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The hypothesis that mantle plumes contain recycled oceanic
crust1 is now widely accepted. Some speci®c source components
of the Hawaiian plume have been inferred to represent recycled
oceanic basalts2, pelagic sediments3,4 or oceanic gabbros5. Bulk
lava compositions, however, retain the speci®c trace-element
®ngerprint of the original crustal component in only a highly
attenuated form. Here we report the discovery of exotic, stron-
tium-enriched melt inclusions in Mauna Loa olivines. Their
complete trace-element patterns strongly resemble those of
layered gabbros found in ophiolites, which are characterized by
cumulus plagioclase with very high strontium abundances6. The
major-element compositions of these melts indicate that their
composition cannot be the result of the assimilation of present-
day oceanic crust through which the melts have travelled. Instead,

the gabbro has been transformed into a (high-pressure) eclogite
by subduction and recycling, and this eclogite has then been
incorporated into the Hawaiian mantle plume. The trace-element
signature of the original plagioclase is present only as a `ghost'
signature, which permits speci®c identi®cation of the recycled
rock type. The `ghost plagioclase' trace-element signature demon-
strates that the former gabbro can retain much of its original
chemical identity through the convective cycle without com-
pletely mixing with other portions of the former oceanic crust.

We studied melt inclusions in olivine phenocrysts in three lavas
covering 50 kyr of eruption history of Mauna Loa volcano, Hawaii.
The lavas are picrites with more than 20% olivine phenocrysts. We
examined 250 melt inclusions by electron microprobe, and selected
160 of these for ion microprobe analysis. All measured composi-
tions were corrected for Fe±Mg exchange between included melt
and host olivine, and for crystallization of olivine on the cavity walls
(see Methods). They are believed to represent the primary composi-
tions of entrapped melts.

The corrected major-element compositions of the melt inclusions
are similar to primitive Mauna Loa lavas, and show the olivine
control characteristics typical of Hawaiian tholeiites (Fig. 1). This
observation and numerical simulation of plagioclase melting using
mineral-melt geothermometry7 suggest that all reconstructed
trapped melts are well within the olivine crystallization ®eld at
low pressures and are considerably undersaturated with respect to
plagioclase at any pressure of its stability (Fig. 1).

The melt inclusions show signi®cant variations in their incom-
patible-trace-element concentrations. We distinguish two groups of
melts on the basis of Sr concentration and Sr/REE ratio (Figs 2 and
3; REE, rare-earth element). Most of the melt inclusions show
moderate enrichment of Sr relative to Ce, and will be referred to as
`normal'. Six inclusions show extreme Sr excess, and will be called
`Sr-rich'.

The average trace-element composition of the inclusions is
remarkably similar to the Mauna Loa lavas (Fig. 2a)5. However,
the range of incompatible element (for example, light-REE, Ba, Th)
concentrations and ratios is much greater than is found in Hawaiian
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Figure 1 Al2O3 versus MgO in lavas and inclusions. The ®gure shows data for Mauna Loa

lavas (see GEOROC database at http://georoc.mpch-mainz.gwdg.de), corrected normal

and Sr-rich melt inclusions, bulk compositions of the three investigated lava samples (with

sample numbers), and average compositions of ophiolite gabbros from Gabal Gerf6 and

Oman (C. J. Garrido & P. B. Kelemen, manuscript in preparation). The open triangles show

Sr-rich melts saturated in plagioclase and olivine, calculated by PETROLOG software7 (see

Supplementary Information). Arrows show assimilation trends of plagioclase with different

anorthite contents (An in mol%). The apparent olivine control trend is similar for all

inclusion types and lavas. All lavas with MgO . 7% and all inclusions are plagioclase-

undersaturated. Sr-rich inclusions follow the olivine control trend, and show no sign of Al

enrichment resulting from interaction of melt with gabbro or plagioclase.
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tholeiitic lavas. This is illustrated in Fig. 3, where (La/Sm)n (here
subscript n means normalization to the composition of primitive
mantle30) is used as a measure of the relative depletion or enrich-
ment of incompatible elements. In normal inclusions, (La/Sm)n

varies from 0.3 to 1.9, whereas Mauna Loa lavas8 show a much
narrower range of 1.0±1.6.

Less than 4% of the inclusions are Sr-rich. Compared with
normal inclusions and Mauna Loa lavas, Sr-rich melts are also
severely depleted in the most incompatible elements (Ba, Th, Nb, K,
La, Ce, Nd and Zr). In contrast to the exotic incompatible-element
signatures, heavy-REE and major-element compositions of these
melts are typical for Mauna Loa lavas (Figs 1 and 3; Tables 1 and 2 in
Supplementary Information). Two features of the heavy-REE dis-
tributions, their relative depletion and their low variability (within
analytical error), indicate that garnet was in equilibrium with both

normal and Sr-rich melts.
In most of the olivine grains, the composition of the melt

inclusions is fairly uniform. This has been demonstrated by closely
spaced, sequential thin-sectioning, which yielded up to 21 separate
inclusions in 6 sections of a single olivine grain. However, the exotic
melt inclusions with either high Sr/Ce or extreme La/Sm ratios are
invariably associated with normal inclusions in the same grain. The
most extreme example is olivine grain HOC-76. Here, the concen-
trations of Ba, Nb and K differ by a factor of more than 10 in melt
inclusions separated by a few hundred micrometres of host olivine
(see Fig. 5 and Table 1 in Supplementary Information). Four
coexisting inclusions are normal with respect to Sr, but variably
depleted in the most incompatible elements, with one inclusion of
ultra-depleted type. The ®fth inclusion is Sr-rich.

