
directly perpendicular to the axis of compression
(28). This is in agreement with our prediction. In
the gold nanoparticle layers shown in Fig. 1C,
wrinkles are more easily seen because of the
strong scattering of the metal cores. As the image
shows, the length scale over which the fold forms
(l) is set by the initial wrinkle wavelength (l).

Understanding compaction of nanometer-thin
membranes through controllable and reversible
modes like wrinkling and folding opens the door
to technological use of these systems (29). In
medicine, developing synthetic lung surfactant
formulations depends on our capability to re-
produce the incredible ability of native lung
surfactant to compact by folding (9). Likewise,
nanoparticle thin film applications rely on un-
derstanding the mechanical properties and re-
sponses of such layers (12, 13, 29). Fromwrinkle
wavelengths, constants like the bending modulus
can be found (5, 6, 30), whereas controlling the
wrinkle-to-fold transition can help the develop-
ment of adaptive functions in new technologies
like flexible electronics (29, 31).
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Metasomatized Lithosphere
and the Origin of Alkaline Lavas
Sébastien Pilet,* Michael B. Baker, Edward M. Stolper

Recycled oceanic crust, with or without sediment, is often invoked as a source component of continental and
oceanic alkaline magmas to account for their trace-element and isotopic characteristics. Alternatively,
these features have been attributed to sources containing veined, metasomatized lithosphere. In melting
experiments on natural amphibole-rich veins at 1.5 gigapascals, we found that partial melts of metasomatic
veins can reproduce key major- and trace-element features of oceanic and continental alkaline magmas.
Moreover, experiments with hornblendite plus lherzolite showed that reaction of melts of amphibole-rich
veins with surrounding lherzolite can explain observed compositional trends from nephelinites to alkali
olivine basalts. We conclude that melting of metasomatized lithosphere is a viable alternative to models of
alkaline basalt formation by melting of recycled oceanic crust with or without sediment.

Trace-element and isotopic characteristics
of alkaline [i.e., nepheline (ne)–normative]
basalts from ocean islands and continents

suggest the presence of enriched components in
their mantle sources (1). These components are
often interpreted as derived from recycled oceanic
crust with or without sediment (1). An alternative
is that the enriched components are recycled,
metasomatized lithospheric mantle (2–6). Al-
though both hypotheses are compatible with
trace-element and isotopic characteristics of oce-
anic and continental alkaline magmas, they must
also be capable of accounting for the distinctive
major- and minor-element characteristics of alka-
line basalts (Fig. 1).

Although basic to ultrabasic ne-normative
liquids can be produced by low-degree melting

of garnet lherzolite, no high-pressure melting
experiments on “dry” peridotite have produced
melt compositions that are plausible parents of
alkaline ocean-island basalts (OIBs) (7–10). Ad-
dition of CO2 to peridotite substantially modi-
fies liquid compositions: Near-solidus melts are
carbonatitic (11, 12), but with increasing temper-
ature, low-degree melts are silica-poor and CaO-
and CO2-rich (11). Such findings suggest that
ne-normative magmas similar to natural alkaline
basalts could be produced by low-degree melt-
ing (2 to 5%) of primitive mantle sources
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containing 0.1 to 0.25 weight percent (wt %)
CO2 (11). However, primitive mantle is too poor
in TiO2 to produce in this way melts with the
high TiO2 contents of alkaline basalts (13); this
is consistent with the premise of both of the
above hypotheses that components in addition
to normal mantle peridotite are required in the
sources of these magmas.

