (Fig. 8a, b; K2O profiles, although noisier, also

demonstrate this behavior—additional K2O data are pro-

vided in Online Resource 2) despite significant differences
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Fig. 8 In panels a–d, the concentrations of each oxide have been

scaled to lie between 0 and 1, and then offset by 1 unit for easy

comparison. The edges of the melt inclusions are marked as red

dashed lines. a Comparison of shapes of concentration profiles of

Na2O, Al2O3, and SiO2 across inclusion Siq16. Note the similarity

between all three concentration profiles, despite significant differ-

ences in the experimentally determined diffusion coefficients for

these oxides (see ‘‘Multicomponent diffusion effects’’). b Comparison

of shapes of concentration profiles of Na2O, Al2O3 and SiO2 across

inclusion Siq7. As in a, these scaled concentration profiles are similar.

c Scaled concentration profiles of FeO and CaO in inclusion Siq16.

From edge to center, these oxides increase, reach a maximum, and

then decrease again. This suggests uphill diffusion (see ‘‘Multicom-

ponent diffusion effects’’). d Scaled concentration profiles of FeO and

CaO in inclusion Siq7. Note that CaO, despite being incompatible

during olivine crystallization, decreases toward the inclusion edge.

This suggests uphill diffusion; however, in this small melt inclusion

(radius = 51 lm), the diffusion of CaO away from the silica-rich

melt adjacent to the crystallizing olivine reached the center of the

inclusion, thereby inverting the expected shape of the CaO profile
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among the experimentally determined diffusion coeffi-

cients of these oxides in basaltic melts: For example,

determinations of the diffusivities of SiO2 (Lesher et al.

1996; self-diffusion), Al2O3 (Kress and Ghiorso 1995;

effective binary diffusion coefficient derived from multi-

component diffusion experiments), and Na2O (Jambon

1982; Zhang et al. 2010; tracer diffusion) indicate that SiO2

and Al2O3 have diffusion coefficients that are approxi-

mately two orders of magnitude smaller than the tracer

diffusivity of Na2O in basaltic melts. The similarity of the

profiles of SiO2, Al2O3, and Na2O (Fig. 8a, b) thus sug-

gests that the diffusion of Na2O is strongly coupled to SiO2

and/or Al2O3, and in particular, it suggests that the prop-

agation of the Na2O concentration into the inclusions is

tied to (and therefore limited by) the slower propagation of

the SiO2 and/or Al2O3 profiles (Watson 1982; Zhang et al.

1989; Zhang 1993).

Although to our knowledge, uphill diffusion of FeO and

CaO has not been observed in natural samples, it has been

observed in experiments on olivine dissolution in basaltic

melts (Zhang et al. 1989; Chen and Zhang 2008). In these

studies, FeO and CaO are seen to diffuse toward less

polymerized (i.e., lower SiO2) melts and may be modeled

by the modified effective binary diffusion model (Zhang

1993). These observations agree with the behavior of FeO

and CaO observed in the Siqueiros and Galapagos melt

inclusions, where FeO and CaO are inferred to have dif-

fused away from the Al2O3- and SiO2-enriched melt at the

edges of the inclusions.

The coupling of Na2O to SiO2 and/or Al2O3 suggested

by the similarity of the Na2O concentration profiles to the

profiles of SiO2 and Al2O3 could arise in several ways. One

possibility is that it reflects the motion of structural units in

the melt (e.g., the ‘‘stuffed tridymite’’ structure proposed

by Taylor and Brown (1979)) which would force Na2O to

move in concert with Al2O3 and SiO2. Another is that

Na2O is strongly partitioned into silica-rich melt, as

observed in the two-liquid partitioning experiments of

Ryerson and Hess (1978) and Watson (1982), such that the

observed Na2O profiles represent a ‘‘quasi-equilibrium’’

state, where rapidly diffusing Na2O has distributed itself to

equalize its chemical potential across the melt inclusions,

and its concentration profile only evolves as the more

slowly changing SiO2 and Al2O3 profiles propagate into the

interior of the melt inclusion (Watson 1982; Zhang 1993).

Anomalous diffusion behavior of Na2O in melts with

compositional gradients has been seen many times both in

experiments (Ryerson and Hess 1978; Watson 1982;

Watson and Jurewicz 1984; Zhang et al. 1989; Baker 1990;

Mungall et al. 1998; Lundstrom 2000; Richter et al. 2003)

and in natural samples (Maury and Bizouard 1974; Sato

1975), and it has been semiquantitatively modeled (Zhang

1993).

Although it is beyond the scope of the current study, it

may be possible to use the concentration profiles in the

Siqueiros and Galapagos inclusions as ‘‘natural diffusion

experiments’’ that could help constrain the diffusivity

matrix for MORB. Knowledge of the diffusivity matrix for

MORB would enable the calculation of timescales for

igneous processes such as magma mixing, the transport of

basaltic melts through the mantle, melt degassing, crystal

growth and dissolution, and the assimilation and eruption

of xenoliths. Unfortunately, determination of the diffusiv-

ity matrix for MORB melts is proving to be a difficult

problem due to the large number of components in natural

silicate melts (Trial and Spera 1994; Kress and Ghiorso

1995; Liang 2010). Therefore, in the modeling we do in the

next section, although it is imperfect, we adopt the simpler

effective binary diffusion approach (Cooper 1968; Zhang

2010), i.e., we will assume that there is no diffusive cou-

pling between oxides in the melt. This is likely to be a good

approximation for MgO, which does not exhibit anomalous

diffusion behavior and is thought to be the principal

equilibrium-determining component during olivine growth

and dissolution (Zhang et al. 1989; Chen and Zhang 2008).

However, the effective binary diffusion approach cannot

describe the behavior of those elements such as FeO, CaO,

and Na2O that are observably influenced by multicompo-

nent diffusion.

Using zonation in melt inclusions to derive thermal

histories

In this section, we describe the forward model we have

used to simulate the development of MgO concentration

profiles across olivine-hosted melt inclusions as they cool

and to determine cooling histories that best fit the MgO

concentration profiles of individual melt inclusions. We

focused on MgO concentration profiles because the tem-

perature-dependent fractionation of MgO between olivine

and melt is well understood (e.g., Roeder and Emslie 1970;

Sugawara 2000; Putirka 2008; Matzen et al. 2011) and

because MgO diffusion during olivine dissolution and

growth has been shown to be approximated well as an

effective binary diffusion problem (Zhang et al. 1989;

Chen and Zhang 2008).

Description of the forward model

Our model of concurrent olivine growth and MgO diffusion

describes the evolution of melt composition across a

spherical basaltic melt inclusion of a given radius in

response to an arbitrary cooling history. The evolution of

the concentration gradient of a component in melt adjacent

to a growing olivine crystal depends on the partitioning of

that component between olivine and melt, on the
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diffusivity of the component in the olivine (which we

neglect), and on the diffusivity of the component in the

melt. Although there are many parameterizations of the

olivine-melt partition coefficient for MgO (e.g., Roeder and

Emslie 1970; Sugawara 2000; Putirka 2008; Matzen et al.

2011) and of the chemical diffusion coefficient of MgO in

basaltic melts (e.g., LaTourrette et al. 1996; Lundstrom

2003; Chen and Zhang 2008, 2009), we have adopted the

simple temperature-dependent formulations of Chen and

Zhang (2008):

CMgO ¼ exp 7:82� 8; 040

T

� �
ð1Þ

DMgO ¼ exp �7:895� 26; 257

T

� �
ð2Þ

In Eqs. (1) and (2), T is the temperature in kelvins; CMgO

is the concentration of MgO in wt% in melt coexisting with

San Carlos olivine; and DMgO is the diffusivity of MgO in

m2 s-1 in the melt.

