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ABSTRACT

Various hypotheses for the origin of alkaline sodic mafic magmas have been pro-
posed. This diversity of models is mainly related to the various constraints used to
develop them. The goal of this paper is to test these different models using petrological
and geochemical constraints in an attempt to understand why alkaline sodic rocks are
so similar even while their environment of formation varies from oceanic to continen-
tal rift. Incompatible trace-element contents of alkaline basalts from ocean islands
and continents show that the sources of these rocks are more enriched than primitive
mantle. A fundamental question then is how the sources of alkaline rocks acquire
these trace-element enrichments.

Recycled oceanic crust, with or without sediment, is often invoked as a source
component of alkaline magmas to account for their trace-element and isotopic char-
acteristics. However, the fact that melting of oceanic crust produces silica-rich liquids
seems to exclude the direct melting of eclogite derived from mid-ocean-ridge basalt
to produce alkaline lavas. Recycling oceanic crust in the source of alkaline magma
requires either (1) that the mantle “digests” this component producing metasoma-
tized CO,-rich peridotitic sources or (2) that low-degree melt from recycled oceanic
crust reacts with peridotite in the presence of CO,, producing low-silica alkaline melt
by olivine dissolution and orthopyroxene precipitation. These two hypotheses are
plausible in terms of major elements. However, they have specific implications about
the type and proportion of recycled lithologies present in the asthenosphere to explain
the specific trace-element pattern of intraplate alkaline lavas. A third hypothesis for
the formation of alkaline magmas is the melting of metasomatized lithosphere. In this
model, the major- and trace-element signature of alkaline magma is not controlled
by the asthenospheric source (i.e., the amount of oceanic crust or CO, present in the
asthenosphere), but by the petrological process that controls the percolation and dif-
ferentiation of low-degree asthenospheric melts across the lithosphere. This process
forms amphibole-bearing metasomatic veins that are a candidate source of alkaline
rocks. This hypothesis offers an explanation for the generation of the Na-alkaline
lavas with similar major- and trace-element composition that are observed worldwide
and for the generation of K- and Na-alkaline magma observed in continental settings.
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This hypothesis requires the formation of significant amounts of metasomatic veins

within the lithosphere.

Qualitative analyses of the thermal implication of the potential models for the
generation of alkaline rocks demonstrate that such magma requires low potential
temperature (7p: 1320 °C to 1350 °C). If temperatures are higher, melting of the
convecting mantle will erase any signature of low-degree melts produced from fertile
mantle lithologies. This analysis suggests that a role for hot thermal plumes in the
generation of intraplate volcanoes dominated by alkaline magmas is unrealistic.

INTRODUCTION

As noted by Gast (1968, p. 1082), “from the point of view
of mantle process and chemical evolution of the mantle, alkaline
volcanism is a very important process even if the abundance of
such rocks is small at the Earth’s surface”. In particular, alka-
line rocks have played an important role in the discussion about
the existence of mantle plumes because these rocks are inter-
preted as low-degree melts produced at great depth (e.g., Green
and Ringwood, 1967; Gast, 1968; Kushiro, 1968) and therefore
could provide information about deep mantle processes. As
indicated by Mitchell (1996), no consensus among petrologists
exists for the precise definition of alkaline rocks. Here, we dis-
tinguish alkaline from tholeiitic (i.e., subalkaline) rocks using
the reference line suggested by Irvine and Baragar (1971) (Fig.
1). Alkaline lavas are observed in different intraplate settings
such as oceanic islands, intracontinental volcanoes, or continen-
tal rift zones (Fig. 2). It is important to emphasize that alkaline
rocks are volumetrically minor in “large” oceanic islands such
as Hawaii, Iceland, Azores, La Réunion, or Galdpagos Islands
compared with the dominant tholeiitic magmas there (Fig. 1B).
In Hawaii, for example, alkaline lavas are restricted to pre-shield
and post-shield periods (Frey et al., 1990). The basalt composi-
tions observed in large igneous provinces (LIPs) are dominated
by tholeiitic lavas and MgO-rich lavas such as picrites, suggest-
ing that the source of these rocks could reach a degree of partial
melting significantly higher than required for the generation of
alkaline lavas (e.g., Walter, 1998; Herzberg and Gazel, 2009;
Heinonen and Luttinen, 2010).