The melting of recycled oceanic crust has
been investigated experimentally, and high-
pressure partial melts of quartz and coesite ec-

logites (approximating average oceanic crust at
high pressures) are hypersthene (hy)–normative,
not ne-normative (i.e., they are silica-oversaturated
rather than alkaline) (14, 15) and thus cannot
produce alkaline magmas directly. A possible res-
olution is that silica-oversaturated oceanic crust
transforms to silica-deficient garnet pyroxenite
by the extraction of silica-rich fluids or melts dur-
ing subduction (16, 17). High-pressure melting ex-
periments on silica-deficient garnet-clinopyroxenite
compositions, either dry (16, 17) or with CO2

(18), have indeed produced ne-normative liquids
close in some respects to the compositions of
alkaline basalts (Fig. 1). However, liquids from
such experiments do not reproduce the K2O con-
tents of alkaline basalts (Fig. 1G), and the ex-
pected trace-element compositions of these liquids,
although not addressed in these experimental
studies, are dependent on the processes assumed
for the origin of the silica-deficient pyroxenite
sources and are consequently poorly constrained.

Hydrous minerals and enrichments in incom-
patible elements in mantle xenoliths demonstrate
that metasomatism occurs in lithospheric mantle
(19). Here, we present results of melting experi-
ments on natural hornblendite and clinopyroxene
(cpx) hornblendite to investigate whether melt-
ing of metasomatic hydrous veins could produce
liquids consistent with the major- and trace-
element compositions of alkaline magmas.

We selected hornblendite (AG4) and cpx
hornblendite (AG7) starting materials from the
French Pyrenees because they contain amphiboles
(amph) typical of those in hydrous veins from the
oceanic and continental lithosphere (Fig. 2). We
conducted piston-cylinder experiments on these
compositions at 1.5 GPa (corresponding to a depth
of ~45 km, i.e., within the lithospheric mantle)
and 1150° to 1400°C for 24 to 64 hours (20).

Glass compositions from experiments on
both vein compositions were strongly alkaline
(normative ne + leucite > 18 wt % for AG4 and
> 11 wt % for AG7), and all had ≤44.1 wt %
SiO2 (Fig. 1A). Glasses from experiments at
1250° to 1300°C for both compositions over-
lapped the compositional fields of nephelinites
and basanites from ocean islands and continen-
tal settings for most elements (Fig. 1 and fig. S1).
Compositional similarities between initial par-
tial melts of AG4 and AG7 reflected incongru-
ent melting of amphibole in both lithologies
[amph → ~0.6 melt + 0.3 cpx + minor olivine
(ol) + spinel (sp)] at ~1150°C, the solidus for
both compositions; that is, the composition of
the subsolidus amph rather than the abundance

Fig. 2. TiO2 (wt %) versus Mg# [100 Mg/(Mg + Fe),
molar] for amphiboles from AG4 and AG7 (the
starting materials used in this study; red and
green diamonds, respectively) compared to am-
phiboles from oceanic and continental litho-
spheric veins (black circles), amphibole xenocrysts
from continental basanites (open triangles), and
amphiboles from metasomatized peridotite (gray
diamonds) (20).

Fig. 1. Major oxides (A to G) and K2O/Na2O (H) versus SiO2 (volatile-free) for hornblendite, clinopyroxene-
hornblendite, sandwich experiments (hornblendite + peridotite), and silica-deficient garnet-pyroxenite
melts (±CO2) compared to continental and oceanic intraplate basalts and mid-ocean ridge basalt
(MORB) compositions. The Macdonald-Katsura line [dashed line in (A)] separates alkaline from tholeiitic
basalts. Positions of the terms nephelinite, basanite, alkali olivine (ol.) basalt, and tholeiite along the
top of (A) and (B) denote the approximate silica values of each rock type. Solid gray circles, OIBs; solid
black circles, continental intraplate basalts; open black circles, MORBs [all rock compositions are from
GEOROC and PetDB databases (36) and have 8 to 15 wt % MgO]. Solid red and green diamonds, glass
compositions from 1.5-GPa experiments on AG4 and AG7, respectively (the open diamonds are the
starting compositions). Solid and open orange diamonds, glass compositions from 1.5-GPa sandwich
experiments where orthopyroxene is present or absent, respectively, in the peridotitic layers. Solid dark
and light blue triangles, glass compositions from 2- to 5-GPa experiments on silica-deficient garnet
pyroxenites, dry (16, 17) and in the presence of 5 wt % CO2 (18), respectively (the open triangles are
the starting compositions). The orange arrow in each panel connects the AG4 melt compositions to the
compositions of glasses produced at same temperature (1300°C) in the sandwich experiments (AG4 +
peridotite) and illustrates how melt compositions change with the assimilation of orthopyroxene (+ spinel)
from the peridotite layers.
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of cpx in the starting material was the major con-
trol on the solidus temperature and the compo-
sition of the initial melt. However, the liquidus
temperatures of the two compositions were dif-
ferent: AG7 (with 45 wt % cpx) had a higher
liquidus temperature than AG4 (with no observed
cpx), ~1385°C versus ~1315°C.