Diffusion of MgO in the model melt inclusion is

described by the radial component of the diffusion equation

in spherical polar coordinates:

oCMgO

ot
¼ DMgO

o2CMgO

or2
þ 2

r

oCMgO

or

� �
ð3Þ

The boundary condition at r = 0 is qCMgO/qr|r=0 = 0.

The boundary condition at r = a (where a is the radius of

the melt inclusion) is assumed to be instantaneous equi-

librium, i.e., CMgO|r=a = CMgO|T.

In Eq. (3), t is time in seconds, r is radial distance from

the center of the melt inclusion in meters, and boundary

motion is ignored in the numerical solution (see discus-

sion in the next section about this assumption). Given a

monotonically decreasing relationship between tempera-

ture and time and Eq. (2) to describe DMgO, Eq. (3) can be

solved using Eq. (1) as a boundary condition at the oliv-

ine–melt interface to find the concentration profile of

MgO in the melt inclusion through time. The initial con-

dition in the melt is a constant concentration of MgO (i.e.,

the melt is assumed to be homogeneous at the start of the

cooling history). Initial concentrations of MgO were

chosen based on the highest MgO concentration measured

among all melt inclusions collected at the same location or

during the same dredge. For example, inclusions Siq7 and

Siq8 were both collected during the same dredge (A25-

D20-1), so we assumed that, prior to eruption, these melt

inclusions began their cooling histories with the same

MgO concentration, implying a common temperature of

equilibration with their host olivines. In the case of

inclusions Siq7 and Siq8, an initial concentration of

8.4 wt% MgO was used, which was calculated by finding

the mean of the central six MgO analyses in Siq8. The

decision to calculate the initial concentration of MgO in

this way (as opposed to other possible choices, such as the

MgO concentration in equilibrium with the far-field oliv-

ine host or the MgO concentration of the pillow rim glass

for the Siqueiros inclusions) is discussed further in Online

Resource 1.

We initially assumed a one-stage linear cooling history

defined by three parameters: the starting temperature

(Thigh), the constant cooling rate (q), and the final tem-

perature (Tlow). Thigh and Tlow were determined from

measured concentrations of MgO in the melt inclusions by

using Eq. (1): Thigh was calculated using the initial con-

centration of MgO in the inclusion (chosen as described in

the previous paragraph); and Tlow (which was typically

*1,000 �C) was calculated using the lowest measured

MgO in the inclusion. Both Thigh and Tlow are thus based on

measured glass compositions, but the cooling rate is a free

parameter that can be varied to produce the best fit to the

MgO concentration profile. Further description of the

model is provided in Online Resource 1.

Assumptions of the forward model

Equations (1) and (2) are empirical fits to the results of

olivine dissolution experiments that used San Carlos olivine

(Fo90.6) as a starting material (Chen and Zhang 2008). By

adopting Eq. (1), we assume implicitly that the melt at the

edge of the model melt inclusion is always in equilibrium

with Fo90.6 olivine. In reality, the composition of the olivine

decreases from *Fo90 far (i.e., C20 lm) from the Siqueiros

melt inclusions to *Fo88 at the olivine–melt interface (as

measured by electron microprobe—see Online Resource 2),

and the composition of the olivine adjacent to the Galapa-

gos inclusions can be as low as Fo82, and if higher resolution

analytical techniques were available, it is possible that an

even stronger decrease in the forsterite content of the

olivine could be observed right at the olivine–melt inter-

face. This assumption in the modeling that the temperature

reflects MgO partitioning between the melt and San Carlos

olivine is thus an imperfect approximation and results in an

underestimation of the temperature of equilibration of the

olivine and melt at the outer edges of the melt inclusions

(*50 �C for the Siqueiros inclusions and up to *70 �C for

the Galapagos inclusions). This underestimation of the

temperature corresponding to a given MgO concentration in

the liquid translates to an underestimation of the best-fit

cooling rates by approximately a factor of two (see dis-

cussion in Online Resource 1).

The width of the olivine growth rim implied by the

forward models that best fit the observed MgO concen-

tration profiles (see ‘‘Testing the two-stage linear cooling

model—2: modeling zonation of Al2O3’’ and Online

Resource 1 for details of this calculation) ranges from
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*0.1 to *2 lm and is typically *1 % of the radius of the

Siqueiros and Galapagos melt inclusions. In each time step,

the boundary motion is of the order 0.001 lm, and because

accounting for these small increments of boundary motion

would significantly increase the complexity of the pro-

graming, we assume that the movement of the boundary of

the melt inclusion can be neglected during the diffusion

calculation. We recalculated the MgO profiles considering

olivine growth (using the olivine growth rate derived by the

previous calculation as the new boundary condition—see

‘‘Testing the two-stage linear cooling model—2: modeling

zonation of Al2O3’’ and Online Resource 1). The two

calculations of the MgO profiles based on these different

boundary conditions were in good agreement (Figure S1 of

Online Resource 1), consistent with our assertion that the

movement of the boundary of the melt inclusion is not a

significant source of error in our model.

Chen and Zhang (2008) derived Eq. (2) using the effective

binary diffusion approximation (i.e., it is assumed that the

diffusion of MgO in the melt is independent of concentration

gradients in other components). The validity of this approx-

imation during olivine dissolution and growth is discussed in

Chen and Zhang (2008) and Zhang et al. (1989).

The inverse model: using the measured MgO to solve

for cooling rate

We used the forward model described above to calculate

the distribution of MgO in a quenched olivine-hosted melt

inclusion based on an assumed cooling history. In this

section, we describe how we used this model to find the

cooling rate that best fits the measured concentration pro-

file of MgO across an inclusion.

As explained earlier, the single-stage linear cooling

histories used in the forward model are defined by three

parameters: a starting temperature (Thigh), a final temper-

ature (Tlow), and a cooling rate (q). Since Thigh and Tlow can

be calculated from Eq. (1), the only free parameter is the

cooling rate (q), which can be varied to find the best fit to

the MgO data. Given an arbitrary starting value for the

cooling rate, we can fit the MgO data by minimizing the

mean squared error of our forward model (calculated as the

sum of the squares of the residuals divided by the number

of measurements of MgO across a given melt inclusion—

we refer to this quantity as the ‘‘misfit’’). We used the

MATLAB function ‘‘fminsearch,’’ which employs a Nel-

der–Mead simplex algorithm (Lagarias et al. 1998) to

perform this stage of the calculation.

The error on the cooling rate found by the inverse model

was estimated using the parametric bootstrap method (Efron

and Tibshirani 1985). This method involves assuming a sta-

tistical distribution for the MgO analyses and then drawing

from this distribution to create synthetic data sets. In this case,

we assume that each MgO measurement is normally dis-

tributed with a mean corresponding to the measured value and

a standard deviation of 0.1 wt% (estimated from our replicate

analyses of BHVO-2g, BIR-1g, and VG2 basaltic glasses; see

Online Resource 2). Best-fit cooling rates were then deter-

mined for 100 of these synthetic data sets, and the reported

uncertainty on the cooling rate for each inclusion is the

standard deviation of these best fits to the synthetic data sets.