These observations show that the exotic melt fractions are very
small in volume and are therefore readily `lost' in the bulk magmas
by mixing processes during the residence time of single olivine
crystals. Similar relationships were also found in mid-ocean-ridge
basalt (MORB)9,10; they thus appear to be general features of mantle-
derived magmas.

Melt inclusions with signi®cant excess of Sr and Ba have been
found also on Iceland11 and mid-ocean ridges12. They have been
interpreted as a result of melting of plagioclase-bearing mantle
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Figure 2 Incompatible-element patterns in melt inclusions, lavas and ophiolitic gabbros

normalized to the composition of primitive mantle (PM)30. a, Average incompatible-

element patterns of normal and Sr-rich melt inclusions in olivine phenocrysts and lavas of

Mauna Loa (Hawaii). Error bars represent one standard deviation. The compositions of 15

historical and prehistoric Mauna Loa lavas analysed by isotope dilution mass spectrometry

and X-ray ¯uorescence spectrometry techniques are shown for comparison (A.W.H. et al.,

unpublished data). Inclusion compositions were reconstructed up to equilibrium with the

most Mg-rich olivine (Fo 90.8) indicated in Mauna Loa section of HSDP pilot hole31. This

leads to 17 6 0.5 wt% MgO in the melt. Lava compositions were recalculated to 17 wt%

MgO using the olivine control line from Fig. 1. b, Comparison of incompatible-element

patterns in Sr-rich melt inclusions and ophiolitic gabbros. The speci®c features of Sr-rich

inclusions, namely strong Sr positive anomaly, strong negative Th, Nb and Zr anomalies,

as well as a moderate positive Ba anomaly, mimic those of gabbros from Oman (C. J.

Garrido & P. B. Kelemen, manuscript in preparation) and Gabal Gerf6. In gabbros these

features are caused by accumulation of plagioclase. The amplitudes of extremes in the

incompatible-element patterns of Sr-rich melt inclusions and gabbros are remarkably

similar. An exception is the apparent absence of a positive Eu anomaly in melts. This

feature is not surprising, partly because a source Sm/Eu ratio will be increased during

melting in the presence of garnet (see Supplementary Information) and partly because the

expected Eu anomaly (assuming Eu*/Sr* = 0.05±0.1) is equal to or less than the

analytical error of about 20% (see Methods). Eu* � Eun
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Figure 3 Sr/Ce versus La/Sm ratios of melt inclusions in olivine and host lavas,

normalized to primitive mantle values30. Sr-rich melts are present in all three samples. The

range of La/Sm ratios of inclusions far exceed those for lavas (ref. 8 and the GEOROC

database, see Fig. 1 legend). Furthermore, there is no relationship between the La/Sm

ratios of host rocks and melt inclusions: all inclusions of sample H-1 and most inclusions

of H-OC are more depleted in La than the host lavas, while the reverse is true for sample

R129. This demonstrates that the olivines were not crystallized directly from the melt that

transported them at the time of eruption.
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sources11,12. This mechanism, irrespective of its merits in the case of
Iceland or MORB, is clearly not applicable to melt production
beneath Hawaii, which occurs largely, if not completely, in the
garnet peridotite facies (see, for example, refs 5, 13).

The incompatible-element patterns of Sr-rich melts are charac-
teristic of oceanic-crust gabbroic rocks enriched in cumulus plagi-
oclase (Fig. 2b). In contrast, the major-element compositions of
corrected Sr-rich inclusions are similar to normal inclusions and
lavas, and show no enrichment in Al such as would result from
assimilation of plagioclase or plagioclase-rich gabbro (Fig. 1).
However, the comparison of absolute concentrations of elements
in corrected Sr-rich and normal inclusions is subject to the assump-
tion of equal and known initial FeO contents, an assumption which
is fundamental to the correction procedure (see Methods). Because
the compositions of the Sr-rich melts are unique, this assumption
cannot easily be proved for them. Nevertheless, Fig. 4 shows that
major-element ratios, such as Al/Ca or Al/Ti, which are not affected
either by the correction procedure or by fractional crystallization of
olivine, are indistinguishable for Sr-rich and normal melts. At the
same time, the relative Sr content varies by up to a factor of 5
between the two groups.

In order to produce such extreme Sr enrichments in the melt by
assimilation-type processes or reactive porous ¯ow in the crust, at
least 60% of Sr-rich gabbro or 40% of plagioclase would have to be
consumed (see Fig. 4 and Supplementary Information). This would
drastically affect relative Al concentrations, which is clearly not
observed (Figs 1 and 4). This is strong evidence against the
production of Sr-rich melts by direct reaction with plagioclase-
bearing rocks. (Carbonatites also possess high Sr concentrations,
but can be ruled out because, unlike the Sr-rich inclusions, they also
have high Ba, light-REE and Th contents14). We therefore conclude
that the anomalous compositions are inherited from the source of
the melts and represent recycled gabbro.

The fate of subducted oceanic lithosphere is not well understood.
In particular, it has not been clear to what extent former crust can
retain its `̀ chemical identity'' in a plume source15. Here we assume
that the crustal component has not been completely mixed with the
peridotitic matrix but retained a separate identity, thus forming
a `̀ marble cake'' mantle16. At high pressures, crustal gabbro
transforms to eclogite (garnet±clinopyroxene±SiO2 6 kyanite 6
rutile)17. Eclogites with similar Sr anomalies have indeed been
observed in mantle xenoliths18.