The trace-element patterns of AG4 and AG7
experimental glasses were similar to those of the
starting materials (Fig. 3A) but were progres-
sively enriched relative to them with decreasing
melt fraction and were somewhat enriched in
more-incompatible relative to less-incompatible
elements. The patterns of the starting materials
and their partial melts were also generally sim-
ilar to those of alkaline lavas, including features
such as positive Nb and negative Pb anomalies
(1) and elevated La/Yb ratios. In summary, the
melts of amphibole-bearing metasomatic veins
at 1.5 GPa were similar in major-, minor-, and
trace-element compositions to those of oceanic
and continental nephelinites and basanites.

The compositional continuum from nephe-
linites to alkali olivine basalts shown in Fig. 1 is
observed in many alkaline suites (21, 22). The
trace-element patterns are generally similar for
the various basic magmas from a single province,

but with overall trace-element concentrations de-
creasing with decreasing alkalinity (i.e., as mag-
mas become less ne-normative) (Fig. 3, C and
D). This decrease in trace-element concentrations
has been used to suggest that the continuum from
nephelinite to alkali olivine basalt reflects an in-
crease in the degree of partial melting of a com-
mon source (21, 22); however, this continuum
could also be explained by mixing of alkaline and
tholeiitic liquids or reaction between nephelinitic
or basanitic liquid and surrounding peridotite (23).

To test this latter hypothesis, we performed
sandwich experiments in which a layer of AG4
hornblendite was packed between layers of
moderately depleted peridotite (DMM1) (24)
at 1.5 GPa and 1225° to 1325°C. The sandwich
experiments yielded reactions between partial
melts of the hornblendite (i.e., nephelinitic melts)
and peridotite, even though temperatures were
below the estimated anhydrous DMM1 solidus
[~1330°C (24, 25)]. Glasses from these exper-
iments (Fig. 1) had SiO2 contents 5 to 6 wt %
higher than glasses from AG4 experiments
at similar conditions (and therefore had lower
normative nepheline; i.e., from ~4.5 wt %
ne to ~2.0 wt % hy); somewhat lower TiO2,
FeO*, CaO, Na2O, K2O, and H2O contents;

and higher Al2O3 and MgO contents. Glasses
from the sandwich experiments were general-
ly similar to oceanic and continental alkaline
basalts with 44 to 47 wt % silica (Fig. 1), and
trends extending from the glasses from the
hornblendite-only experiments to those from
the sandwich experiments (red arrows in Fig. 1)
paralleled the well-defined natural trends from
nephelinites and basanites to alkali olivine
basalts. The trace-element patterns of the sand-
wich experiments were parallel to, but ~25%
lower than, those in glasses from AG4 exper-
iments at the same temperature (Fig. 3B). These
results suggest that major- and trace-element
trends from nephelinites and basanites to alkali
olivine basalts and tholeiites could be explained
by interaction between hydrous nephelinitic melt
and spinel peridotite dominated by reaction be-
tween the low-silica melt and orthopyroxene,
generating a higher-silica melt plus olivine.