Results of the single-stage linear cooling model

Best fits to the MgO data using the single-stage linear

cooling model are plotted as red curves in Fig. 9 for a

subset of the melt inclusions in which we collected high-

resolution (*2 lm point spacing) MgO data. Best-fit

cooling rates were determined for all of the melt inclusions

with [5 points, and all the cooling histories, including

those not shown in Figs. 9–10, are tabulated in Online

Resource 1. In general, the single-stage linear cooling

model produces a good fit to the MgO data. However, in

some melt inclusions (e.g., Siq16 and Gal-AHA2-24;

Fig. 9), there are subtle changes in curvature across the

profiles that are not well matched by the single-stage linear

cooling model. These melt inclusions tend to have steeper

MgO gradients at their edges and shallower gradients

across their centers relative to the results of single-stage

linear cooling histories. Since the edges of an inclusion are

more sensitive to the final stages of cooling than their

centers (because the perturbations to the boundary layer

produced in the final stages of olivine growth can only

propagate a short distance into the inclusion), the differ-

ences in MgO gradient from edge to center relative to the

single-stage model are suggestive of a two-stage cooling

history, with a slower-cooling first stage and a faster-

cooling second stage. Such models are explored in detail in

‘‘Inverting the MgO concentration profiles for two-stage

linear cooling histories’’.

The cooling rates determined by the single-stage linear

cooling model range from 150 to 13,000 �C h-1 (see cir-

cles on Fig. 10 and Online Resource 1) and are consistent

with glass cooling rates determined by calorimetric geo-

speedometry. For example, Nichols et al. (2009) measured

cooling rates of 720–170,000 �C h-1 for the rims of pillow

basalts from the HSDP2 drill core, and Wilding et al.

(2000) reported cooling rates of 11–1,440 �C h-1 for hy-

aloclastites from the EPR.

Another geospeedometer based on the kinetics of the

reaction H2O ? O $ 2OH in rhyolitic glasses (Zhang

et al. 1997, 2000) has been used to determine cooling rates

of rhyolitic samples of different sizes, using air, water, and

liquid nitrogen as quench media (Xu and Zhang 2002). Xu

and Zhang (2002) found that, for samples of the same size,

quench rates in water were higher than quench rates in air
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or liquid nitrogen. However, the quench rates in air were

inversely correlated with sample size, and the smallest

samples had quench rates in air that overlapped with the

range of quench rates observed in the water-quenched

samples. Xu and Zhang (2002) used their technique to

measure the cooling rates of natural pyroclasts quenched in

air from the most recent eruption of Mono Craters, Cali-

fornia, USA, for which they found a range of cooling rates

from 10 to 200,000 �C h-1(although only one sample had a

cooling rate\6,000 �C h-1). The cooling rates determined

in this study are consistent with the results of Xu and

Zhang (2002). We analyzed seven melt inclusions from a

subaerial hornito on Santiago Island, Galapagos, and these

inclusions have cooling rates that are at the high end of the

range determined for our sample suite (Fig. 10). These

high cooling rates may reflect the small pyroclast size

expected for the products of this style of volcanic eruption.

Inverting the MgO concentration profiles for two-stage

linear cooling histories

As described in ‘‘Results of the single-stage linear cooling

model’’, subtle but persistent differences between the

curvatures of measured MgO profiles and the best-fit pro-

files based on single-stage linear cooling histories in some

of the melt inclusions shown in Fig. 9 suggest that a two-

stage linear cooling history might improve the fit to the

data, i.e., an initial stage of slow cooling could allow the

propagation of a shallower MgO gradient into the center of

a melt inclusion, and a final stage of rapid cooling could

produce a steeper MgO gradient at its edges. In this section,

we describe the results of modeling such two-stage linear

cooling histories and fitting the observed MgO profiles

based on such cooling histories.

Two-stage linear cooling histories can be defined by five

parameters: a starting temperature (Thigh), an intermediate

temperature (Tmid), a final temperature (Tlow), and two

cooling rates (q1 and q2). The intermediate temperature is

defined as the temperature at which the cooling rate changes

from q1 to q2 (see Fig. 11a). As for the single-stage model,

Thigh and Tlow are fixed from measured MgO concentrations

in the centers and at the edges of inclusions using Eq. (1).

This leaves three free parameters that can be varied to

minimize the misfit between the model and the measured

MgO concentration profiles. The Nelder–Mead simplex

algorithm was used to find the values of q1, q2, and Tmid that

Gal-STG-17

−100 0 100
2

4

6

8

10

Radial distance (µm)

M
gO

 (
w

t%
)

Gal-AHA2-24

−100 0 100
2

4

6

8

10

Radial distance (µm)

M
gO

 (
w

t%
)

Gal-STG-48

−100 0 100
2

4

6

8

10

Radial distance (µm)

M
gO

 (
w

t%
)

Siq7

Gal-AHA2-27

−100 0 100
2

4

6

8

10

Radial distance (µm)

M
gO

 (
w

t%
)

−100 0 100
2

4

6

8

10

Radial distance (µm)

M
gO

 (
w

t%
)

−100 0 100
2

4

6

8

10

Radial distance (µm)

M
gO

 (
w

t%
)

Siq16

Initial condition
1-stage model
2-stage model
99.9 % confidence
interval
Data

Fig. 9 Fits to MgO data for a subset of melt inclusions measured

with 2 lm point spacing [two inclusions from each of Siqueiros (left-

hand panels), Santiago (central panels), and Fernandina (right-hand

panels)]. Assumed initial conditions are shown as horizontal black

lines; best fits to the single-stage linear cooling model are shown as

red curves; best fits to the two-stage linear cooling model are shown

as yellow dashed curves; the 99.9 % confidence intervals on the

measured MgO data are shown as gray envelopes; and the measured

MgO concentrations are shown as black circles
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give the best fit to the data. The parametric bootstrap

method was again used to determine the range of values of

each parameter that give a good fit to the data given the

precision of the MgO analyses, i.e., 100 synthetic data sets

were generated by adding normally distributed noise to the

original MgO data (assuming a standard deviation of

0.1 wt% for each MgO analysis), then each of these syn-

thetic data sets was fit by minimizing the misfit between the

forward model and the data. This process provides a ‘‘best

fit’’ set of model parameters for each of the 100 synthetic

(i.e., ‘‘noisy’’) MgO profiles. There are trade-offs between

the three free parameters, so rather than reporting a standard

deviation of the ranges of each parameter value separately,

we have calculated a 95 % confidence ellipsoid (using the

MATLAB function ‘‘error_ellipse’’) for the set of 100 best-

fit values of q1, q2, and Tmid found by the parametric

bootstrap method. The best-fit values of q1 and q2 are not

normally distributed and tend to be skewed toward higher

cooling rates, particularly for small melt inclusions with

fewer data points (typical of the melt inclusions from

Santiago); this is because, beyond a certain point, increasing

the cooling rate to higher values has little effect on the

resultant distribution of MgO within the melt inclusions.

However, taking the logarithm of the best-fit values of q1

and q2 results in a closer approximation to a normal dis-

tribution and in most cases prevents the 95 % confidence

ellipsoids around the best-fit values from extending to non-

physical values (i.e., to negative cooling rates). This is the

approach taken for the calculation of the q1–q2 error ellipses

in Fig. 10. Error ellipses calculated by assuming a normal

distribution rather than a lognormal distribution are inclu-

ded in Online Resource 1 for reference.