How does such an eclogite-bearing `̀ marble cake'' melt? Experi-
mental studies19,20 predict that eclogite bodies containing containing
coesite, will start to melt at higher pressures than the ultrama®c
matrix in an ascending plume. The resulting (Si-rich) melt will
in®ltrate the surrounding peridotite, react with it to form pyroxene,
and modify the composition of garnet20. Thus, the incompatible-
element signature of the recycled crust is transferred to the ascend-
ing ultrama®c source before the latter starts to melt. Subsequent
adiabatic melting of such peridotites in the garnet stability ®eld will
then produce melts characterized by a ghost plagioclase signature,
while residual garnet still buffers Al and heavy-REE at low abun-
dances (see Supplementary Information). This is exactly what
distinguishes the composition of the Sr-rich melts.

We emphasize that, because of the incompatible nature of the
ghost plagioclase signature, even small amounts (down to 3 wt%) of
partial melt originating in the eclogite could produce large geo-
chemical effects without signi®cant change in mineral compositions
and proportions in the metasomatized peridotite (see Supplemen-
tary Information). This implies that major-element compositions
of melts formed in adjacent metasomatized and normal peridotites
will be similar.

In this context we note that a low d18O signature, as observed for
example in olivines from Mauna Kea21, is not a necessary criterion
for former or present gabbro to be involved in magma generation.
This is partly because oxygen is a major element and its isotopic

composition will not necessarily change signi®cantly in the process
discussed above. Moreover, oceanic gabbros do not universally
possess such a signature22. For example, the Wadi Hilti gabbro
pro®le of the Oman ophiolite22, and most gabbros drilled in site 735
in actual oceanic crust23, are essentially normal in d18O. The absence
of such a signature in Mauna Loa olivines21 can therefore not be
construed as evidence against the presence of a gabbroic ®ngerprint.

Why do normal melt inclusions and lavas have higher incompat-
ible-element concentrations than Sr-rich melts? We suggest that
their mantle source is also affected by recycled crust, but this crustal
component is closer to average oceanic crust than cumulus-plagi-
oclase-rich, incompatible-element-depleted gabbro. We therefore
visualize the plume source as a mixture of peridotite enriched in
components of recycled oceanic crust, only one of which is plagi-
oclase-rich gabbro. The accumulation of plagioclase is a result of
crystal settling during fractional crystallization. This limits the
spatial scale of such heterogeneities to a maximum of a few
kilometres or even less, if the data on oceanic gabbros of Hart
et al.23 are representative of lower oceanic crust. Mixing these local
heterogeneities with the rest of the oceanic crust would erase the
ghost plagioclase signature. Thus, our results suggest that such
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mixing is incomplete at best, and that some local heterogeneities do
survive the entire recycling process.

In contrast with the source heterogeneity required to produce Sr-
rich melts, the extreme fractionation between elements with differ-
ent incompatibilityÐdemonstrated by La/Sm in Fig. 3 for the
normal meltsÐcan be produced by the melting process itself.
This requires a melting process with ef®cient extraction of small
melt fractions of less than 2 wt% for classical mantle plumes, similar
to mid-oceanic ridges9.

The extreme heterogeneity of the trace-element patterns requires
that some melts preserve the source heterogeneities up to the point
where they are incorporated into the olivine phenocrysts. Because
the olivines crystallized at low pressure (see Methods), this appears
to take place in crustal magma chambers, and therefore small,
compositionally distinct magma batches must be transported from
mantle to crust, perhaps through separate channels arranged in
`̀ fractal trees''24. The much greater homogeneity of the erupted
Mauna Loa lavas is the result of subsequent mixing processes25. M

Methods
Samples

The studied historic (1868) H-OC and prehistoric H-1 samples were described in detail
elsewhere13. Sample R129-8.1 came from 210 m depth (unit 32) of the pilot hole of the
Hawaii Scienti®c Drilling Project (HSDP)26 and has been dated at approximately 50 kyr
(ref. 27). Olivines were separated from samples H-OC and H-1 by hand-picking from
coarse fragments (0.5±1 mm) of lava samples crushed by hand. Sample R129-8.1 was
sequentially sectioned, and olivines were picked directly from doubly polished `thick
sections' (200±300 mm thick). This rules out the possibility that olivines with exotic melt
inclusions might be introduced by sample contamination.

Inclusions

Melt inclusions in olivine from H-OC and H-1 samples were crystallized as aggregates of
clinopyroxene and glass. In order to reconstruct original compositions of trapped melt,
these inclusions were heated on an optical heating stage until homogenization and were
subsequently quenched13.

Most inclusions in olivine from sample R129-8.1 are present as fresh glass with
shrinkage bubbles, indicating crystallization of host olivine on the walls of the cavity28.
Secondary alteration products are present in cracks but do not affect the main part of the
inclusions, which consist of optically clear glass. The Sr-rich melts are not affected by
secondary alteration, which is demonstrated by their low K and H2O contents in addition
to the optical observations (see Supplementary Information Table 1). No plagioclase has
been observed either as a phase in melt inclusions or as phenocrysts or inclusions in olivine
in all studied samples.

The pressure of entrapment of melt inclusions of both normal and exotic types is
believed to be around 1 kbar. This conclusion is based on the following arguments: (1)
melt inclusions commonly coexist with low-density CO2-rich ¯uid inclusions corre-
sponding to entrapment pressures of up to 1.3 kbar and partial H2O pressures of 5±20 bar
(ref. 13). Although there were no ¯uid inclusions found directly in association with exotic
melt inclusions, their H2O contents (0.2±0.3 wt%) ®t the latter pressures. (2) The host
olivines for all inclusions correspond to the high-Ca (CaO = 0.2±0.25 wt%) low-pressure
variety13. (3) Optical heating experiments with exotic melt inclusions (olivine grains H-1-
27, H-1-II/70 and HOC-76; see Supplementary Information Table 1) and normal
inclusions lead to their homogenization without decrepitation which would be expected if
internal pressures exceeded 3±5 kbar in large inclusions (more than 30 mm in diameter) in
olivine13,28. (4) Exotic and normal melt inclusions coexist in single olivine grains.

