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The pre-eruptive water content of magma is often estimated using crystal-hosted melt inclusions. 
However, olivine-hosted melt inclusions are prone to post-entrapment modification by H+ diffusion as 
they re-equilibrate with their external environment. This effect is well established for the case of H+ loss 
from olivine-hosted inclusions that have cooled slowly in degassed magma. Here we present evidence 
for the opposite effect: the addition of H+ into inclusions that are held in melts that are enriched in 
H2O with respect to the trapped melts. The compositional variability in a suite of 211 olivine-hosted 
inclusions from the Laki and Skuggafjöll eruptions in Iceland’s Eastern Volcanic Zone indicates that 
diffusive H+ gain governs the H2O content of incompatible trace element depleted inclusions. Individual 
eruptive units contain olivine-hosted inclusions with widely varying incompatible element concentrations 
but near-constant H2O. Furthermore, over 40% of the inclusions have H2O/Ce > 380, significantly higher 
than the H2O/Ce expected in primary Icelandic melts or mid-ocean ridge basalts (150–280). The fact 
that the highest H2O/Ce ratios are found in the most incompatible element depleted inclusions indicates 
that hydration is a consequence of the concurrent mixing and crystallisation of compositionally diverse 
primary melts. Hydration occurs when olivines containing depleted inclusions with low H2O contents 
are juxtaposed against more hydrous melts during mixing. Melt inclusions from a single eruption may 
preserve evidence of both diffusive H+ loss and H+ gain. Trace element data are therefore vital for 
determining H2O contents of melt inclusions at the time of inclusion trapping and, ultimately, the H2O 
content of the mantle source regions.

Crown Copyright © 2015 Published by Elsevier B.V. This is an open access article under the CC BY 
license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The water content of melt inclusions is commonly assumed to 
be a lower bound on the pre-eruptive H2O content of melts stored 
in the crust (Métrich and Wallace, 2008). However, H2O concen-
trations in olivine-hosted melt inclusions may be lowered, or more 
unusually, increased by post-entrapment diffusion of hydrogen 
through the host olivine as inclusions equilibrate with their ex-
ternal environment. Experimental studies have demonstrated that 
olivine-hosted melt inclusions with high initial H2O contents are 
susceptible to diffusive dehydration on heating under dry exter-
nal conditions, with diffusive H2O loss occurring within hours to 
days at magmatic temperatures (e.g. Danyushevsky et al., 2002;
Gaetani et al., 2012; Bucholz et al., 2013). Natural olivine-hosted 
inclusions in erupted lavas and tephras also illustrate this phe-
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nomenon, which may occur either during magma ascent or dur-
ing thermally insulated transport in a degassed carrier melt (e.g. 
Massare et al., 2002; Chen et al., 2013; Lloyd et al., 2013; Le Voyer 
et al., 2014). Conversely, relatively dry melt inclusions are in theory 
susceptible to diffusive H+ gain if they are stored in a water-rich 
carrier melt (Portnyagin et al., 2008), but this has seldom been 
demonstrated in nature (Koleszar et al., 2009).

Here we present evidence of both diffusive hydration and de-
hydration in a suite of naturally quenched olivine-hosted melt 
inclusions from Iceland’s Eastern Volcanic Zone. Hydrated melt in-
clusions are depleted in incompatible trace elements: they have 
low values of trace element ratios such as La/Yb and Ce/Y, and 
anomalously high H2O/Ce. This hydration of depleted melt inclu-
sions is an inevitable consequence of concurrent mixing and crys-
tallisation of diverse primary melt compositions. This is the first 
study to illustrate melt inclusion hydration due to water gradi-
ents set up by the mixing of melts with heterogeneous mantle 
parents. We use diffusion modelling to calculate the timescales of 
diffusive hydration and dehydration in these samples, and explore 
ticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Map of Iceland’s Eastern Volcanic Zone, showing the locations of Skuggafjöll 
mountain and the AD 1783 Laki lava flow field. The 27 km-long Laki fissure is 
shown as a thick black line. The dates show the progress of flow emplacement as 
the Laki lava flowed from the source vents down river gorges towards the coastal 
plain. Flow boundaries and dates are reproduced after Thordarson and Self (1993). 
The locations of the samples discussed in this study are indicated by black symbols. 
Inset: map of Iceland, with neovolcanic zones shown in dark grey.

the timescales over which olivine-hosted inclusions can retain hy-
drated, high H2O/Ce signatures. Finally, we demonstrate that hy-
dration of depleted melt inclusions is not restricted to Iceland, but 
is a feature of many global melt inclusion datasets.

2. Samples

This study focuses on samples from the Laki and Skug-
gafjöll eruptions located in Iceland’s Eastern Volcanic Zone (EVZ) 
(Fig. 1). The AD 1783–1784 Laki eruption produced 15.1 km3

dense rock equivalent of lava and tephra, making this one of the 
largest basaltic fissure eruptions recorded in human history. The 
∼27 km-long Laki fissure erupted sequentially in 10 en echelon seg-
ments over a period of 8 months (Thordarson and Self, 1993). The 
samples consist of fresh magmatic tephra obtained from proximal 
fall deposits around the Laki cone row and quenched glassy lava 
selvages from sites around the Skaftá river gorge (Hartley et al., 
2014). Skuggafjöll is an ∼800 m-high mountain located towards 
the southern end of an NE–SW-striking hyaloclastite ridge that 
probably formed at >10 ka during the last glacial period (Neave 
et al., 2014a). The mountain comprises vesicular pillow lavas and 
intercalated hyaloclastites, all of which are highly phyric. The Skug-
gafjöll samples consist of glassy pillow basalts from localities near 
the base of the mountain.

Our dataset consists of major, trace and volatile elements mea-
sured in 97 olivine-hosted melt inclusions (70 from lava sam-
ples, 27 from tephra samples) and 19 glasses from Laki, and 
114 olivine-hosted inclusions and 6 glasses from Skuggafjöll. The 
olivine macrocrysts were hand-picked from crushed samples and 
range in diameter from 450 to 1100 μm, while the melt inclusions 
range from 22 to 307 μm in diameter. Care was taken to select 
only naturally glassy melt inclusions containing no daughter crys-
tals. Compositional data for the Laki and Skuggafjöll samples are 
taken from Hartley et al. (2014) and Neave et al. (2014a) respec-
tively, where details of analytical methods and data reduction pro-
cedures can also be found. Trace element and H2O concentrations 
in melt inclusions and glasses were analysed by secondary ion 
mass spectrometry (SIMS) at the University of Edinburgh. Precision 
and accuracy of SIMS analyses were monitored by repeat analyses 
of basaltic glass standards. 1σ precision was ±5% for trace ele-
ments of high abundance (e.g. La, Ce) and ±10 for trace elements 
of low abundance (e.g. Yb, Lu). 1σ accuracy for trace elements is 
estimated at ±10%. Precision and accuracy of H2O measurements 
were estimated at ±4% for Laki samples and ±10% for Skuggafjöll 
samples. Major element compositions of glass, melt inclusions and 
their host olivines were analysed by electron microprobe (EPMA) 
at the University of Cambridge.