Two scenarios have been proposed for the
production of alkaline magmas by melting of
metasomatized lithosphere: (i) Shortly after or
coincident with metasomatism, the lithosphere
experiences a thermal perturbation or decompres-
sion and thereby melts in situ without recycling
through the deeper mantle (3, 5, 19, 26); or
(ii) the metasomatized lithosphere is recycled
into the convecting mantle by subduction or
delamination and melts during later upwelling
(e.g., in a plume) (2–6). The presence in conti-
nental alkaline magmas (27) of amphibole xeno-
crysts compositionally similar to amphiboles in
metasomatic veins (Fig. 2 and fig. S2) and in
metasomatized peridotite xenoliths (19) is con-
sistent with the in situ hypothesis; that is, these
xenocrysts and xenoliths could come from veins
and associated cryptically metasomatized litho-
sphere formed during an earlier stage of volcanic
activity that subsequently melted to produce
the host alkaline magmas (19, 26). The time be-
tween metasomatism of the lithosphere and
the formation of the alkaline magmas cannot
exceed the age of the lithosphere; however, long
times are required to explain the range of iso-
topic ratios observed in some OIBs (e.g., from
Tahaa, Rarotonga, Tubuai, etc., in Polynesia)
(3, 6). The recycling scenario (2–6) could ac-
count for these long time scales: Such recycling
could isolate metasomatic veins for times suf-
ficient (1 billion to 2 billion years) for ingrowth
of extreme isotopic ratios such as those ob-
served in the OIBs from Polynesia (6).

Note that the details of melting of recycled
metasomatic veins are likely to differ from those
of our experiments; because amphiboles in litho-
spheric veins are not stable above 2.5 to 3 GPa
(~100 km depth), deep recycling of these veins
would result in amphibole breakdown, and thus
subsequent melting of the veins during upwell-
ing would involve dehydrated equivalents of the
hydrous compositions we have studied. Experi-
ments on dehydrated AG4 at 1.5 GPa (20) (table
S1) show that glass compositions are still strong-
ly ne-normative [consistent with experiments on

Fig. 3. Primitive man-
tle (2)–normalized trace-
element abundances
for (A) hornblendite
and clinopyroxene-
hornblendite melts, (B)
melts produced in the
hornblendite (AG4) +
peridotite sandwich ex-
periments (results from
the 1250° and 1300°C
AG4 melting experiments
are shown for compari-
son), and (C and D) bas-
anites (SiO2 < 45 wt %)
to alkali olivine basalts
(SiO2 > 45 wt %) from
the island of Tubuai
(Polynesia islands) (22)
and the Cantal massif
(France) (6). The gray
band in (A), (C), and (D)
shows the range (defined
as ±1s of the average of
195 analyses) of trace-
element contents in low-
silica OIB lavas (40 to
44 wt % SiO2) with 8 to
15 wt % MgO [com-
piled from the GEOROC
database (36)].
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silica-poor garnet pyroxenites (16, 17)] and sim-
ilar to those produced in the experiments on the
hydrated AG4 composition, which suggests that
even deeply recycled metasomatized lithosphere
could produce nephelinitic and basanitic magmas.

Although our data are consistent with the
hypothesis that alkaline magmas are produced
by melting of metasomatic veins, they do not
provide constraints on vein formation mecha-
nisms. The most widely cited mechanism is
that these veins crystallize from low-degree
melts of H2O- and CO2-bearing garnet perid-
otite (4, 5, 28, 29), but individual veins are not
thought to be representative of these low-degree
melts (fig. S3). Instead, veins are explained as
concentrations of phases crystallized from such
melts as they cooled on ascent through the lith-
osphere, generating a continuum from anhy-
drous to hydrous assemblages (plus cryptically
metasomatized adjacent peridotite) (28, 29), and
it is these fractionated cumulate assemblages
that are the hypothesized sources of neph-
elinitic and basanitic magmas. Partial melts of
amphibole-bearing veins formed as cumulates
from low-degree mantle melts would have fea-
tures characteristic of the trace-element pat-
terns of alkaline lavas (20). For example, the
positive Nb/La and Ce/Pb ratios observed in
metasomatic veins (Fig. 3A and fig. S4) and
in basic alkaline magmas (1) would not be in-
terpreted as a characteristic of the mantle sources
of the metasomatic liquid but would instead re-
flect amphibole-liquid distribution coefficients
[DNb

amph/liq > DLa
amph/liq and DCe

amph/liq > DPb
amph/liq

(30, 31)]. On the other hand, some composi-
tional characteristics of the metasomatic veins
would be inherited directly from the low-degree
melts of garnet peridotite from which they
crystallize—for example, the high La/Yb ratios
observed in whole-vein compositions (Fig. 3A)
and in amphibole separates (fig. S4).