Electron microprobe analysis

Inclusions and host olivine were studied by the Jeol Superprobe electron probe at the
Department of Earth Sciences, Mainz University.

Ion microprobe analysis

Inclusions were analysed by ion microprobe ims-4f (Cameca) at the Institute of Micro-
electronics, Russian Academy of Science (Yaroslavl, Russia) using methods presented
elsewhere10. In order to improve beam stability and avoid mass superposition, we used O2-

instead of O- as a primary beam and a 100 kV high voltage offset. The resulting precision,
as checked by standards (analysed as unknowns) is better than 10% relative for most
elements, and around 20% relative for Eu (due to mass superposition with BaO) and Th
where contents are below 0.50 p.p.m. In order to avoid problems caused by boundary layer
effects in small inclusions28, only relatively large melt inclusions with minimum dimen-
sions of more than 30 mm were studied.

Reconstruction of composition of inclusions

All natural glassy inclusions in sample R129-8.1 show evidence of quenched olivine
crystallization on the cavity walls. An attempt to remove this effect by `reversing' this

crystallization back to equilibrium with the host olivine9 leads, however, to unrealistically
low FeO in the melts compared with lavas. Moreover, the FeO contents in the glass are
positively correlated with inclusion sizes. This effect is caused by the continued exchange
of Fe±Mg between included melt and host olivine in response to the cooling of the
magmatic system in equilibrium with constant olivine composition29. In order to remove
this effect, the correction procedure as described by Danyushevsky et al.29 was applied for
all inclusions, assuming a uniform initial FeO content of 11.2 wt% for all melts
(corresponding to the average value of primitive Mauna Loa lavas; see GEOROC database
at http://georoc.mpch-mainz.gwdg.de) and equilibrium with host olivine at an oxygen
fugacity corresponding to quartz±fayalite±magnetite buffer13. Trace-element concentra-
tions in olivine were assumed to be zero.
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Supplementary Information 
 

Table 1. Composition of Sr-rich and representative "normal" 
melt inclusions in olivines from Mauna Loa lavas 
 

Sample H-1 H-1 R129 R129 R129 H-OC H-OC H-OC H-OC H-OC 
Incl 27 II/70 28-1c  31-1b 30/2a  76-B 76-A 76-C 76-D 76-E 
Type Sr-r. Sr-r. Sr-r. Sr-r. Sr-r. Sr-r. norm. norm. norm. norm.
Host Ol ol 84.4 87.1 89.8 88.8 85.3 88.6 87.9 89.0 88.1 88.0
Diam 40 45 30 70 50 50 300 50 40 120
Tq 1250 1270 nat. nat. nat. 1280 1280 1280 1280 1280
Measured concentrations (wt.%) 
SiO2 51.2 52.4 56.9 56.3 56.5 52.7 51.7 54.5 53.2 51.9
TiO2 1.7 1.9 2.6 1.7 2.2 2.1 2.1 1.7 2.1 2.2
Al2O3 13.4 13.8 17.6 17.7 17.6 13.4 13.2 13.3 13.1 13.3
FeO 11.2 6.8 4.2 4.9 6.0 7.5 10.1 6.5 7.0 8.6
MnO 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
MgO 10.0 11.0 2.5 3.1 2.3 10.8 11.5 11.6 11.1 10.6
CaO 8.9 11.0 12.9 13.7 13.7 11.0 10.0 10.1 10.4 10.6
Na2O 2.1 2.2 2.7 2.6 3.1 2.2 1.5 2.4 2.2 2.5
K2O 0.19 0.22 0.24 0.18 0.17 0.16 0.37 0.04 0.28 0.44
P2O5 nd 0.20 0.15 0.17 0.14 0.13 0.17 0.02 0.18 0.24
H2O 0.18 0.26 0.28 0.31 0.33 0.26 0.25 nd 0.31 nd
Corrected  for equilibrium with host olivine and assumed original FeO=11.2 
Xol 1 0.000 0.107 0.362 0.324 0.256 0.143 0.071 0.160 0.129 0.109
SiO2 51.2 50.5 50.1 50.3 51.1 50.3 50.3 51.3 50.9 50.0
TiO2 1.7 1.7 1.6 1.2 1.6 1.8 1.9 1.4 1.8 2.0
Al2O3 13.4 12.3 11.2 12.0 13.1 11.5 12.3 11.1 11.4 11.8
FeO 11.2 11.2 11.2 11.2 11.2 11.2 11.2 11.2 11.2 11.2
MnO 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
MgO 10.0 11.8 15.4 13.9 10.1 13.5 12.8 14.2 13.0 12.5
CaO 8.9 9.8 8.2 9.3 10.2 9.4 9.3 8.5 9.1 9.4
Na2O 2.1 2.0 1.7 1.8 2.3 1.9 1.4 2.0 1.9 2.2
K2O 0.19 0.20 0.15 0.12 0.13 0.14 0.34 0.03 0.24 0.39
P2O5 nd 0.18 0.10 0.12 0.10 0.11 0.16 0.02 0.16 0.21
H2O 0.18 0.23 0.18 0.21 0.24 0.22 0.23 nd 0.27 nd
Corrected  for olivine fractionation to equilibrium with olivine Fo 90.8 
Xol 2 0.181 0.228 0.397 0.389 0.389 0.225 0.178 0.232 0.226 0.207
SiO2 49.7 49.1 49.6 49.4 49.2 49.4 49.2 50.4 49.8 48.9
TiO2 1.4 1.5 1.6 1.0 1.3 1.6 1.7 1.3 1.6 1.8
Al2O3 11.0 10.6 10.6 10.9 10.8 10.4 10.8 10.2 10.1 10.5
FeO 11.3 11.2 11.2 11.2 11.2 11.2 11.2 11.2 11.2 11.2
MnO 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
MgO 17.2 16.8 17.1 17.0 16.7 16.8 17.0 17.1 17.0 16.4
CaO 7.3 8.5 7.8 8.5 8.4 8.5 8.2 7.7 8.0 8.4
Na2O 1.7 1.7 1.6 1.6 1.9 1.7 1.3 1.8 1.7 2.0
K2O 0.15 0.17 0.14 0.11 0.10 0.13 0.30 0.03 0.21 0.35
P2O5 nd 0.16 0.10 0.11 0.09 0.10 0.14 0.02 0.14 0.19
H2O 0.15 0.20 0.17 0.19 0.20 0.20 0.21 nd 0.24 nd
Trace elements ppm 
Ba 45 30 19 23 23 25 67 5 39 78
Th 0.14 0.24 0.12 0.15 0.10 0.11 0.46 0.06 0.19 0.42
Nb 1.45 3.87 1.62 2.09 1.87 1.52 7.24 0.54 3.72 9.44
La 5.16 3.25 3.71 3.47 2.58 2.36 8.25 1.32 4.60 7.86
Ce 19.2 9.08 12.4 8.26 6.55 6.86 20.2 5.79 12.6 20.1
Sr 659 344 408 347 389 437 262 52 155 270
Nd 17.9 7.37 10.8 5.95 6.24 7.08 13.1 6.78 9.85 14.1
Zr 86.5 58.8 81.0 34.1 34.0 42.8 102 36.0 67.4 97.5
Sm 4.62 2.49 2.84 1.93 2.72 2.96 3.57 2.87 3.00 3.91
Eu 1.42 0.90 1.04 0.77 1.13 1.11 1.20 0.97 0.98 1.47
Ti 7600 8460 9430 6890 7820 8710 10000 7460 8650 10900
Dy 4.03 3.07 3.23 3.04 3.11 3.23 4.00 2.76 2.92 4.04
Er 1.94 1.61 1.65 1.83 1.73 1.76 2.02 1.68 1.53 2.01
Y 16.4 13.5 16.1 17.5 16.1 18.6 18.9 19.2 17.8 18.1
Yb 1.59 1.39 1.26 1.41 1.54 1.57 1.88 1.49 1.44 1.9