3. H2O/Ce in Icelandic melt inclusions

Volatile-trace element pairs such as H2O and Ce, or CO2 and Nb 
or Rb, have similar bulk partition coefficients and are expected to 
exhibit similar geochemical behaviour during mantle melting and 
fractional crystallisation (e.g. Michael, 1995; Danyushevsky et al., 
2000; Dixon and Clague, 2001; Saal et al., 2002; Rosenthal et al., 
2015). This indicates that Ce can be used as a proxy for the initial 
undegassed H2O content of a melt inclusion, provided that H2O/Ce 
of the primary melt is known. This ratio can be determined by 
analysing undegassed melt inclusions or glasses, which are ex-
pected to show a strong positive correlation between H2O and 
Ce. Global compilations of nominally undegassed mid-ocean ridge 
glasses display this correlation, and typically have H2O/Ce be-
tween 150 and 280 (e.g. Michael, 1995; Danyushevsky et al., 2000;
Saal et al., 2002; Naumov et al., 2014). There is no known correla-
tion between H2O/Ce and spreading rate, nor the extent or depth 
of melting (Michael, 1995). However, average H2O/Ce values are 
known to differ between MORB samples from the Atlantic, Pacific 
and Indian oceans (Naumov et al., 2014); there are also signifi-
cant regional variations between different ridge segments (Michael, 
1995). This indicates that for any given region the value of H2O/Ce 
is characteristic of the mantle source.

Our Laki and Skuggafjöll melt inclusions contain between 0.07 
and 0.76 wt% H2O (Hartley et al., 2014; Neave et al., 2014a), con-
sistent with results from previous studies of EVZ melt inclusions 
and glasses (Métrich et al., 1991; Nichols et al., 2002). If these 
values represent vapour-undersaturated melt H2O contents at the 
time of inclusion trapping during the crystallisation of a parental 
melt, then H2O and Ce should correlate positively. However, no 
such correlation is observed (Fig. 2). EVZ inclusions and glasses 
have H2O/Ce between 20 and 1103, and most analyses fall out-
with the range of H2O/Ce values expected for undegassed MORB 
glasses (Fig. 2). The data can be divided into three populations. 
Firstly, the Laki glass and melt inclusions from Laki lava sam-
ples have low H2O and low H2O/Ce over a range of Ce contents 
and host olivine compositions. Secondly, Skuggafjöll inclusions and 
some Laki tephra inclusions have low (∼10 ppm) Ce and high 
H2O/Ce, and are hosted in Fo > 82 olivines. Thirdly, the Skuggafjöll 
glass and the majority of inclusions from Laki tephra samples have 
H2O/Ce within the expected range for undegassed MORB glasses.

4. H2O and trace element variability in EVZ melt inclusions

In order to determine the cause of H2O/Ce variability in the EVZ 
melt inclusions, it is necessary to identify the processes controlling 
H2O and Ce concentrations in these inclusions. Here we explore 
the extent to which trace element concentrations and ratios can 
be explained by crystallisation, melt mixing, and boundary layer 
effects.
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Fig. 2. H2O vs. Ce for melt inclusions and glasses from Iceland’s Eastern Volcanic 
Zone. Lines show contours of constant H2O/Ce. Small symbols show H2O and Ce 
concentrations for a global compilation of undegassed MORB glasses (light cir-
cles: Michael, 1995; dark squares: Danyushevsky et al., 2000). The grey shaded 
area shows the expected range in H2O/Ce for undegassed MORB glasses of 150 <
H2O/Ce < 280.

4.1. Fractional crystallisation

Reverse fractional crystallisation models were calculated for 
the Laki and Skuggafjöll magmas using Petrolog3 (Danyushevsky 
and Plechov, 2011). Starting compositions were the average tephra 
glass composition for Laki (Hartley et al., 2014), and the average 
quenched pillow glass composition for Skuggafjöll (Neave et al., 
2014a). Calculations were performed at 0.001, 2, 4 and 6 kbar, re-
flecting the likely pressures of crystallisation within EVZ magmatic 
systems. Calculations used an f O2 of one log unit below the QFM 
buffer and the mineral-melt equilibrium models of Danyushevsky
(2001) for plagioclase, clinopyroxene and olivine, with Kdol-liq

Fe–Mg
modelled after Toplis (2005). Ce and Y were modelled as incom-
patible trace elements using the partition coefficients given in Ta-
ble S1.
EVZ melt inclusions have typically experienced ≤2% post-
entrapment crystallisation (PEC) of olivine on inclusion walls. The 
maximum extents of PEC for Laki and Skuggafjöll are 7% and 5% 
respectively (Hartley et al., 2014; Neave et al., 2014a). Melt inclu-
sion Mg# [where Mg# = 100 × atomic Mg/(Mg + Fe)] is therefore 
unlikely to reflect the initial trapped melt composition. However, 
the ratio CaO/Na2O remains largely unaffected by PEC since both 
Ca and Na are incompatible in olivine (Neave et al., 2013). A plot of 
melt inclusion CaO/Na2O vs. Ce reveals that absolute Ce concentra-
tions in both Laki and Skuggafjöll melt inclusions largely follow ex-
pected fractional crystallisation trends (Fig. 3(a)). This is supported 
by strong negative correlations between host olivine forsterite and 
melt inclusion Ce for both Laki and Skuggafjöll (Fig. S3). How-
ever, melt inclusion H2O contents deviate significantly from the 
predicted fractional crystallisation trend (Fig. 3(b)).

There is considerable variability in melt inclusion Ce at a given 
CaO/Na2O, especially for Laki (Fig. 3(a)). The melt inclusion compo-
sitions therefore cannot be modelled by simple fractionation of a 
parental melt along a single liquid line of descent. High CaO/Na2O 
is associated with depleted primary melt compositions, while low 
CaO/Na2O is associated with enriched primary melts: this has been 
demonstrated for Icelandic melts (Shorttle and Maclennan, 2011)
as well as for mid-ocean ridge basalts (e.g. Elthon and Casey, 1985
and references therein). The scatter in Fig. 3(a) may therefore be 
explained by the concurrent crystallisation and mixing of hetero-
geneous primary melts.

4.2. Concurrent mixing and crystallisation

Melt inclusions from both Laki and Skuggafjöll record statisti-
cally significant decreases in ratios of highly incompatible to mod-
erately incompatible trace elements, such as La/Yb or Ce/Y, as host 
olivine forsterite decreases (Neave et al., 2013; Neave et al., 2014a;
Hartley et al., 2014). The Ce/Y variability in the EVZ melt inclusions 
cannot be explained by fractional crystallisation alone (Fig. 3(c)). 
La/Yb and Ce/Y are passive tracers of incompatible trace element 
enrichment in primary melts, and decreasing variability of these 
ratios with decreasing host forsterite content is indicative of con-
current mixing and crystallisation of diverse primary melts. This 
process has been well documented in Icelandic magmatic systems 
(Maclennan, 2008; Neave et al., 2013).