An important element of any model for the
petrogenesis of alkaline basalts that invokes the
melting of lithospheric lithologies (e.g., oceanic
crust, with or without sediment or metasomatic
veins) during upwelling is that the solidi of
these lithologies must be lower than that of the
enclosing peridotite. This point is satisfied by
amphibole-bearing veins (or their dehydrated
equivalents) and by oceanic crust [as eclogite
(15) or after transformation into silica-deficient
garnet pyroxenite (16, 17)]. However, an aspect
of decompression melting of a multilithologic
mantle is that the various lithologies each in-
fluence the other’s melting behavior, such that
knowledge of the melting behaviors of the in-
dividual lithologies is not necessarily a guide to
their behavior when they ascend together in a
parcel of upwelling mantle (32, 33). For exam-
ple, suppose low-solidus vein material embed-
ded in high-solidus peridotite begins to melt
during adiabatic decompression but maintains
thermal equilibrium with the adjacent, unmelted
peridotite. In such a case, the degree of melting
of the veins will be enhanced relative to the

amount of melting that the same vein material
would undergo if it were not embedded in the
peridotite; meanwhile, the required latent heat
essentially refrigerates the enclosing peridotite,
and thus it will melt at lower pressure and to
lower degrees than if the veins were not present
(33). Thus, it can be anticipated that low-solidus
vein material in upwelling mantle would melt
more, relative to expectations based on its initial
potential temperature, and that the peridotite
would melt less (32, 33). Therefore, recycled
lithologies characterized by low solidus temper-
atures that are embedded in peridotite will likely
melt to moderate to high degrees (especially if
the enclosing peridotite also exceeds its solidus
at some point during the ascent). However,
subducted oceanic crust would have to melt to a
low extent (≤1%) in order to explain the high
trace-element contents of alkaline OIBs (34);
such low degrees of melting seem inconsistent
with the analysis above, and thus it is difficult to
envision oceanic crust [or silica-deficient pyrox-
enite residual to extraction of fluids or melts from
subducted oceanic crust (16, 17)] as major trace
element–bearing components of the sources of
alkaline basalts. In sum, the consequences of
multilithologic decompression melting are con-
sistent with our experimental results, which
suggest that high degrees of melting of meta-
somatic veins best explain the major- and trace-
element contents of alkaline basalts.

Our results imply that the enriched compo-
nent in alkaline basalts should not necessarily be
equated with recycled oceanic crust and suggest
that recycled components in the sources of is-
lands characterized by tholeiitic magmas (i.e.,
Hawaii or Iceland) interpreted as recycled oceanic
crust (35) are distinct from those in the sources
of islands where ne-normative compositions are
dominant (i.e., Polynesia, islands in the Atlantic
Ocean, etc.). They also suggest that alkaline mag-
mas are produced by high degrees of melting of
a volumetrically minor mantle component rather
than low degrees of melting of the dominant
peridotite component. If so, these alkaline rocks
do not carry as much information about the ma-
jor components of the convecting mantle as is
often presumed. Finally, the ranges in isotopic
ratios observed in alkaline lavas from a single
oceanic island do not necessarily imply the in-
teraction between distinct mantle components
such as high m (m = 238U/204Pb), enriched man-
tle, and depleted MORB mantle (1). Instead,
they could reflect in part the time-integrated
history of a suite of veins with variable trace-
element ratios (e.g., Nb/Th, Ba/Nb, and Ce/Pb;
including ratios that control the evolution of
critical isotopic systems such as U/Pb, Rb/Sr,
and Sm/Nd) (6) resulting from percolative frac-
tional crystallization of metasomatic agents in
the lithosphere (6, 28).
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