Note to Table 1: The compositions are presented in measured values and two 
stages of correction (see Methods section in the paper). These values differ 
only in the weight fraction of olivine added to measured values. This is zero for 
measured values, Xol1 for the first correction (to bring the melt inclusion to 
equilibrium with the host olivine and an FeO content of 11.2 %), and Xol 2 for 
the second fractionation correction (to bring the melt to equilibrium with the 
most magnesian olivine of the suite of lavas, Fo 90.8). Trace elements are 
presented only for the final correction stage, because initial values can easily 
be back-calculated using the amount of added olivine and the assumption that 
olivine contains no incompatible elements. Host Ol – Forsterite content of host 
olivine in mole percent; Diam - average inclusion diameter in micrometers; Tq 
- quenching temperature (in deg. C) for heated melt inclusions; naturally 
quenched melt inclusions are marked- nat.; Sr-rich - Sr-r.; normal - norm.; nd- 
not determined. 
 

 
Figure 5. Olivine grain 76 in 1868 Mauna Loa lava (sample H-OC). Five inclusions (76-
A to E as in Table 1) are visible in the fragment of olivine grain. 76A is large inclusion  
covering the entire upper left corner. Incompatible element patterns (as in Figure 2A) 
are shown for each inclusion. The large shadow under Sr-rich inclusion 76B is a big 
“normal” inclusion 76E situated around 100 mm below inclusion 76B. Note exceptional 
diversity of incompatible element compositions of trapped melts on the scale of a few 
hundred micrometers. 
 

Modeling 
 
All modeling involving crystallization or (and) assimilation was 
carried out using PETROLOG software3. 
 
Plagioclase saturation model 
Plagioclase of fixed composition was added in small increments (0.01 
wt%) to the reconstructed compositions of Sr-rich melts in 
equilibrium with the host olivine (reconstruction step 2, Table 1, 
Methods section in the paper). After each increment, the liquidus 
assemblage of the resulting melt was checked using olivine- melt4, 
plagioclase-melt5 and pyroxene-melt3 equilibria. The procedure was 
repeated until plagioclase appeared as an equilibrium phase on the 
liquidus.  
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Table 2. Average compositions of melt inclusion groups 
 

Group normal  (143) Sr-rich (6) all groups (160) 
 Average R% average R% Average R% 

SiO2  49.29 0.7 49.40 0.4 49.26 0.8
TiO2  1.50 8.9 1.40 14.4 1.50 9.2
Al2O3 10.63 2.2 10.73 2.0 10.64 2.3
FeO 11.20 0.3 11.21 0.5 11.20 0.3
MnO 0.07 38.4 0.08 33.5 0.07 38.7
MgO 16.84 1.3 16.91 1.2 16.84 1.2
CaO 8.14 5.2 8.16 5.9 8.13 5.2
Na2O  1.72 9.2 1.71 7.0 1.72 9.1
K2O  0.25 18.5 0.13 19.4 0.25 22.6
P2O5 0.18 28.9 0.09 55.7 0.20 57.6
Trace elements normalized to PM (A.W. Hofmann, 1988, [ref 1]) 
Ba 7.8 22.9 4.6 33.3 7.7 27.2
Th 4.6 25.2 1.8 35.0 4.4 32.1
Nb 9.7 20.0 3.4 44.1 9.5 33.0
K 8.4 18.5 4.4 19.4 8.2 22.6
La 11.2 19.1 5.6 29.1 11.0 22.1
Sr 11.9 15.3 23.7 27.2 12.4 25.2
Ce 10.6 17.3 6.5 46.3 10.5 20.8
Nd 10.0 15.0 7.8 49.8 9.9 17.6
Zr 8.1 11.9 5.8 41.4 8.1 14.7
Sm 8.4 14.8 7.6 31.1 8.3 15.9
Eu 7.1 12.5 7.3 21.2 7.2 13.8
Ti 6.7 8.7 6.3 11.1 6.7 9.0
Dy 5.0 10.7 5.2 11.4 5.0 11.2
Y 4.2 7.4 4.2 10.6 4.2 8.2
Er 4.1 9.0 4.2 6.9 4.1 9.1
Yb 3.6 10.5 3.5 8.8 3.6 10.5