In order to compare simultaneously the compositional varia-
tions present in olivine-hosted melt inclusions from different erup-
tions, Maclennan (2008) defined the parameter Þ to be a measure 
Fig. 3. (a) CaO/Na2O vs. Ce for melt inclusions and matrix glasses from Laki and, inset, for Skuggafjöll, using the same symbols as Fig. 2. Coloured lines show reverse fractional 
crystallisation trends calculated over a range of pressures (see text for details). Starting compositions were the average tephra glass composition for Laki, and the average 
quenched pillow glass composition for Skuggafjöll. Glassy lava selvages from Laki have more evolved compositions and higher Ce concentrations than the Laki tephra, as a 
result of crystallisation during insulated transport within the Laki lava. (b) CaO/Na2O vs. H2O for EVZ melt inclusions and glasses. H2O contents of Skuggafjöll and Laki tephra 
melt inclusions are much higher than predicted by fractional crystallisation trends. (c) CaO/Na2O vs. Ce/Y for EVZ melt inclusions and glasses. Ratios of highly to moderately 
incompatible trace elements are widely scattered about the calculated fractional crystallisation trends. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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Fig. 4. The record of concurrent mixing and crystallisation in Iceland. (a) Plot showing the reduction in compositional variability of melt inclusions as host olivine forsterite 
decreases. The plot shows melt inclusions from Iceland as a whole, with different symbols highlighting different eruptions including Laki and Skuggafjöll. The mean melt 
inclusion Þ at a given host forsterite content is shown by the black solid line. (b) Variation in the extent of melt mixing, M, with olivine forsterite content. Grey lines show 
the 95% confidence interval of M at a given forsterite content. The parameters Þ and M are briefly described in the text and are fully discussed by Maclennan (2008).
of the deviation of a melt inclusion composition from the aver-
age composition of the eruption that it comes from, normalised to 
the expected standard deviation of the original, unmixed enriched 
and depleted endmember melt compositions for the eruption. On 
a plot of Þ vs. host olivine composition, melt inclusions from Laki 
and Skuggafjöll fall within the triangular envelope defined by pre-
viously studied Icelandic eruptions (Fig. 4(a); Gurenko and Chaus-
sidon, 1995, 1997, 2002; Slater et al., 2001; Maclennan et al., 
2003a, 2003b; Maclennan, 2008; Hartley and Thordarson, 2013;
Neave et al., 2013). As melt mixing and crystallisation proceed, 
Þ converges towards zero. The extent of magma mixing, M, can 
then be calculated as a function of host olivine composition using 
melt inclusion Þ values. M ranges from zero for unmixed endmem-
ber primary melts to unity when mixing is complete (Maclennan, 
2008). There is a sharp increase in M at an olivine composition 
of Fo88, followed by a slower but steady increase as melts crys-
tallise and host olivines evolve from Fo83 to Fo73 (Fig. 4(b)). The 
changes in M above Fo88 reflect the input of diverse primary melt 
compositions into magma reservoirs where crystallisation is oc-
curring (Maclennan, 2008; Rudge et al., 2013). Mixing processes 
are dominant between Fo88 and Fo83, and by Fo83 much of the 
mantle-derived heterogeneity has been erased. These calculations 
demonstrate that trace element concentrations and ratios in our 
EVZ melt inclusions can be successfully modelled by concurrent 
mixing and crystallisation of diverse mantle melts.

4.3. Boundary layer and dissolution effects

Incompatible element-enriched boundary layers form at the 
edges of rapidly growing crystals when the crystallisation rate ex-
ceeds the diffusion rate (e.g. Faure and Schiano, 2005). Melt in-
clusions that trap boundary layers therefore do not represent the 
composition of their parental melt. Natural olivines are surrounded 
by 1–3 μm-wide incompatible element-enriched boundary layers, 
but olivine-hosted inclusions with diameter >20 μm show almost 
no geochemical evidence of boundary layer trapping (Kuzmin and 
Sobolev, 2004). Melt inclusions <20 μm are therefore expected 
to be most affected by boundary layer entrapment, with negative 
correlations between melt inclusion size and incompatible ele-
ment concentrations. At magmatic temperatures, H2O diffuses suf-
ficiently quickly through basaltic melt to prevent significant H2O 
enrichment in boundary layers (Baker et al., 2005). Diffusion of Ce 
is very slow compared to diffusion of H2O (Zhang and Ni, 2010;
Zhang et al., 2010). Melt inclusions that trapped boundary lay-
ers might thus be expected to have elevated Ce concentrations 
and low H2O/Ce. All but one of the EVZ inclusions have diame-
ter >30 μm and there is no correlation between inclusion size and 
Ce content or H2O/Ce (Fig. S5), indicating that boundary layer trap-
ping is negligible in our dataset.

Boundary layers also form within melt inclusions during post-
entrapment crystallisation. The centre of a melt inclusion will pre-
serve the initial melt composition unless the leading edge of the 
propagating boundary layer reaches its centre. A critical radius 
therefore exists for each element, below which the composition 
at the inclusion centre will be influenced by PEC and diffusion in 
the melt, and above which the initial inclusion composition will be 
preserved (Newcombe et al., 2014). Small melt inclusions are more 
prone to compositional modification by internal boundary layers. 
While we cannot definitively rule out internal boundary layers in 
our EVZ melt inclusions, we note that the inclusions were cut as 
close to their centres as possible (which reduces the likelihood of 
sectioning the boundary layer); that EPMA and SIMS analyses were 
made close to inclusion centres; and that the critical radius for 
Ce is expected to be small (�50 μm) given its low diffusivity in 
basaltic melts (Zhang et al., 2010). Furthermore, previous studies 
have suggested that melt inclusion H2O contents are more strongly 
affected by diffusion into/out of the inclusion through the host 
olivine than by internal boundary layer effects (Chen et al., 2013;
Newcombe et al., 2014).