As indicated in Table S1 (Online Resource 1), some

melt inclusions in the Siqueiros and Galapagos suites have

concentration measurements spaced 2 lm apart, whereas

others were measured with 10-lm point spacing. Concen-

tration profiles with 2-lm point spacing give much better

constraints on the cooling history (i.e., their q1–q2 error

ellipses are significantly smaller) than those spaced at

10 lm. For this reason, we have chosen to show figures for
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Fig. 10 log10(q1)-log10(q2) 95 % confidence error ellipses for all of

the melt inclusions that were measured with 2 lm point spacing. For

each melt inclusion, 100 best fits were determined for 100 different

MgO concentration profiles (created by adding normally distributed

noise to the original data—see ‘‘Inverting the MgO concentration

profiles for two-stage linear cooling histories’’). The median values of

log10(q1) and log10(q2) determined via this method are marked by

crosses. The solid colored circles plotted along log10(q1) = 1 are

the best-fit results of the single-stage linear cooling model. The best-

fit cooling rates determined by the single-stage linear cooling model

(solid colored circles) tend to be similar to but systematically low

relative to the best-fit second stage cooling rates from the two-stage

model (colored crosses), and the relative order of best-fit cooling rates

is successfully predicted by the single-stage model. The 95 %

confidence error ellipses do not all overlap, suggesting that the melt

inclusions underwent distinguishable thermal histories and that this

inversion method is capable of resolving these differences.

a Submarine Siqueiros melt inclusions. All samples in this panel

are from one of two locations (see Table S1 in Online Resource 1):

Siq7 and Siq8 are from dredge A25-D20-1; Siq13, Siq15, and Siq16

were collected during an Alvin submersible dive, and the thermal

histories of melt inclusions from these different locations appear to

have distinguishable cooling histories in their second stages.

b Submarine Fernandina melt inclusions. Symbols as in a. c Subaerially

quenched Santiago melt inclusions. Symbols as in a. These inclusions

are generally small (radii *25–55 lm) and tend to be well-described

by single-stage cooling histories (e.g., Gal-STG-17 on Fig. 9), so their

log10(q1)-log10(q2) error ellipses for the 2-stage cooling model are

relatively poorly constrained. d Values of q2 for Siqueiros, Fernan-

dina, and Santiago melt inclusions. Cooling rates determined for the

subaerially quenched melt inclusions extend from the high end of

cooling rates found for the submarine inclusions to much higher

values
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only those inclusions measured with 2-lm point spacing in

Fig. 10. However, two-stage cooling histories were deter-

mined for all of the inclusions with [5 points, and all the

cooling histories, including those for inclusions not shown

in Fig. 10, are listed in Table S2 of Online Resource 1. We

have tested the sensitivity of our inversion technique to the

density of MgO concentration measurements, the size of

the inclusion, and error in the starting temperature using a

model melt inclusion with a known two-stage cooling

history (these data were generated using the forward

model). These results are presented in Online Resource 1.

Results of the two-stage linear cooling model

Best fits to the MgO data determined by the two-stage linear

cooling model are plotted as yellow dashed curves in Fig. 9.

The two-stage linear cooling model successfully captures the

shallow MgO concentration gradient in the centers of some of

the melt inclusions (this is especially clear in melt inclusions

Siq16 and Gal-AHA2-24, Fig. 9) and the steep MgO gradient

at their edges that the single-stage cooling histories do not

always capture. The success of the two-stage model at

reproducing these features results in a significant reduction in

misfit for some of the inclusions in comparison with the

single-stage linear cooling model (see Online Resource 1). As

shown in Fig. 10, the calculated q1–q2 error ellipses do not all

overlap, indicating that there are statistically significant dif-

ferences among the cooling histories of melt inclusions

within the Siqueiros, Fernandina, and Santiago sample suites,

and that it is possible to distinguish these differences using

our inversion technique. Values of q2 determined for the

subaerial melt inclusions (Fig. 10c, d) extend to higher

cooling rates than those determined for the submarine melt

inclusions (Fig. 10a, b, d), in agreement with the results of the

single-stage cooling model (see ‘‘Results of the single-stage

linear cooling model’’).

The best-fit values of q1 plotted in Fig. 10 range from 64

to 1,100 �C h-1, and the best-fit values of q2 range from

320 to 22,000 �C h-1. These ranges are again consistent

with cooling rates determined for glasses by calorimetric
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Fig. 11 a Best-fit two-stage linear cooling history for melt inclusions

Siq1–19a and Siq1–19b (hosted in the same olivine crystal; see

Fig. 1). b Results of fitting MgO in melt inclusions Siq1–19a

(triangles) and Siq1–19b (circles) using the two-stage linear cooling

model. MgO concentration profiles in both inclusions were fit

simultaneously to find the best-fit thermal history shown in a. The

initial concentration of MgO was assumed to be the same for both

inclusions (dashed black line). c Olivine growth distance in inclusions

Siq1–19a (red) and Siq1–19b (blue) in response to the thermal history

in a. d Forward model of Al2O3 diffusion in Siq1–19a (red) and

Siq1–19b (blue) using the best-fit thermal history determined by

fitting the MgO concentration profiles in these inclusions. The only

free parameter in this model is the starting concentration of Al2O3

(red dashed line for Siq1–19a and blue dashed line for Siq1–19b)
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geospeedometry and water speciation geospeedometry.

However, the ranges of cooling rates determined in this

study tend to be at the low end of the ranges of cooling

rates found by other methods. This may be because calo-

rimetric geospeedometry and water speciation geospeed-

ometry are designed to measure near-instantaneous cooling

rates as a melt quenches to a glass (calorimetric geo-

speedometry measures the cooling rate as a melt passes

through the glass transition, and water speciation geo-

speedometry measures the cooling rate as the melt passes

through the temperature at which the water speciation

reaction in the melt can no longer maintain equilibrium),

whereas the method described here determines the cooling

rate over the last minutes to hours before quenching: The

total length of the cooling histories recorded by the

Siqueiros and Galapagos melt inclusions ranges from

*40 s (submarine inclusion Gal-AHA2-27) to just over

1 h (submarine inclusion Gal-AHA2-24), with most melt

inclusions having cooling histories *5 min in length. The

cooling rates determined in this study are also consistent

with simple conductive cooling (in a semi-infinite half

space with a constant boundary condition—see Online

Resource 1) at distances of a few centimeters from the air–

lava or water–lava interface.

The two-stage linear cooling histories determined by

the model described above are not unique; other func-

tional forms for the cooling history are also able to fit the

data. However, for some of the melt inclusions in this

sample suite, the MgO data are best fit by a two-stage

cooling history with an initial slow stage of cooling fol-

lowed by rapid cooling, so it is natural to ask what the

petrological significance of these two stages might be.

One possibility is that the first (i.e., slow) cooling stage

corresponds to the journey of the host olivine crystals

through the magmatic conduit and/or the interior of a lava

flow and that the second (i.e., fast) cooling stage repre-

sents the quenching of the melt upon eruption (i.e.,

against seawater in the case of the Siqueiros pillow rim

phenocrysts and the phenocrysts from the Fernandina

submarine eruption; or against air in the case of the

subaerial Santiago phenocrysts).

In summary, the measured MgO concentration profiles

in some of the melt inclusions suggest more complex

thermal histories than single-stage cooling. This informa-

tion cannot be readily quantified by calorimetric geo-

speedometry (e.g., Wilding et al. 2000; Nichols et al.

2009), and although the geospeedometer based on the

reaction kinetics of H2O ? O $ 2OH can provide hints

about a more complicated thermal history (e.g., Zhang

et al. 1995), it has not yet been used infer quantitatively

such thermal histories. In the following two subsections,

we further test the two-stage linear cooling model implied

by MgO concentrations in melt inclusions.