 
Note to Table 2 R%- standard deviation in % to average value. (160)-number 
of analyses. All inclusions are corrected to be in equilibrium with Fo 90.8 (see 
Methods section in the paper). Trace elements are normalized to primitive 
mantle1. Note that HREE and Y for both inclusion groups are similarly 
depleted and less variable compared to lighter REEs. Actually the variability of 
HREE is within analytical error. This strongly suggests buffering by garnet in 
the mantle source of both types of melts2. 
 
Crustal assimilation modeling 
Three models were tested quantitatively in order to check the 
possibility that high Sr of exotic melt inclusions might be obtained by 
assimilation of gabbro or plagioclase by “normal” Mauna Loa primary 
melt without significant change of its major element composition. 
Results of these models are shown on Fig 4 of the paper. The very Sr 
rich Gabal Gerf average gabbro6 was used in order to test the most 
favorable assimilation scenario.  
 
Model I: Direct assimilation of plagioclase. Plagioclase from Gabal 
Gerf gabbro (Table 3) was added to the primary normal melt in 
increments of 5 wt.% until plagioclase saturation was achieved (see 
previous section and Table 3). The composition of liquidus olivine 
was calculated using [ref 4] for oxygen fugacity corresponding to 
quartz-faylite-magnetite buffer7 and oxidation state of Fe in the melt 
modeled by the formulation of A.A. Borisov and A.I. Shapkin8. 
 
Model II: Direct assimilation of gabbro. Similar to model I but 
average Gabal Gerf gabbro6 was assimilated instead of plagioclase 
(see Table 3). 
 

Model III: Assimilation-fractional crystallization process9. Gabal Gerf 
Gabbro was added in increments of 20 wt.% to the “normal primary 
melt”. The amount of crystal fractionation of the resulting melt was 
emulated using olivine, plagioclase, pyroxene and melt equilibrium 
formulations3-5 following each increment of assimilation. The ratio of 
the rates of fractional crystallization and assimilation was kept fixed in 
each model. We have varied the extent of fractional crystallization 
from zero (which corresponds to model II) to 15 %, which brings melt 
to plagioclase saturation on the first increment. The case shown on 
Fig. 4 of the paper (model III) corresponds to 5 wt.% of fractional 
crystallization following each assimilation event and represents the 
maximum ratio between crystallization and assimilation rates (r=4), 
which is capable of producing the required enrichment in Sr and Sr/Ce 
ratio in the melt. 

 
Table 3. Crustal assimilation model 

 
NN 1 2 3 4 5 6 7

SiO2   47.61 54.51 49.26 49.40 51.36 47.94 50.18
TiO2   0.64 0.04 1.50 1.40 0.92 0.81 1.26
Al2O3  20.14 29.28 10.64 10.73 18.10 18.24 17.01
FeO 6.95 0.13 11.20 11.21 6.77 7.80 9.17
MnO    0.10 0.00 0.07 0.08 0.04 0.09 0.12
MgO 8.16 0.00 16.84 16.91 10.11 9.90 8.73
CaO    10.89 11.68 8.13 8.16 9.55 10.34 10.66
Na2O   2.81 5.79 1.72 1.71 3.35 2.59 2.55
K2O    0.17 0.05 0.25 0.13 0.17 0.18 0.24
Trace elements normalized to PM (A.W. Hofmann, 1988, [ref 1])
Ba 7.98 7.47 7.66 4.56 7.58 7.91 8.66
Th 0.60 0.01 4.38 1.77 2.63 1.35 2.93
Nb 1.16 0.01 9.53 3.35 5.72 2.84 6.32
La 2.30 1.86 11.03 5.57 7.36 4.05 7.82
Sr 30.78 39.68 12.35 23.65 23.28 27.10 23.91
Ce 2.55 2.20 10.51 6.49 7.18 4.14 7.65
Nd 2.28 0.69 9.92 7.75 6.23 3.81 7.15
Zr 1.38 0.01 8.13 5.78 4.88 2.73 5.60
Sm 1.95 0.27 8.34 7.57 5.11 3.23 6.03
Eu 4.12 3.06 7.23 7.29 5.56 4.74 6.53
Ti 2.95 0.24 6.68 6.27 4.10 3.70 5.57
Dy 1.59 0.06 5.04 5.15 3.05 2.28 3.86
Y 1.50 0.05 4.23 4.15 2.56 2.04 3.33
Er 1.35 0.16 4.07 4.21 2.51 1.90 3.16
Yb 1.18 0.02 3.58 3.53 2.15 1.66 2.77

 
Note to Table 3  (1)-Average Gabal Gerf Gabbro; (2)-plagioclase from sample 
GG258 of Gabal Gerf Gabbro; (3)-composition of primary melt for normal 
inclusions; (4)-composition of primary melt for average Sr-rich inclusion; (5)-
final result of model I (40% assimilation of plagioclase (composition 2) by the 
melt (composition 3)); (6)-final result of model II (80% assimilation of gabbro 
(composition 1) by the melt (composition 3)); (7)- final result of model III 
(AFC model for assimilation of gabbro (composition 1) by the melt 
(composition 3) with ratio of assimilation rate to crystallization rate r= 4). 
 