Dissolution–reaction-mixing (DRM) processes have been in-
voked as an explanation for trace element diversity in melt in-
clusions (e.g. Danyushevsky et al., 2003). Inclusions generated by 
DRM processes involving plagioclase are expected to have very low 
La concentrations, low La/Yb, and large positive Sr anomalies quan-
tified by the parameter Sr/Sr*, where Sr/Sr∗ = Srn/(Cen × Ndn)0.5

and the subscript n indicates chondrite-normalised values. Average 
Sr/Sr* is 0.78 ± 0.21 (1σ ) for Laki inclusions and 1.15 ± 0.16 (1σ ) 
for Skuggafjöll inclusions. These low Sr/Sr* values indicate that 
DRM exerts no significant control over trace element variability 
in these inclusions. Compositions of plagioclase and clinopyroxene 
crystals and plagioclase-hosted melt inclusions support this inter-
pretation (Neave et al., 2013; Neave et al., 2014b). Furthermore, 
Maclennan (2008) demonstrated that DRM processes alone can-
not generate the range in trace element ratios such as La/Yb and 
Sm/Yb observed in Icelandic melt inclusions.
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Fig. 5. Melt inclusion H2O/Ce vs. host olivine composition, coloured by La/Yb. At 
high forsterite content there is a wide range in H2O/Ce and La/Yb. As forsterite 
decreases, the variability in La/Yb collapses to the mean La/Yb of the eruption, and 
the variability in H2O/Ce decreases. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)

5. Modification of H2O/Ce through H+ diffusion

The EVZ melt inclusions define a trend of decreasing H2O/Ce 
with decreasing host forsterite content (Fig. 5). Inclusions in the 
most forsteritic olivines show the widest range in H2O/Ce, but this 
quickly collapses such that inclusions hosted in Fo < 77 olivines 
have H2O/Ce < 210. H2O/Ce also correlates negatively with La/Yb. 
At high forsterite, the most depleted inclusions (La/Yb < 2) have 
the highest H2O/Ce, while more enriched inclusions (La/Yb > 4) 
have lower H2O/Ce. High H2O/Ce in depleted melt inclusions is 
unlikely to be a primary feature, since this would require depleted 
melts to have significantly higher H2O than enriched melts, de-
spite their lower Ce contents. In addition, it cannot be explained by 
concurrent mixing and crystallisation of enriched and depleted pri-
mary melts alone: if H2O and Ce behave as similarly incompatible 
trace elements and do not diffuse or degas, then the processes of 
mixing and crystallisation are not expected to fractionate H2O from 
Ce. Concurrent mixing and crystallisation should produce suites of 
melt inclusions with approximately constant H2O/Ce regardless of 
melt La/Yb or host olivine composition.

The observed H2O/Ce variability in the EVZ inclusions is best 
explained by the diffusion of H2O into or out of the melt inclu-
sions as they equilibrate with their carrier melts. Hydrogen dif-
fusion in olivine is complex and occurs via several mechanisms: 
protons may exchange with Mg vacancies (denoted [Mg]); Si or Ti 
vacancies, ([Si], [Ti]); trivalent cations; electronic defects (proton–
polaron exchange, denoted ‘PP’); or a combination of these mech-
anisms (e.g. Padrón-Navarta et al., 2014; Peslier et al., 2015). The 
diffusion rate is dependent on the diffusion mechanism(s): in gen-
eral, D[Si] � D[Ti]+[Si] < D[Mg] < DPP, although at magmatic tem-
peratures the diffusion coefficients for [Mg] and [Ti] + [Si] con-
verge to similar values of ∼10−11–10−12 m2/s (e.g. Demouchy 
and Mackwell, 2006; Padrón-Navarta et al., 2014). Both [Mg] and 
PP mechanisms are anisotropic (Mackwell and Kohlstedt, 1990;
Demouchy and Mackwell, 2006), but anisotropy has not been re-
ported for other diffusion mechanisms. The proton–polaron mech-
anism is also referred to as redox exchange, and is enhanced 
by oxidising conditions. However, recent studies of both natu-
ral and experimental samples indicate that at magmatic temper-
atures, H+ diffusion independent of oxygen fugacity can modify 
H2O concentrations in olivine-hosted melt inclusions by several 
weight percent on timescales of hours to days (Gaetani et al., 2012;
Bucholz et al., 2013).
5.1. H2O/Ce in Icelandic primary melts

In order to assess the extent of diffusive re-equilibration in the 
EVZ inclusions, H2O/Ce must be determined for undegassed melts. 
Volatile saturation models indicate that the Skuggafjöll magma 
erupted under ice/water pressures of ∼1.4 MPa (Neave et al., 
2014a), which is sufficient to prevent significant H2O degassing. 
The average H2O/Ce of 184 ± 19 preserved in glassy pillow rims 
from Skuggafjöll is thus likely to represent the undegassed H2O/Ce 
of the Skuggafjöll magma. Melt inclusions from the Laki tephra 
were rapidly quenched upon eruption, and are unlikely to have ex-
perienced post-eruptive H+ loss. A subset of inclusions from the 
Laki tephra hosted in low forsterite olivines have La/Yb values that 
are identical within error to the Laki glass, indicating that these in-
clusions were trapped during late-stage crystallisation. The average 
H2O/Ce of these inclusions, 182 ± 14, is expected to be represen-
tative of the pre-eruptive undegassed Laki magma.

While Skuggafjöll glass has a lower average La/Yb than Laki 
glass (2.60 compared to 3.82), the undegassed H2O/Ce values for 
Laki and Skuggafjöll are identical within error. This suggests that 
enriched and depleted Icelandic primary melts have near-uniform 
H2O/Ce, despite having different initial H2O and Ce contents. This 
interpretation is consistent with MORB data, which show that 
while there is significant global variation in H2O/Ce, within indi-
vidual regions H2O/Ce remains approximately constant (Michael, 
1995). Our data thus indicate that H2O/Ce for Icelandic melts is 
best modelled with a constant value of ∼180 ± 20 which is insen-
sitive to the degree of trace element enrichment in the primary 
melt. The effect of assuming variable source H2O/Ce for enriched 
and depleted primary melts is explored in the supplementary in-
formation.

5.2. Diffusive loss and gain of H+

Having estimated H2O/Ce for EVZ primary melts, the Ce con-
tent of each melt inclusion or glass can be used as a proxy for its 
initial H2O content. Measured Ce concentrations were used to pre-
dict initial H2O concentrations for the EVZ inclusions and glasses 
(Fig. 6(a)). Melt inclusions and glasses with measured H2O/Ce =
180 ± 20 are considered to be unmodified and preserve the pre-
eruptive melt H2O content, which is 0.36 ± 0.03 wt% H2O for 
Skuggafjöll and 0.57 ± 0.05 wt% H2O for Laki. These values assume 
that there was no significant degassing of H2O during magma as-
cent. Melt inclusions from Laki lava samples and Laki glasses have 
a wide range of predicted initial H2O contents, but uniformly low 
measured H2O of <0.1 wt%. The low H2O of the Laki glass is ex-
plained by syn-eruptive H2O degassing, which is thought to have 
been highly efficient: Thordarson et al. (1996) estimated that 70% 
of the total magmatic H2O was released at the vents. Low H2O 
in melt inclusions from Laki lava samples thus results from dif-
fusive re-equilibration between these inclusions and the degassed 
lava during post-eruptive insulated transport.