Testing the two-stage linear cooling model—1: multiple

inclusions in a single olivine

Several olivines contain more than one inclusion, and in a

few cases, the radii of the two inclusions differ by a factor

of[1.5. Such pairs of melt inclusions provide opportunities

to test the robustness of our modeling and the derived

cooling histories, since both melt inclusions in a pair must

have experienced identical thermal histories, and thus we

should be able to find a single thermal history that is

capable of describing the MgO profiles of both melt

inclusions.

The MgO concentrations measured by electron micro-

probe across melt inclusions Siq1–19a and Siq1–19b are

plotted in Fig. 11b. The two inclusions have radii of *110

and 175 lm, respectively, and the central concentration of

MgO in the small inclusion is lower than that in the large

inclusion. Assuming that both inclusions trapped the same

parental melt composition, this suggests that the depletion

of MgO during cooling and crystallization of olivine had

time to affect the center of the smaller inclusion, but

affected the center of the large inclusion to a lesser extent

(or not at all). We fit MgO profiles in both melt inclusions

simultaneously to the two-stage linear cooling model,

requiring the thermal history parameters and the starting

concentration of MgO to be the same for both inclusions.

As demonstrated in Fig. 11b, a two-stage linear cooling

history (Fig. 11a) results in an excellent match to the MgO

concentration profiles in both melt inclusions.

Testing the two-stage linear cooling model—2: modeling

zonation of Al2O3

As discussed in ‘‘Multicomponent diffusion effects’’, the

concentration profiles of many of the major elements

display features attributable to complex multicomponent

diffusion effects. As such, the simple effective binary dif-

fusion treatment used to model MgO diffusion cannot be

applied to these elements. However, Al2O3 appears to be

behaving simply (i.e., profiles of Al2O3 do not show uphill

diffusion). Another simplifying factor in modeling Al2O3

diffusion in this system is that Al2O3 is highly incompatible

in olivine, so the assumption can be made that Al2O3 is

entirely excluded from the olivine crystallized on the walls

of the melt inclusions during cooling.

We have designed a forward model of concurrent oliv-

ine crystallization and Al2O3 diffusion, using the two-stage

linear thermal histories derived by fitting the MgO profiles

as described in ‘‘Description of the forward model’’ and

‘‘Inverting the MgO concentration profiles for two-stage

linear cooling histories’’. First, the amount of olivine

crystallized on the walls of the melt inclusion is calculated

at each time step using mass balance arguments: The
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amount of MgO extracted from the melt at each time step is

converted into a corresponding volume of olivine of a

constant composition (containing 48 wt% MgO, chosen to

match the compositions of the Siqueiros olivines). The

volume of olivine crystallized is then divided by the sur-

face area of the (assumed spherical) melt inclusion to

estimate the distance propagated by the olivine crystalli-

zation front in the time step.

Once the olivine growth history is determined as

described in the previous paragraph, we can calculate the

effect that the crystallization front of olivine would have on

the distribution of Al2O3 within the melt inclusion. The

boundary condition at the edge of the melt inclusion then

becomes the following expression of mass balance across

the olivine–melt interface:

D
oC

or
r¼a ¼ Vj Cr¼a � Colivineð Þ ð4Þ

In this expression, D is the effective binary diffusion

coefficient for Al2O3, V is the olivine growth rate, Cr=a is

the concentration of Al2O3 in the interface melt, and

Colivine is the concentration of Al2O3 in the olivine. Since

we assume perfect incompatibility of Al2O3 in olivine, Eq.

(4) simplifies to:

D
oC

or
r¼a ¼ VCr¼aj ð5Þ

We have used the temperature-dependent effective

binary diffusion coefficient for Al2O3 given by Kress and

Ghiorso (1995) to solve the spherical diffusion equation

(Eq. 3) subject to Eq. (5). We have used the cooling history

derived from our fit to the MgO profiles across inclusions

Siq1–19a and Siq1–19b to run a forward model of Al2O3

evolution within these melt inclusions. The results of this

forward model compare well with the measured concen-

trations of Al2O3 across the melt inclusions (see Fig. 11d).

Note that we require the small inclusion to have a higher

initial concentration of Al2O3 (by *3 % relative) than the

large inclusion in order to obtain a good match between the

model and the Al2O3 concentration in the inclusion center.

This variability in starting concentrations is greater than the

scatter of our electron microprobe analyses of Al2O3 based

on replicate analyses of secondary standards (e.g., replicate

analyses of basaltic glass VG2 vary within 0.5 relative

percent for Al2O3—see Online Resource 2) and could

indicate that the melt inclusions trapped melts with dif-

ferent initial concentrations of Al2O3. The compositional

trends seen in Fig. 5 would appear to support this, since

inclusion Siq1–19b has an anomalously high central con-

centration of Al2O3 for its size. Inclusion Siq1–19b also

has a higher Sr/Sr* than Siq1–19a (based on unpublished

data from Alberto Saal) and thus appears to have a signa-

ture of melt-plagioclase interaction (Danyushevsky et al.

2003), consistent with the elevated Al2O3 of this inclusion.

The observed variability in starting concentrations of

Al2O3 is also consistent with the variability of matrix glass

compositions sampled from the A–B fault of the Siqueiros

Fracture Zone (2–3 relative percent for Al2O3; Perfit et al.

(1996)). However, it could also indicate a small mismatch

between the temperature-dependent diffusivity of MgO

from Chen and Zhang (2008), which was used to constrain

the cooling history, and the temperature-dependent diffu-

sivity of Al2O3 determined by Kress and Ghiorso (1995),

i.e., in order for this model to work perfectly, these two

diffusivities must be both precise and accurate to a degree

that would be unusual for the determination of diffusion

coefficients in magmatic systems. Another possibility is

that the smaller melt inclusion is cut slightly off-center,

thus sampling more of the diffusive boundary layer, which

would elevate its measured Al2O3 concentration (see dis-

cussion in section S2.6 of Online Resource 1).

It should be emphasized that the Al2O3 forward model

described above has no free parameters other than the small

adjustment made to the initial concentration of Al2O3 in the

smaller inclusion. In this context, we regard the success of

the model in reproducing the Al2O3 profiles in this pair of

inclusions as significant.

Relationship between inclusion size and composition

in the center of the inclusion

As described in the Results section and illustrated in Fig. 5,

there is a relationship between the glass composition

measured in the center of an inclusion and the radius of the

inclusion. The simple explanation of this relationship is

that the composition at the center of the inclusion preserves

the initial melt composition until the leading edge of the

propagating boundary layer reaches the center. Thus, all

other things being equal, there is a critical radius for each

oxide below which the measured composition at the

inclusion center will be influenced by olivine fractionation

and diffusion in the melt and above which the initial melt

composition will be preserved; moreover, we expect that

this critical radius will be larger for components with

higher diffusion coefficients because the leading edge of

the boundary layer propagates farther for such elements. In

this section, we explore this effect quantitatively for the

Siqueiros melt inclusions using the model described above.