Reactive porous flow model  (not shown on Figure). 
The reactive porous flow of “normal” Mauna Loa melt through 
plagioclase bearing materials10 could also create high Sr 
concentrations by processing large amounts of plagioclase. However, 
this model requires plagioclase saturation to be achieved before 
significant amounts of Sr could be incorporated (G. Suhr, personal 
communication). 
   
Sample calculation of melting model 
Detailed modeling exceeds the scope of the present publication. Here 
we show only a sample calculation illustrating the fact that a 
characteristic “ghost plagioclase signature” of Sr-rich inclusions could 
be transferred from recycled gabbro to the mantle source by small 
amounts of partial melts. The following section explains our models in 
detail and Tables 4-6 present input parameters and results of 
modeling.  
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Table 4.  Phase composition of gabbro and mixed mantle sources 
after S.V. Sobolev and A.Y. Babeyko (ref 11). 

 
NN 1 2 3 4 5 6

 SiO2   47.61 45.96 46.90 47.83 49.71 64.7
 TiO2   0.64 0.181 0.31 0.43 0.68 2.7
 Al2O3  20.14 4.06 4.59 5.12 6.19 14.7
 FeO* 6.95 7.54 7.37 7.21 6.87 4.2
 MnO    0.10 0.00 0.00 0.00 0.00 0.0
 MgO    8.16 37.78 35.96 34.14 30.50 1.4
 CaO    10.89 3.21 3.24 3.28 3.35 3.9
 Na2O   2.81 0.33 0.52 0.71 1.09 4.1
 K2O    0.17 0 0.18 0.36 0.72 3.6
Mg# 0.677 0.899 0.897 0.894 0.888 0.8
Conditions 
P kbar 50 30 30 30 30 - 
T oC 1400 1550 1550 1550 1550 - 
Phase proportions 
Ol 0.0 52.8 47.1 41.5 30.3 - 
Cpx 38.6 26.4 29.9 33.3 40.3 - 
Opx 0.0 14.1 15.9 17.5 19.9 - 
Ga 50.9 6.5 5.7 5.0 4.1 - 
Co 8.8 0 0 0 0 - 
Ky 1.1 0 0 0 0 - 
Ru 0.5 0 0 0 0 - 

. 
Note to Table 4   1 - Gabal Gerf Gabbro6; 2 - mantle composition1; 3-5 mixed 
mantle sources produced by mixing of mantle composition (2) with 5, 10 and 
20 wt. % of eclogite partial melt (composition 6 after G.M. Yaxley and D.H. 
Green12) respectively. 
 
The melting model consists of 3 steps: 
 
1. Partial melting of eclogite created from recycled crustal 

component. The crustal component is assumed to be average Gabal 
Gerf gabbro6. The phase composition of eclogite was estimated 
using this gabbroic major-element composition and the 
thermodynamic model of S.V. Sobolev and A.Y. Babeyko11. The 
melting mode was taken from the experiments of G.M. Yaxley and 
D.H. Green12. The critical melting model13 was used. This model 
assumes that the system melts in the fractional mode after a critical 
melt fraction has been reached. This constant critical melt fraction 
(also called residual source porosity) then remains in the residue to 
prevent compaction and unrealistic depletion of instantaneous 
melts. At a fixed source composition and melting mode, the trace 
element composition of this melt will depend on the melt fraction 
and whether it is an integral or instantaneous melt. In contrast to 
integral melt, the instantaneous one critically depends on the 
residual source porosity13. Here we present the calculation for both 
integral and instantaneous melt approximations for residual eclogite 
porosity of 8%, which seems reasonable for high-Si melts12.  

 
2. “Fertilization” of mantle source by partial melt from eclogite. As 

shown by experimental work12, the melt produced in quartz 
(coesite) eclogite will react with adjacent peridotite to form zones 
enriched in pyroxenes. Quantitative modeling11 of the phase change 
in the peridotite as a function of the amount of added melt is shown 
in Table 4. The major element composition of the reacted melt was 
used after G.M. Yaxley and D.H. Green12, the trace element 
composition was modeled as explained in the previous section. As 
mantle composition we have used a mantle depletion model 
resulting from extraction of average continental crust1. This step 
produces the mixed mantle source used in step 3. 

 

3. Melting of the mixed mantle source. We use a critical melting 
model13 with 2% of residual mantle porosity and integral melt 
composition. The reasonable extent of melting was assumed to be 
between 5 and 15 %. 

 
 
Figure 6. Sample calculation of melting models. Each panel shows the same two 
models for recycled crustal component, mixed mantle source and final melting products, 
respectively. Error bars for models correspond to 25% relative. Error bars for Sr-rich 
melts correspond to one standard deviation (Table 2). See text for explanations. 
 
Two best-fit results are shown on Figure 6 and more results in Table 
6. Model-1 assumes that the mixed mantle source composed of 10 % 
instantaneous melt (produced by 30% partial melting of eclogite) and 
90% depleted mantle component has been melted up to 15%. Model-2 
assumes that the mixed mantle source composed of 3 % integral melt 
(produced by 50% of partial melting of eclogite) and 97% depleted 
mantle component has been melted up to 15%. 
 