Depleted inclusions from Laki and Skuggafjöll, and one enriched 
Laki inclusion with La/Yb = 6.1, have low predicted H2O but high 
measured H2O contents (Fig. 6(a)). This is explained by a process 
of over-hydration, whereby inclusions gain H+ through diffusive 
equilibration with their carrier melt. 94% of inclusions from Skug-
gafjöll and 30% of inclusions from the Laki tephra appear to be 
over-hydrated in this manner. Over-hydrated Skuggafjöll inclusions 
have measured H2O contents of 0.38 ± 0.02 wt%, identical to mea-
sured H2O in the Skuggafjöll glass. Over-hydrated Laki inclusions 
contain 0.54 ± 0.09 H2O, identical within error to unmodified Laki 
inclusions.

The over-hydrated EVZ inclusions preserve the pre-eruptive 
H2O content of their carrier melts. This indicates that hydration 
occurs in the magma reservoir, prior to eruption, when olivines 
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Fig. 6. (a) Predicted H2O content of EVZ melt inclusions (calculated using the measured Ce content as a proxy for initial H2O and assuming H2O/Ce = 180) vs. measured 
H2O content, coloured by La/Yb. Melt inclusions and glasses preserving the pre-eruptive melt H2O content plot on the ‘equilibrium’ 1:1 line. Dehydrated melt inclusions and 
degassed glasses fall below the 1:1 line; melt inclusions that have gained H2O through diffusive hydration plot above the 1:1 line. (b) Measured vs. predicted H2O contents 
of melt inclusions from various global localities. The pattern of ‘equilibrium’, dehydrated/degassed and hydrated melt inclusions is evident in the global dataset, with the 
most depleted inclusions from any given eruption being the most hydrated. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
containing melt inclusions with low initial H2O contents are stirred 
into a more hydrous carrier melt. Over-hydration of depleted in-
clusions is therefore a predicted consequence of concurrent mix-
ing and crystallisation of diverse primary melts. Diffusive over-
hydration of Laki melt inclusions could not have occurred post-
eruption, since the Laki melt degassed its H2O very efficiently at 
the vents, and Laki magmatic tephra did not interact with exter-
nal water (Thordarson et al., 1996). We also interpret the over-
hydration of Skuggafjöll inclusions as a pre-eruptive process be-
cause Skuggafjöll glass has identical H2O/Ce to unmodified melt 
inclusions from the Laki tephra, and there is no evidence of el-
evated H2O concentrations in the Skuggafjöll glass, which would 
be expected if glacial water had been incorportated upon erup-
tion. Hydration is most likely to have occurred within the Laki 
and Skuggafjöll magma chambers at the final depth of crystal-melt 
equilibration prior to eruption.

The most over-hydrated EVZ melt inclusions have gained up to 
0.6 wt% H2O (Fig. 6(a)). Addition of 0.6 wt% H2O to an olivine-
saturated basaltic melt results in a lowering of the olivine liq-
uidus temperature by 23.3 ◦C (Médard and Grove, 2008). Reverse 
fractional crystallisation models of EVZ melt compositions suggest 
that, if the melt temperature were kept constant, the addition of 
0.6 wt% H2O would result in up to 3% dissolution of olivine at the 
melt inclusion walls. However, the EVZ inclusions have undergone 
on average ∼2% post-entrapment crystallisation on the inclusion 
walls, which indicates that the rate of melt cooling balances or 
exceeds the rate of depression of the olivine liquidus that results 
from over-hydration of the melt inclusion. We find no visual or 
geochemical evidence for olivine dissolution into the EVZ melt in-
clusions.

5.3. Hydration of enriched and depleted inclusions

Diffusive hydration of melt inclusions will occur only if there 
are significant differences in H2O activity, aH2O, between melt 
inclusions and carrier melt (e.g. Qin et al., 1992; Gaetani et al., 
2012). Water activity is dependent on pressure and, to a lesser ex-
tent, temperature (Burnham, 1979). Since the internal pressure in 
a melt inclusion, Pint , may differ from the external pressure Pext , 
Table 1
Compositions and radii of the most depleted and most enriched melt inclusions 
and their host olivines for Laki and Skuggafjöll, and their pre-eruptive carrier melt 
compositions. The melt compositions are the average tephra glass composition for 
Laki, and the average quenched pillow glass composition for Skuggafjöll. Data are 
from Hartley et al. (2014) and Neave et al. (2014a). ‘H2O meas’ is the water content 
measured by SIMS; ‘H2O ini’ is the estimated initial water content calculated from 
the given Ce concentrations and assuming H2O/Ce = 180.

Laki Skuggafjöll

MIenr MIdepl melt MIenr MIdepl melt

SiO2, wt% 49.45 50.39 49.39 50.59 51.46 48.61
TiO2 2.52 1.25 3.17 1.21 1.02 1.99
Al2O3 14.42 16.56 12.77 16.45 15.94 12.62
FeO 10.17 8.67 14.41 6.97 6.93 12.46
MnO 0.10 0.20 0.20 0.14 0.18 0.20
MgO 5.00 6.38 5.49 7.18 7.44 7.01
CaO 12.53 14.16 9.75 14.59 14.54 11.50
Na2O 2.58 2.09 2.84 2.05 1.84 2.29
K2O 0.50 0.06 0.50 0.16 0.10 0.22
P2O5 0.23 0.08 0.33 0.14 0.07 0.14
H2O meas 0.76 0.56 0.08 0.40 0.42 0.36
H2O ini 0.49 0.11 0.59 0.23 0.12 0.35

Fo, mol% 80.0 85.9 86.2 86.5
Ce, ppm 27.3 6.3 33.0 12.9 6.5 19.5
La/Yb 6.1 1.0 3.8 3.4 1.2 2.6

rMI , μm 25.4 24.0 96.4 47.2
rol , μm 400 375 750 750

equilibrium H2O concentrations of a melt inclusion and its carrier 
melt may differ (e.g. Qin et al., 1992). We investigated the range 
of potential aH2O gradients between the EVZ inclusions and their 
carrier melts. Modelled melt inclusion compositions were selected 
to be representative of the most depleted and most enriched Laki 
and Skuggafjöll inclusions, with external melt compositions rep-
resentative of the pre-eruptive Laki and Skuggafjöll carrier melts 
respectively (Table 1). Initial H2O concentrations for the melt inclu-
sions were calculated from measured Ce contents, assuming initial 
H2O/Ce = 180.

There are considerable uncertainties in estimating melt inclu-
sion Pint . If melt inclusions are assumed to behave as isochoric 
systems with �P/�T equal to the ratio of the melt thermal ex-
pansion coefficient to its compressibility, then Pint is principally 
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controlled by temperature. Physical models can then be used to 
calculate internal pressure changes within an inclusion in response 
to decompression and cooling (e.g. Zhang, 1998). For basaltic melt 
inclusions trapped at high pressure, the percentage decrease in 
Pint in response to decompression and cooling is greater than 
for an inclusion trapped at intermediate or low pressure; how-
ever, inclusions trapped at higher pressure still maintain higher 
absolute Pint (e.g. Schiano and Bourdon, 1999 and references 
therein). Post-entrapment crystallisation has also been shown to 
raise Pint for H2O-saturated inclusions or lower Pint for CO2 or 
H2O–CO2-saturated inclusions (Steele-MacInnis et al., 2011). De-
spite these complexities, melt inclusion trapping pressures provide 
a useful upper estimate of Pint .