We have run a simulation of a representative single-

stage linear cooling history (2,200 �C/h over 10 min) for

five model melt inclusions with an assumed initial com-

position close to the composition of the largest melt

inclusions in the Siqueiros suite (the composition is listed

in the caption to Fig. 13) and with radii ranging from 10 to

150 lm (Fig. 12). Al2O3, CaO, and Na2O were assumed to

be perfectly incompatible in olivine, and temperature-
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dependent effective binary diffusion coefficients of Al2O3

and CaO were taken from Kress and Ghiorso (1995). The

results of this simulation are plotted as red curves on

Fig. 5. The shapes of the model curves correspond to the

qualitative expectations described in the previous para-

graph. A good match between the model and the data is

achieved for MgO, Al2O3, and CaO using this simple

approach, despite the fact that CaO is affected by uphill

diffusion, which has been neglected in this model. For

Na2O, two different approaches were attempted: First, an

effective binary diffusion coefficient of Na2O from Kress

and Ghiorso (1995) was used. This method gave a good

match to the trend of central Na2O versus inclusion size

(solid red line on Fig. 5), but was unable to reproduce the

magnitude of the observed enrichment of Na2O at the

edges of the melt inclusions (e.g., Fig. 2). Based on the

observation that the Na2O profiles have similar shapes to

the profiles of Al2O3 (see ‘‘Multicomponent diffusion

effects’’) we ran the simulation a second time for Na2O,

this time using the diffusion coefficient of Al2O3 (Kress

and Ghiorso 1995) in place of the diffusion coefficient of

Na2O. This second approach gave a good match to the

trend of central concentration with inclusion size (dashed

red line on Fig. 5) and also reproduced the observed

enrichment of Na2O at the edges of the melt inclusions (not

shown).

Trends of melt inclusion composition with size have

been reported by Anderson (1974), who noted that olivine-

hosted melt inclusions with diameters \*25 lm had

compositions that differed from the compositions of larger

inclusions. It was proposed by Roedder (1984) that small

inclusions could trap volumetrically more of the compo-

sitional boundary layer around the host crystal during melt

inclusion formation than large inclusions, which might

explain the anomalous compositions of the small inclusions

observed by Anderson (1974). However, the success of our

post-entrapment boundary layer diffusion model in

describing compositional trends of MgO, Al2O3, CaO, and

Na2O suggests that the variability of melt inclusion com-

positions with size can be explained without requiring

small and large melt inclusions to trap significantly dif-

ferent melt compositions. This result agrees with the

experimental study of Faure and Schiano (2005), who

found that inclusions in polyhedral olivines (like the

Siqueiros and Galapagos olivines considered in this study)

trap melts that lie on the liquid line of descent of their

parental magmas.

An important implication of our observations is that the

central composition of a melt inclusion may be diffusively

fractionated from an olivine control line linking the initial

trapped melt composition to the measured composition. For

example, it can be seen from Fig. 5 that Siqueiros melt

inclusions with radii of *50 lm have been significantly

depleted in MgO and enriched in CaO by propagation of

the diffusive boundary layer into their centers. However,

the enrichment of Al2O3 and Na2O at the edges of these

inclusions has not yet had a significant impact on their

central compositions. This means that the central compo-

sition of zoned melt inclusions in which the boundary layer

has propagated to the inclusion center cannot be accurately
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Fig. 12 Forward model

simulation to illustrate the

response of melt inclusions of

different sizes to the same

single-stage thermal history

(2,200 �C/h from 1,160 to

800 �C over 10 min). Results of

this simulation are also plotted

as red curves in Fig. 5. A

cooling rate of 2,200 �C/h was

chosen for this simulation

because it provides a good

match to the data in Fig. 5, and

because it is within the range of

cooling rates determined by the

single-stage linear cooling

model for the Siqueiros melt

inclusions (Fig. 10a and Online

Resource 1). See ‘‘Relationship

between inclusion size and

composition in the center of the

inclusion’’ for discussion
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corrected for post-entrapment olivine crystallization by

simply moving the melt composition along an olivine

control line until it reaches Fe/Mg equilibrium with the

host crystal. The importance of this effect depends on the

magnitude of the divergence of the central compositions of

melt inclusions from olivine control lines as a result of

diffusive fractionation. This issue is explored in Fig. 13,

where we plot the central compositions of Siqueiros melt

inclusions (from this study and from Danyushevsky et al.

(2003)) alongside a diffusive fractionation trend calculated

by the model described above (in red) and an olivine

control line calculated using MELTS (in blue; Ghiorso and

Sack (1995); Smith and Asimow (2005)). For Na2O, the

scatter in the data prevents discrimination between the two

processes. However, the diffusive fractionation model

successfully captures the curvature in the Al2O3 and CaO

data from this study. The shape of the FeO* vs. MgO trend

significantly diverges from the olivine control line; how-

ever, we cannot model quantitatively the effects of

diffusive fractionation on the MgO-FeO* trend. This is due

to complications introduced by the effects of multicom-

ponent diffusion on FeO* (Zhang et al. 1989; Chen and

Zhang 2008), a poorly constrained boundary condition for

FeO*, and the unknown distribution of Fe2? and Fe3?

within the inclusions. Nevertheless, the fact that FeO*

appears to diffuse more slowly than MgO (Fig. 2 and

Fig. 5) would result in an initial decrease in MgO at the

inclusion centers without a corresponding decrease in FeO*

followed by a falloff in both oxides until, for sufficiently

small inclusions, the compositions at the centers of the

inclusions would eventually approximate the highly frac-

tionated end of the simple olivine control line (i.e., when

the inclusions have nearly homogenized with respect to

MgO and FeO*), and this is the overall shape of the MgO-

FeO* trend observed in the actual inclusions. Another

implication of chemical zonation in melt inclusions (even

those for which the boundary layer has not propagated to

their center) is that slightly off-center analyses of a melt
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Fig. 13 Comparison of central compositions of Siqueiros melt

inclusions with a diffusive fractionation trend (for the same cooling

history described in the caption to Fig. 12) and a liquid line of descent

calculated using MELTS. Circles are data from this study; stars are

data from Danyushevsky et al. (2003); the large diamond is the

starting composition for both the diffusive fractionation calculation

and the MELTS calculation (all in wt%: SiO2 = 49.6, Al2O3 = 17.1,

FeO* = 8.0, MgO = 9.24, CaO = 12.7, Na2O = 2.1, TiO2 = 0.9,

MnO = 0.14, K2O = 0.03, P2O5 = 0.07, Cr2O3 = 0.06, H2O =

0.06); the large square is the composition of pillow rim glass from

sample ALV-2384-3 (Perfit et al. 1996); red curves are the results of

the diffusive fractionation calculation; blue curves are liquid lines of

descent, calculated using MELTS. See ‘‘Relationship between

inclusion size and composition in the center of the inclusion’’ for

discussion
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inclusion (either due to uncertainty in beam position or due

to the polished section through the inclusion being slightly

off-center) can also give results that are diffusively frac-

tionated relative to simple olivine crystallization, leading to

potential inaccuracies in reconstructing unfractionated melt

inclusion compositions by addition of olivine. Experi-

mental homogenization of melt inclusions could correct for

this effect (e.g., Danyushevsky et al. 2002a). Alternatively,

the compositions of well-characterized, chemically zoned

melt inclusions could be numerically integrated and aver-

aged in order to correct for diffusive fractionation of their

compositions.

Zonation of volatile elements

As described in the Results section, zonation of H2O

(likely dissolved as hydroxyl based on spectroscopic

measurements of glasses; Stolper (1982)), S, Cl, and F was

observed in several of the Siqueiros melt inclusions (e.g.,

Fig. 4). Given the incompatibility of these species in

olivine, we were expecting that their concentrations would

increase at the edges of the inclusions as observed for other

incompatible elements (e.g., Al). However, although Cl

and S show the expected behavior, concentrations of H2O

and F decrease toward the edges of the inclusions. We

consider here two hypotheses to explain the decrease in

H2O and F toward the inclusion edge: (1) H2O and F could

be diffusing ‘‘uphill’’ (i.e., against their own concentration

gradients) due to coupling with other components in the

melt as we have observed for CaO and FeO; see ‘‘Multi-

component diffusion effects’’). (2) The gradients in H2O

and F within the melt inclusions could reflect loss of these

components into and/or through the olivine host.