Both model calculations match Sr-rich melt compositions within 25% 
relative error for most elements. We do not claim that these solutions 
are unique, because the number of variables is quite large. However, 
we do suggest that these solutions are possible. Two important 
features of the results should be noted:  
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Table 5. Input parameters for sample calculation of melting model 
 

 Composition Kd solid-melt 
Elements DM GAB OL OPX CPX GA Py84 GAPy60 Co
Ba 2.08 48.25 0.000005 0.000006 0.0003 0.00007 0.00007 0
Th 0.03 0.05 0.000007 0.00002 0.0021 0.011 0.1 0
Nb 0.45 0.72 0.00005 0.003 0.0089 0.03 0.1 0
K 106 1404 0.00002 0.0001 0.1 0.22 0.13 0
La 0.36 1.41 0.0002 0.0031 0.054 0.004 0.17 0
Sr 14.28 561 0.00007 0.0021 0.086 0.012 0.2 0
Ce 1.09 4.09 0.0003 0.0023 0.19 0.09 0.26 0
Nd 0.95 2.71 0.00004 0.0007 0.091 0.002 0.6 0
Zr 8.25 13.42 0.001 0.012 0.26 0.4 3.1 0
Sm 0.34 0.75 0.0009 0.0037 0.27 0.28 0.4 0
Eu 0.13 0.60 0.0005 0.009 0.43 0.5 1.3 0
Ti 1233 3835 0.015 0.086 0.4 0.2 1 0
Dy 0.59 1.01 0.0027 0.011 0.44 1.6 2.1 0
Y 3.68 5.89 0.0082 0.015 0.47 2 2.3 0
Er 0.39 0.56 0.0109 0.021 0.39 2.4 2.4 0
Yb 0.39 0.49 0.024 0.038 0.43 3.3 2.6 0

Eclogite 
Starting  mode  0 0 0.40  0.50 0.1
Melting  mode  0 0 0.70  0.00 0.3

Lherzolite
Reaction    -1.1 0.4 0.7 0 0
Starting mode  0.530 0.140 0.265 0.065 0
Melting mode  0.1 -0.3 1 0.2 0

 
Note to Table 5 DM- depleted mantle1; Gabbro - average Gabal Gerf gabbro6; 
Kds solid-melt for all minerals except garnet after A.N. Halliday et al4. The 
Kds for quartz (coesite)- melt assumed to be zero. Because it was shown that 
garnet composition significantly affects its Kds15, two different Kd sets were 
used for garnet in the eclogite melting stage (GA Py60) and in lherzolite 
melting stage (GA Py84), both from ref15. (Data for Ce, Nd, Eu and Dy were 
interpolated from adjacent REEs). OL – olivine; CPX- clinopyroxene; OPX –
orthopyroxene; GA – garnet; CO – coesite (quartz). 
 

Table 6. Results of sample calculation of melting model 
 

Model 1 1 1 1 2 2 2 2
Material EM MMS MM MM EM MMS MM MM 
F (EM) 0.30  - - 0.50  - - 
X (EM) - 0.10 - -  0.03 - - 
F (MMS) - - 0.10 0.15 - - 0.10 0.15
Trace elements normalized to PM (A.W. Hofmann, 1988, ref [1])
Ba 3.28 0.64 7.68 4.79 17.34 0.85 10.28 6.42
Th 0.26 0.31 3.73 2.33 1.29 0.35 4.15 2.60
Nb 0.59 0.71 8.44 5.35 2.53 0.78 9.26 5.86
K 3.02 0.68 6.44 4.77 12.20 0.78 7.51 5.49
La 1.59 0.69 7.66 5.12 5.00 0.72 8.17 5.39
Sr 26.86 3.39 34.96 24.51 66.82 2.77 29.50 20.25
Ce 2.20 0.83 8.63 6.03 5.54 0.83 8.85 6.06
Nd 3.22 1.04 8.42 6.69 4.90 0.92 7.96 6.17
Zr 2.37 1.00 6.42 5.54 2.69 0.90 6.19 5.27
Sm 3.33 1.12 7.34 6.29 3.74 0.96 6.77 5.70
Eu 5.62 1.37 6.69 6.19 5.78 1.04 5.57 5.10
Ti 4.07 1.26 6.16 5.62 4.20 1.05 5.64 5.08
Dy 1.14 0.94 3.71 3.60 1.15 0.93 3.81 3.68
Y 1.06 0.95 3.36 3.30 1.07 0.94 3.43 3.38
Er 0.66 0.90 3.23 3.18 0.67 0.92 3.32 3.27
Yb 0.33 0.87 2.58 2.60 0.33 0.91 2.68 2.70

 
Note to Table 6 EM - Eclogite Melt (partial melt from eclogite); MMS - 
Mixed Mantle Source; MM – Mantle Melt; F (EM)- degree of partial melting 
of eclogite in wt. fraction; X (EM) - amount of EM in MMS in wt. fraction; F 
(MMS) - degree of partial melting of MMS in wt. fraction. 
 

(1). Both models require small (10%) to very small (3%) amounts of 
eclogite partial melt to be introduced to the mixed mantle source. This 
amount does not affect significantly the phase composition of 
metasomatized peridotite (see Table 4) and thus will likely not 
influence the major (compatible) element composition of the final 
melts. This is also quite clearly demonstrated by the equality of the 
concentrations of less incompatible elements (Ti, Dy, Y, Er, Yb) 
between the two models. 
 
(2). The large positive Eu anomaly relative to Sm in the gabbroic 
component is gradually eliminated in the melting process, and the 
final result does not show a significant Eu excess relative to Sm. This 
feature is caused by the presence of garnet in the source materials, 
which efficiently fractionates Sm from Eu. This could be an 
explanation also for the absence of Eu excess relative to Sm in the 
Mauna Loa Sr-rich melts. 
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