Melt inclusion trapping pressures can be estimated using 
CO2–H2O solubility models to calculate the volatile saturation 
pressure. The most enriched Laki melt inclusion contains 4767 
ppm CO2 and its calculated saturation pressure is 7.4 kbar (Hartley 
et al., 2014). Depleted Laki inclusions have CO2 concentrations of 
500–700 ppm and calculated saturation pressures of ∼1.5 kbar. 
However, these inclusions are likely to have been trapped from 
vapour-undersaturated melts; thus the calculated saturation pres-
sures provide only a minimum estimate of the depth of inclusion 
trapping. We therefore assume an average inclusion trapping pres-
sure and temperature of 5 kbar and 1200 ◦C for enriched and 
depleted Laki inclusions, and an external pressure and temperature 
of 1.5 kbar and 1150 ◦C at the final stage of crystal-melt equilibra-
tion (Neave et al., 2013). Skuggafjöll melt inclusions are generally 
more depleted and have lower CO2 contents than those from Laki, 
but evidence of CO2 supersaturation in depleted Skuggafjöll in-
clusions (Neave et al., 2014a) means that calculated saturation 
pressures should be treated as maxima. We assume a pressure and 
temperature of 2 kbar and 1230 ◦C for Skuggafjöll inclusion trap-
ping, and 0.5 kbar and 1190 ◦C for the final stage of crystal-melt 
equilibration (Neave et al., 2014a).

Water activities of melt inclusions and carrier melt were calcu-
lated following Burnham (1979) using the P-T conditions described 
above. Calculated aH2O values for enriched and depleted Laki in-
clusions were 0.07 and 0.003 respectively; aH2O = 0.25 for the 
Laki carrier melt. For Skuggafjöll, enriched and depleted inclusions 
had aH2O of 0.02 and 0.01; the carrier melt had aH2O = 0.21. In 
both cases, the water activity gradient is sufficient to promote H+
diffusion into the melt inclusions (e.g. Portnyagin et al., 2008). If 
the inclusions are instead assumed to be trapped in a shallow 
magma reservoir, i.e. Pint = Pext , the differences in aH2O between 
inclusion and carrier melt are maintained for depleted inclusions 
but are somewhat reduced for enriched inclusions: at Pint = Pext , 
aH2O = 0.15 for the most enriched Laki inclusion and 0.06 for the 
most enriched Skuggafjöll inclusion.

The most enriched Laki melt inclusion has a high measured 
H2O content of 0.76 wt%, and also appears to have undergone over-
hydration (Fig. 6(a)). The high H2O concentration and apparent hy-
dration may reflect equilibration of this inclusion with an evolved 
mush liquid (Passmore et al., 2012) prior to entrainment of this 
olivine into the Laki carrier melt. Assuming an internal pressure of 
2 kbar, then this inclusion has aH2O = 0.29. This yields a differ-
ence in aH2O of −0.04 between the inclusion and the Laki carrier 
melt. This activity gradient may be too small to promote H+ dif-
fusion from this inclusion, which could explain the retention of its 
high H2O content. Enriched, vapour-saturated melt inclusions are 
more likely than depleted, vapour-undersaturated inclusions to ex-
perience a lowering of Pint in response to PEC and CO2 exsolution 
into a vapour phase, and are therefore more likely than depleted 
inclusions to have aH2O that is very similar to the external melt. 
The resultant low activity gradients mean that enriched inclusions 
are more likely to preserve unmodified H2O contents and H2O/Ce 
Fig. 7. Histograms showing calculated timescales of (a) diffusive hydration and (b) 
diffusive dehydration of EVZ melt inclusions. Laki is shown by grey solid bars; Skug-
gafjöll by the dark line.

signatures, and may become dehydrated if there is a large negative 
activity gradient.

Our calculations suggest that even when Pint = Pext there is a 
positive aH2O gradient between a depleted melt inclusion and its 
carrier melt. Therefore, depleted inclusions are always expected to 
undergo diffusive hydration when mixed into more hydrous carrier 
melts. This is consistent with our observations. Over-hydration of 
depleted melt inclusions is therefore an inevitable consequence of 
concurrent mixing and crystallisation of diverse primary melts.

5.4. Timescales of diffusive over-hydration and dehydration

Timescales of diffusive equilibration of the EVZ melt inclusions 
with their carrier melts were calculated using a modified version 
of the model presented by Bucholz et al. (2013) to calculate an 
analytical solution for symmetric H+ diffusion through a spheri-
cal olivine crystal hosting a spherical melt inclusion at its centre 
(Qin et al., 1992). Melt inclusion and olivine radii are provided 
in the supplementary material. We used a partition coefficient 
Dolv-melt

H2O = 0.0007 (Le Voyer et al., 2014), which is assumed to 
be independent of pressure, temperature and melt H2O content 
(Hauri et al., 2006). We assume isotropic diffusion of hydrogen 
and metal vacancies (VMe) through the host olivine crystal, us-
ing the experimentally determined diffusion coefficients DH+

[001] =
10−1.4 exp[−(258/RT)] m2/s (Demouchy and Mackwell, 2006) and 
D V Me = 10−11.2 m2/s (Wanamaker, 1994). Calculations were per-
formed at pre-eruptive magmatic temperatures of 1190 ◦C for 
Skuggafjöll (Neave et al., 2014a) and 1140 ◦C for Laki (Guilbaud 
et al., 2007; Neave et al., 2013).