Considering the first hypothesis, the similarity between

the shapes of concentration profiles of H2O and F in the

Siqueiros inclusions (Fig. 4 and Online Resource 3),

despite the *1 order of magnitude difference between

their experimentally determined diffusion coefficients

(Zhang and Stolper 1991; Alletti et al. 2007), and the

apparent uphill diffusion of H2O and F observed in inclu-

sion Siq16 (see Online Resource 3) suggest that multi-

component diffusion effects could be operating on these

volatile species. In the three melt inclusions for which

high-quality volatile concentration data were obtained,

concentration profiles of H2O and F also have similar

shapes to profiles of FeO, so it is possible that the distri-

butions of H2O and F are coupled to FeO. Although it is

conceivable that the ionization of 16O1H and 19F during the

nanoSIMS measurements could have been affected by

matrix effects (given the strong change in major element

composition from the centers to the edges of the melt

inclusions), the results of Hauri et al. (2002) suggest that

calibration curves for H2O and F are the same (up to

1.5 wt% H2O and up to *600 ppm F) for basaltic,

andesitic, and rhyolitic glass standards, so it seems unlikely

that matrix effects are the cause of the similarity between

the H2O and F concentration profiles. It also seems unlikely

that H2O and F, as trace species in the Siqueiros melt

inclusions, could affect each other’s ionization efficiency.

The second possibility that we considered is that H2O

and F decrease toward the olivine host because they are

being lost to the olivine during the final stages of cooling.

Several studies have demonstrated that water can be lost

from melt inclusions on timescales of hours to days (Hauri

2002; Massare et al. 2002; Portnyagin et al. 2008; Gaetani

et al. 2012; Lloyd et al. 2013; Chen et al. 2013). Koleszar

et al. (2009) found in their study of melt inclusions from

the Galapagos Islands (some of which were analyzed for

this study) that the inclusions were open systems for both

H2O and F based on the observation that their H2O and F

concentrations were ‘‘remarkably constant and comparable

to those of the matrix glasses.’’ Another line of evidence to

suggest that H2O and F can be lost from olivine-hosted

melt inclusions on eruptive timescales is the observation by

Le Voyer et al. (2014) of concentration profiles of H2O and

F in olivine adjacent to melt inclusions, with higher con-

centrations of these components close to the olivine–melt

interface and lower concentrations further from the inclu-

sions, suggestive of loss of H2O and F from the melt

inclusions into and/or through the surrounding olivine.

Although the Siqueiros melt inclusions are known to have

very similar H2O and F concentrations to their matrix

glasses (Saal et al. 2002), suggesting that there might not

be a large enough difference in the chemical potential of

these species between the melt inclusions and the external

melt to drive their diffusion out of the melt inclusions, it is

possible that the H2O and F concentrations of the melt

inclusions increased in response to olivine crystallization

on their walls in the final stages of eruption and cooling,

thereby providing the driving force for H2O and F loss

from the melt inclusions into the surrounding olivine.

One way to distinguish between the two hypotheses

outlined above would be to look for trends of H2O and F

concentrations with inclusion radius: If the enrichment of

H2O and F in the centers of the melt inclusions was a result

of uphill diffusion, one might expect to see a negative

correlation between the radii of the melt inclusions and the

concentration of H2O and F measured in their centers, since

boundary layer enrichment of H2O and F during olivine

crystallization would more easily reach the centers of small

inclusions than large inclusions. If, on the other hand, the

shapes of the H2O and F profiles were due to loss from the

melt inclusions to the olivine, one would expect to see a

positive correlation between the radii of the melt inclusions

and the concentration of H2O and F measured in their

centers since smaller inclusions would lose more of their
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H2O and F than larger ones. Although not enough H2O and

F data have been collected over the course of this study to

discern a trend for the Siqueiros inclusions, Chen et al.

(2013) observed a clear positive correlation between water

concentration and inclusion radius in a suite of melt

inclusions from La Sommata. This trend was interpreted to

be a result of diffusive water loss from the melt inclusions,

which would support our second hypothesis for the origin

of the observed concentration gradients in H2O and F.

However, the two hypotheses described above are not

mutually exclusive, and it is possible that the distribution

of H2O and F in the melt inclusions is being controlled by

both uphill diffusion and synchronous loss of these com-

ponents from the melt inclusions to the olivine.

Conclusions

1. We have observed zonation of major, minor, trace, and

volatile elements in olivine-hosted melt inclusions

from the Siqueiros Fracture Zone and the Galapagos

Islands. Components that have a higher concentration

in the host olivine than in the melt (MgO, FeO, Cr2O3,

and MnO) are depleted at the edges of the zoned melt

inclusions relative to their centers, whereas, except for

CaO, H2O, and F, components that have a lower

concentration in the host olivine than in the melt

(Al2O3, SiO2, Na2O, K2O, TiO2, S, and Cl) are enri-

ched near the melt inclusion edges. This zonation

forms in response to cooling and crystallization of

olivine on the walls of the melt inclusions resulting in

the formation of an olivine-depleted boundary layer in

the adjacent melt. Competition between diffusive

relaxation of this boundary layer into the centers of the

melt inclusions and replenishment of the boundary

layer by continued olivine crystallization produces

concentration profiles in the melt inclusions. The

widths and shapes of these concentration profiles vary

from element to element, and depend on the diffusion

coefficient of the element in the melt, its partition

coefficient between melt and olivine, and the growth

rate of the olivine.

2. Concentration profiles of some components in the melt

inclusions exhibit multicomponent diffusion effects

such as uphill diffusion (CaO, FeO) or slowing of the

diffusion of typically rapidly diffusing components

(Na2O, K2O) by coupling to slow diffusing compo-

nents such as SiO2 and Al2O3.

3. Concentrations of H2O and F decrease toward the

edges of some of the Siqueiros melt inclusions despite

the incompatibility of these components in olivine. The

similarity in the shapes and length scales of concen-

tration profiles of H2O and F suggests that this could be

a multicomponent diffusion effect. However, it could

also reflect rapid loss of H2O and F into and/or through

the olivine host, as expected based on previous work

indicating that olivine-hosted melt inclusions do not

always preserve their original H2O and F

concentrations.

4. A quantitative model of the time-dependence of

concentration profiles in melt inclusions due to olivine

crystallization and diffusion in the melt has been

developed. This model was used along with simple

cooling histories to fit observed MgO concentration

profiles in olivine-hosted melt inclusions from the

Siqueiros Fracture Zone and the Galapagos Islands.

Best-fit cooling rates based on assuming single-stage

linear cooling histories range from 150 to

13,000 �C h-1, consistent with previous constraints

on the cooling rates of basaltic glasses. Cooling rates

determined for seven subaerially quenched melt

inclusions extend to higher values than those deter-

mined for submarine melt inclusions. The amount of

olivine overgrowth into the melt inclusions based on

this modeling ranges from *0.1 to *2 lm.

5. MgO concentration profiles in some melt inclusions

are better fit by a two-stage cooling history, with an

initial stage of slow cooling (with cooling rates ranging

from 64 to 1,100 �C h-1) and a second stage of more

rapid cooling (with cooling rates ranging from 320 to

22,000 �C h-1). The total timescales of cooling deter-

mined by the two-stage linear cooling model range

from *40 s to just over 1 h.