For each melt inclusion, initial H2O contents were calculated 
using the measured Ce content assuming initial H2O/Ce = 180. The 
Skuggafjöll carrier melt was assumed to contain 0.36 wt% H2O; the 
Laki carrier melt was assumed to contain 0.57 wt% H2O. We then 
calculated the timescale required for each of the EVZ inclusions 
to attain their measured H2O contents via diffusive hydration. For 
Skuggafjöll melt inclusions the calculated timescales ranged from 
0.83 to 29.2 days (Fig. 7(a)), with an average timescale of 7.1 ± 5.8
days (1σ ). Timescales for the Laki inclusions ranged from 2.5 to 
19.1 days (Fig. 7(a)), with an average of 7.3 ± 5.6 days (1σ ). Com-
plete re-equilibration between melt inclusions with low initial H2O 
contents and their more hydrous carrier melts is achieved within 
days. This demonstrates that H2O contents measured in rapidly 
quenched melt inclusions are primarily controlled by the extent of 
pre-eruptive diffusive re-equilibration between inclusions and car-
rier melt, rather than the H2O content of the parental melt from 
which the inclusion was trapped.
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Fig. 8. Equilibration timescales for (a) H2O and (b) Ce between olivine-hosted melt inclusions and carrier melt at 1250 ◦C, calculated using the model of Qin et al. (1992). 
Initial compositions represent the most depleted Laki melt inclusion and the pre-eruptive Laki carrier melt with compositions given in Table 1. Solid, dashed and dotted 
lines show the effect of varying melt inclusion and/or olivine radius. Grey lines in (a) show the effect of decreasing the temperature to 1150 ◦C on the rate of H+ diffusion. 
(c) Evolution of H2O/Ce in melt inclusions in response to simultaneous H2O and Ce through the host olivine at 1250 ◦C. The four sets of curves represent the most enriched 
and most depleted melt inclusion compositions from Laki and Skuggafjöll, held in the Laki or Skuggafjöll pre-eruptive melt respectively, with compositions shown in Table 1. 
H2O/Ce is assumed to be 180 at the time of inclusion trapping. The maximum H2O/Ce reached within the inclusion is controlled by the difference in Ce concentrations 
between the inclusion and its carrier melt. Solid, dashed and dotted lines show the effect of varying melt inclusion and/or host olivine radius. Typical olivine-hosted melt 
inclusions can retain their maximum H2O/Ce for 1–10 yr at magmatic temperatures, and are only restored to the ‘equilibrium’ value of 180 after 102–103 yr.
Some olivine-hosted inclusions from Laki lava samples also ex-
perienced post-eruptive H+ loss as they re-equilibrated with the 
degassed Laki lava (0.08 wt% H2O) during insulated transport at 
∼1120 ◦C (Guilbaud et al., 2007). We calculated the timescale re-
quired for melt inclusions with initial H2O contents in equilib-
rium with the pre-eruptive Laki magma (0.57 ± 0.05 wt% H2O) 
to reach their measured, dehydrated H2O contents. In some cases 
the calculated timescale represents complete re-equilibration with 
the degassed Laki lava; in other cases the melt inclusions cooled 
below the closure temperature for H+ diffusion before equilib-
rium was reached. The average calculated timescale for diffusive 
H+ loss was 4.0 ± 3.4 days (Fig. 7(b)). The shortest dehydra-
tion timescale was 0.25 days for a melt inclusion with measured 
H2O = 0.352 wt%, from a sample collected ∼5 km from its source 
vent. The longest timescale was 18.3 days for an inclusion with 
measured H2O = 0.091 wt%, from a sample collected ∼30 km from 
its source vent. Laki lava surges advanced distances of 25–30 km 
from the vents over several days to a week; flow rates have been 
estimated at 6–7 and 15–17 km/day for the first two lava surges 
and 2–4 km/day for later surges (Thordarson and Self, 1993). The 
Laki lava samples considered in this study were collected at dis-
tances of ∼5 km, ∼15–16 km, ∼22 km and ∼29–30 km from their 
source vents (Fig. 1). The melt inclusions are therefore expected to 
have spent a minimum of <1 day up to ∼15–20 days in insulated 
lava transport. Our calculated dehydration timescales are in good 
agreement with these estimates, which lends confidence to the use 
of H+ diffusion as chronometer of post-eruptive processes.

5.5. Retention of non-equilibrium H2O/Ce signatures

Rapid and complete H2O equilibration between olivine-hosted 
melt inclusions and their external environment means that non-
equilibrium high H2O/Ce signatures may be achieved in a matter 
of hours to days. Diffusive equilibration of Ce between melt inclu-
sions and an evolved carrier melt serves to lower H2O/Ce within 
the inclusion. The retention of high H2O/Ce signatures in melt in-
clusions is therefore dependent on the rate of Ce diffusion between 
inclusion and carrier melt.

Estimates of Ce diffusion coefficients in olivine at magmatic 
temperatures vary by several orders of magnitude, ranging from 
DREE ≈ 10−15 m2/s (Spandler et al., 2007; Spandler and O’Neill, 
2010) to DCe = 2.45 × 10−20 m2/s (Cherniak, 2010). Using these 
diffusion coefficients, a 50 μm radius melt inclusion in a 1 mm 
radius olivine equilibrates with its carrier melt in ∼102 yr to 
>105 yr at 1300 ◦C. The reason for the discrepancies in diffusion 
coefficients between these studies is currently unclear. However, 
diffusion coefficients are partially controlled by the availability of 
suitable diffusion pathways which are in turn influenced by abso-
lute elemental concentrations, as has been shown with respect to 
Li diffusion in olivine (Dohmen et al., 2010). Measured olivine REE 
concentrations were 1–10 ppm for the Spandler et al. (2007) and 
Spandler and O’Neill (2010) experiments, and up to 150 ppm in 
the Cherniak (2010) experiments. The Spandler et al. (2007) and 
Spandler and O’Neill (2010) experiments most closely reproduce 
the REE concentrations of the order 10–100 ppb expected for natu-
ral olivines (e.g. Beattie, 1994), suggesting that the faster diffusion 
coefficient may be most appropriate for natural systems (Qian et 
al., 2010).

Assuming fast REE diffusivity in olivine with DREE =
10−15.2 m2/s (Spandler and O’Neill, 2010), a minimum constraint 
can be placed on the timescale over which Ce in olivine-hosted 
melt inclusions equilibrates with the external environment, and 
hence the timescale over which high H2O/Ce can be preserved in 
melt inclusions at magmatic temperatures. We modelled the si-
multaneous diffusion of H and Ce from a spherical melt inclusion 
through a spherical olivine at 1250 ◦C, using the melt inclusion 
and carrier melt compositions given in Table 1. Our calculations 
demonstrate that even if Ce diffusion is assumed to be relatively 
fast, melt inclusions may retain the maximum H2O/Ce signature 
for at least 100 years, and that H2O/Ce is not restored to the equi-
librium value until 102–103 yr have elapsed (Fig. 8).
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Fig. 9. Schematic illustration summarising the processes affecting H2O/Ce in Icelandic magmatic systems. (a) Primary melts with variable trace element concentrations but 
uniform H2O/Ce ≈ 180 are supplied from the mantle. Melt inclusions (MI) trapped during crystallisation of depleted melts have low initial H2O and Ce contents; inclusions 
trapped during crystallisation of enriched melts have high initial H2O and Ce contents. Concurrent mixing and crystallisation produces a homogeneous carrier melt whose 
H2O content is controlled by the proportions of enriched and depleted melts supplied to the mixture, and the extent of crystallisation. Melt inclusions diffusively equilibrate 
with this carrier melt. Depleted inclusions gain H+, generating H2O/Ce � 180. (b) Subaerial eruptions such as Laki degas much of their H2O at the vents. Melt inclusions 
in rapidly quenched tephra are able to preserve their pre-eruptive H2O contents. Inclusions in lava equilibrate with the degassed carrier melt during insulated transport, 
generating H2O/Ce � 180. (c) Subglacial eruptions such as Skuggafjöll experience minimal H2O degassing in the conduit, and are rapidly quenched upon eruption. Melt 
inclusions and glass both preserve their pre-eruptive H2O contents.
5.6. Diffusive over-hydration recorded in global datasets

H2O/Ce systematics can be used to predict initial H2O contents 
for melt inclusions from any global locality, provided that H2O/Ce 
for the primary melt can be determined. We calculated predicted 
H2O contents for olivine-hosted inclusions from Siqueiros (Saal et 
al., 2002); the Gakkel Ridge (Shaw et al., 2010); Kilauea, Hawaii 
(Edmonds et al., 2013), and Santiago and Fernandina in the Gála-
pagos Islands (Koleszar et al., 2009) (Fig. 6(b)). Initial H2O/Ce val-
ues used were 180 for Kilauea (Dixon and Clague, 2001); 193 for 
Gakkel (Shaw et al., 2010); 168 for Siqueiros (Saal et al., 2002); 
117 for Santiago, and 250 for Fernandina (Koleszar et al., 2009).

As in the case of Iceland, the global data show that enriched 
melt inclusions are more likely to be dehydrated, while depleted 
inclusions are more likely to be over-hydrated. Owing to the higher 
Ce content of enriched melts and the fact that H2O/Ce is not ex-
pected to vary between enriched and depleted primary melts, en-
riched melts are likely to dominate the H2O budget of a mixed 
magma. The most enriched inclusions at any given locality thus 
record either ‘equilibrium’ H2O contents or are slightly dehydrated, 
as is the case for Fernandina. The enriched Kilauea melt inclu-
sions are degassed and perhaps also dehydrated through a process 
of convection, mixing, and exsolution of volatiles at low pressure 
(Edmonds et al., 2013).

For those locations where melt inclusions with a wide range in 
La/Yb have been recovered, the most depleted inclusions are the 
most over-hydrated, while more enriched inclusions preserve the 
unmodified H2O content of the carrier melt. This is particularly 
evident for melt inclusions from Fernandina (Fig. 6(b)), where dif-
fusive H+ gain has strongly affected ∼10% of the inclusions, and 
is attributed to the mixing and crystallisation of enriched and de-
pleted mantle melts beneath the Gálapagos Islands (Koleszar et al., 
2009). The large contrast in H2O content and aH2O between the 
depleted primary melts and the carrier melt promotes rapid hy-
dration of the depleted melt inclusions.
Melt inclusions from Siqueiros, Gakkel and Santiago have near-
identical La/Yb to matrix glass from these locations. The lack of 
trace element variability indicates either a lack of compositional 
diversity in the primary melts supplied to these magmatic systems, 
or that any mantle-derived compositional diversity was removed 
through mixing and homogenisation prior to melt inclusion trap-
ping. In either case, melt inclusions and carrier melt will have sim-
ilar aH2O, leading to very limited diffusive H+ exchange. A wide 
range of depleted and enriched melt inclusion compositions is 
therefore required in order to detect the effects of H+ diffusion 
into and out of melt inclusions from any given eruption or locality.

In order for measured H2O or H2O/Ce to be used to infer the 
lithology, water content or melting history of the source man-
tle (e.g. Hauri et al., 2006; Bizimis and Peslier, 2015 and ref-
erences therein), melt inclusion and glass compositions must be 
demonstrated to be representative of common primary melts. The 
Siqueiros, Gakkel and Santiago samples represent a best-case sce-
nario whereby for each location, melt inclusions and glasses have 
near-identical trace element contents and ratios; both inclusions 
and glass were rapidly quenched and preserve the pre-eruptive 
H2O content; and neither melt inclusion nor glass compositions 
appear to have been modified by mixing, degassing or diffusional 
processes. Measured H2O and H2O/Ce for these melts therefore 
provides a direct compositional link to the source mantle from 
which they were derived. Fernandina, Kilauea, and the EVZ are 
much more complex: for all these locations, melt inclusions have 
widely variable trace element contents and ratios indicative of con-
current mixing and crystallisation of diverse primary melts, and 
melt inclusions are variably hydrated or dehydrated depending on 
their compositions and their cooling histories. For Fernandina, Ki-
lauea and Laki, the average matrix glass H2O content is low, in-
dicating syn-eruptive H2O degassing. The combination of mixing, 
degassing and diffusion processes means that there is no simple 
relationship between measured H2O and H2O/Ce in these melt in-
clusions and glasses, and their mantle source. Melt water contents 
can be calculated using Ce as a proxy for H2O, where H2O/Ce for 
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the pre-eruptive, undegassed melts is determined from the com-
positions of rapidly quenched inclusions that have similar La/Yb to 
their carrier melt. This method is valid for any eruption provided 
that the melt inclusions have a genetic link to their carrier melt, 
which can be assumed if trace element ratios in the whole-rock 
and/or glass closely match the average melt inclusion composition 
(e.g. Maclennan, 2008). Trace element data are therefore vital for 
determining melt H2O concentrations at the time of inclusion trap-
ping, and ultimately the H2O content of the mantle source.

6. Conclusions

We have used H2O/Ce systematics to reconstruct the history 
of H+ diffusion in olivine-hosted melt inclusions from Iceland’s 
EVZ (Fig. 9). Trace element variability in these samples is best 
explained by the concurrent mixing and crystallisation of hetero-
geneous primary melt compositions. The distribution of H2O con-
tents is best explained by diffusive equilibration between the in-
clusions and their carrier melt, which is an inevitable consequence 
of concurrent mixing and crystallisation in magmatic systems. En-
riched and depleted Icelandic primary melts are expected to have 
H2O/Ce ≈ 180 ± 20. If olivine crystals hosting depleted melt inclu-
sions with low initial H2O and Ce contents are mixed into a more 
hydrous carrier melt, the inclusions will diffusively gain H+ result-
ing in H2O/Ce � 180. Diffusive hydration in the magma reservoir 
occurs prior to eruption on timescales of hours to days, and the 
resulting high H2O/Ce values may be retained for up to 102–103

years at magmatic temperatures. Melt inclusions that are rapidly 
quenched upon eruption can preserve the H2O content of their 
pre-eruptive carrier melt. Melt inclusions in crystals that spend 
hours to days in post-eruptive insulated lava transport preserve 
evidence of diffusive H+ loss as the inclusions equilibrate with the 
degassed lava, resulting in H2O/Ce � 180.

The effects of diffusive H+ gain and loss are evident in global 
melt inclusion datasets. The signature of diffusive hydration is pre-
served almost exclusively in melt inclusions that are more depleted 
than their carrier melt. A range of enriched and depleted melt 
inclusion compositions is therefore required to detect the effects 
of pre-eruptive H+ gain. Diffusive hydration of depleted melt in-
clusions is a predicted and inevitable consequence of concurrent 
mixing and crystallisation of diverse primary melts. Trace element 
data are therefore required to estimate the H2O contents of melt 
inclusions at the time of inclusion trapping.
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