6. The model has been successfully tested by fitting MgO

and Al2O3 concentration profiles in pairs of melt

inclusions of different size trapped in a single olivine

grain that must have experienced identical cooling

histories.

7. Awareness and characterization of zonation in melt

inclusions are important for the correct interpretation

of melt inclusion compositions. Even in some of the

largest inclusions analyzed in this study, the propaga-

tion inward by diffusion of concentration profiles

generated by olivine crystallization during the last 101–

102 min of an eruption has influenced the centers of the

melt inclusions. An implication of this diffusive

chemical zonation is that analyses of zoned melt

inclusions, even if made near the centers of the

inclusions, can be diffusively fractionated from the

liquid line of differentiation of their parental melts.

Experimental homogenization of melt inclusions could

correct for this effect. Alternatively, the compositions

of well-characterized, chemically zoned melt inclu-

sions could be numerically integrated and averaged in

order to correct for diffusive fractionation of their

compositions. The model developed here is able to
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reproduce observed trends of melt composition in the

centers of melt inclusions versus inclusion size for

MgO, Al2O3, CaO, and Na2O.

8. Every melt inclusion analyzed during the course of this

study is strongly chemically zoned. Additionally, we

found reports of chemical zonation in picritic melt

inclusions from Mt Shasta (Anderson 1974), in high-

Ca boninitic inclusions from the Tonga arc (Danyu-

shevsky et al. 2002b), in inclusions from the Sommata

cinder cone on Vulcano Island in the Aeolian arc

(Mercier 2009), and in inclusions of Mid-Atlantic

ridge pillow basalt (Colin et al. 2012). Chemical

zonation has also recently been observed in melt

inclusions from Hawaii and the 1974 eruption of

Volcán de Fuego (personal communication from Terry

Plank, David Ferguson, and Alexander Lloyd). The

observation of chemical zonation in melt inclusions

from ridge, hotspot, and arc magmas suggests that this

is a widespread phenomenon that could be useful for

constraining thermal histories of melt inclusions from a

variety of magmatic/tectonic settings and that could

also provide insights as a natural diffusion experiment.
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leading edge of the Galápagos hot spot. Geochem Geophys

Geosyst 7(12):n/a–n/a. doi:10.1029/2006gc001290

Ghiorso MS, Sack RO (1995) Chemical mass transfer in magmatic

processes IV. A revised and internally consistent thermodynamic

model for the interpolation and extrapolation of liquid–solid

equilibria in magmatic systems at elevated temperatures and

pressures. Contrib Mineral Petrol 119(2):197–212

Hauri E (2002) SIMS analysis of volatiles in silicate glasses, 2:

isotopes and abundances in Hawaiian melt inclusions. Chem

Geol 183(1–4):115–141. doi:10.1016/S0009-2541(01)00374-6

1030 Page 24 of 26 Contrib Mineral Petrol (2014) 168:1030

123

http://dx.doi.org/10.1016/0016-7037(72)90003-8
http://dx.doi.org/10.1016/0016-7037(72)90003-8
http://dx.doi.org/10.1093/petrology/15.2.243
http://dx.doi.org/10.1093/petrology/15.2.243
http://dx.doi.org/10.1007/bf01575619
http://dx.doi.org/10.1016/j.gca.2008.07.014
http://dx.doi.org/10.1016/j.gca.2008.07.014
http://dx.doi.org/10.1007/s00410-012-0821-x
http://dx.doi.org/10.1007/s00410-012-0764-2
http://dx.doi.org/10.1130/g21675.1
http://dx.doi.org/10.1029/2001gc000205
http://dx.doi.org/10.1007/pl00007664
http://dx.doi.org/10.1016/s0009-2541(01)00369-2
http://dx.doi.org/10.1016/s0009-2541(01)00369-2
http://dx.doi.org/10.1093/petrology/43.9.1651
http://dx.doi.org/10.1016/j.epsl.2005.04.050
http://dx.doi.org/10.1016/j.epsl.2005.04.050
http://dx.doi.org/10.1016/s0009-2541(01)00370-9
http://dx.doi.org/10.1029/2006gc001290
http://dx.doi.org/10.1016/S0009-2541(01)00374-6


Hauri E, Wang J, Dixon JE, King PL, Mandeville C, Newman S

(2002) SIMS analysis of volatiles in silicate glasses: 1.

Calibration, matrix effects and comparisons with FTIR. Chem

Geol 183(1–4):99–114. doi:10.1016/S0009-2541(01)00375-8

Jambon A (1982) Tracer diffusion in granitic melts: experimental

results for Na, K, Rb, Cs, Ca, Sr, Ba, Ce, Eu to 1300 C and a

model of calculation. J Geophys Res: Solid Earth (1978–2012)

87(B13):10797–10810

Koleszar AM, Saal AE, Hauri EH, Nagle AN, Liang Y, Kurz MD

(2009) The volatile contents of the Galapagos plume; evidence

for H2O and F open system behavior in melt inclusions. Earth

Planet Sci Lett 287(3–4):442–452. doi:10.1016/j.epsl.2009.08.

029

Kress VC, Ghiorso MS (1995) Multicomponent diffusion in basaltic

melts. Geochim Cosmochim Acta 59(2):313–324. doi:10.1016/

0016-7037(94)00286-u

Lagarias J, Reeds J, Wright M, Wright P (1998) Convergence

properties of the Nelder–Mead simplex method in low dimen-

sions. SIAM J Optim 9(1):112–147. doi:10.1137/

S1052623496303470

Lasaga AC (1979) Multicomponent exchange and diffusion in

silicates. Geochim Cosmochim Acta 43(4):455–469. doi:10.

1016/0016-7037(79)90158-3

LaTourrette T, Wasserburg GJ, Fahey AJ (1996) Self diffusion of Mg,

Ca, Ba, Nd, Yb, Ti, Zr, and U in haplobasaltic melt. Geochim

Cosmochim Acta 60(8):1329–1340. doi:10.1016/0016-

7037(96)00015-4

Le Voyer M, Asimow PD, Mosenfelder JL, Guan Y, Wallace PJ,

Schiano P, Stolper EM, Eiler JM (2014) Zonation of H2O and F

concentrations around melt inclusions in olivines. J Petrol.

doi:10.1093/petrology/egu003

Lesher C, Hervig R, Tinker D (1996) Self diffusion of network

formers (silicon and oxygen) in naturally occurring basaltic

liquid. Geochim Cosmochim Acta 60(3):405–413

Liang Y (2010) Multicomponent diffusion in molten silicates: theory,

experiments, and geological applications. Rev Mineral Geochem

72(1):409–446

Lloyd AS, Plank T, Ruprecht P, Hauri EH, Rose W (2013) Volatile

loss from melt inclusions in pyroclasts of differing sizes. Contrib

Mineral Petrol 165(1):1–25

Long GL, Winefordner JD (1983) Limit of detection a closer look at

the IUPAC definition. Anal Chem 55(7):712A–724A. doi:10.

1021/ac00258a724

Lundstrom CC (2000) Rapid diffusive infiltration of sodium into

partially molten peridotite. Nature 403(6769):527–530

Lundstrom C (2003) An experimental investigation of the diffusive

infiltration of alkalis into partially molten peridotite: implica-

tions for mantle melting processes. Geochem Geophys Geosyst

4(9):8614. doi:10.1029/2001GC000224

Maclennan J, McKenzie D, Grönvold K, Shimizu N, Eiler J, Kitchen

N (2003) Melt mixing and crystallization under Theistareykir,

northeast Iceland. Geochem Geophys Geosyst 4(11):8624.

doi:10.1029/2003GC000558
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