The isotopic composition of alkaline rocks has been used to
demonstrate that the Earth’s mantle is heterogeneous on milli-
meter to kilometer scales (Chase, 1981; Allegre, 1982; Hofmann
and White, 1982; Zindler and Hart, 1986; Hofmann, 1997). Nev-
ertheless, there remains an ongoing debate about the petrological
process responsible for alkaline lavas, and several models that
are not mutually exclusive have been proposed. Alkaline mag-
mas have been interpreted, for example, as low-degree melts
from peridotite (e.g., Green, 1973), partial melts from litholo-
gies such as recycled oceanic crust (e.g., Chase, 1981; Hofmann
et al., 1986; Weaver, 1991; Chauvel et al., 1992), melting of

peridotite and/or pyroxenite in the presence of CO, (e.g., Egg-
ler and Holloway, 1977; Wyllie, 1977; Hirose, 1997; Dasgupta
and Hirschmann, 2007), or melt from metasomatized litho-
sphere (e.g., Lloyd and Bailey, 1975; Halliday et al., 1995; Niu
and O’Hara, 2003; Pilet et al., 2008). The diversity of models is
somewhat linked to the different petrological and geochemical
constraints used to develop them. For example, the hypothesis
suggesting alkaline magma formation by melting of recycled
oceanic crust is mostly based on incompatible trace-element
ratios and isotope constraints (e.g., Hofmann, 1997), while the
hypothesis that alkaline melts represent low-degree melts from
peridotite in presence of CO, are based on experimental petrol-
ogy (Brey and Green, 1975; Eggler and Holloway, 1977; Wyllie,
1977; Dasgupta and Hirschmann, 2007).

The main goal of this paper is evaluate the different hypo-
theses for the origin of alkaline mafic magma using both petro-
logical and geochemical constraints. Our analysis is based on the
following assumptions: any model for the generation of alkaline
mafic magmas needs to explain (1) why alkaline mafic rocks are
characterized by lower SiO, contents that mid-ocean-ridge basalt
(MORB); (2) why these rocks cover a wide range of composi-
tion from nephelinite to alkali basalts and sometimes tholeiite;
(3) why alkaline mafic rocks are always characterized by high
incompatible trace-element contents; and (4) why alkaline mafic
rocks characterized by similar major-element composition show
variable incompatible trace-element ratios and isotopic composi-
tions. Our discussion will also focus on the compositional simi-
larities of alkaline lavas erupted in intraoceanic, intracontinental,
and rift settings. Any model for the origin of alkaline lavas needs
to be applicable to the different settings where these rocks are
observed. Finally, these constraints will be used to discuss the
thermal structure of the mantle sources and whether or not ther-
mal plumes are involved.

PETROLOGICAL AND GEOCHEMICAL
CONSTRAINTS RELATED TO THE GENERATION OF
LOW-SILICA ALKALINE BASALTS

The question of the origin of alkaline lavas will be addressed
using compilation of lava composition from the GEOROC
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database (http://georoc.mpch-mainz.gwdg.de/georoc/) for ocean-
island and intraplate and rift continental settings (Fig. 2). Different
filters have been used: first, only analyses where major-element
compositions are provided have been selected; second, analyses
showing sums of major elements (excluding loss on ignition) less
than 97 wt% and exceeding 102 wt% have been removed; and
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Figure 1. (A) Total alkali versus SiO, (volatile-free) diagrams for
ocean-island basalts, continental intraplate basalts, continental rift
basalts, and mid-ocean-ridge basalts compared to experimental melts
produced from peridotite at various pressures (P, 1-7 GPa) (Hirose
and Kushiro, 1993; Kushiro, 1996; Walter, 1998; Wasylenki et al.,
2003). The incipient partial melt (F' ~0%) of garnet peridotite at 3 GPa
from Davis et al. (2011) is given for reference. (B) Total alkali ver-
sus SiO, (volatile-free) diagrams for ocean-island basalts compared to
tholeiitic lavas from Iceland, main shield stage at Hawaii, Galdpagos
Islands, and La Réunion. All basalts have MgO content between 8 and
15 wt% and Na,O/K,O < 0.8. The subdivision between alkaline and
subalkaline (tholeiitic) lavas is made using the reference line suggested
by Irvine and Baragar (1971) (black dashed line in A and B).

third, only rocks characterized by MgO content between 8 and
15 wt% have been used to limit the effect of fractional crystal-
lization or olivine accumulation on lava composition. We have
also restricted our discussion to alkaline lavas characterized by
K,0/Na,O ratios <0.8 in order to avoid comparison of rocks pro-
duced by different sources. The implications of K-rich rocks in
continental settings on the general framework of alkaline magma
generation will be discussed in the last part of the paper. MORBs
selected from the PetDB database (http://www.earthchem.org/
petdb) are also presented for comparison in the different figures.
Recycled oceanic crust (i.e., MORB + oceanic gabbro) is fre-
quently considered as a potential source lithology for intraplate
basalts. In order to evaluate the complete range of MORB com-
position before recycling, the figures show MORB data without
applying the filters related to MgO content and K,0O/Na,O ratio
used for the intraplate lavas. We have not shown the composition
of oceanic gabbro in the figures because this addition compro-
mises their legibility. Nevertheless, almost all the conclusions
drawn using MORB composition apply also to gabbros.

Figure 1A shows basalt composition for ocean-island,
intracontinental, and rift settings compared to MORB using the
above filters. The intraplate lavas show compositions ranging
from nephelinite-basanite, characterized by low-SiO, and high

Figure 2. World map showing locations
of the selected basalts. Grey points are
oceanic intraplate basalts; red points, in-
tracontinental basalts; blue points, con-
tinental rift basalts; white points, mid-
ocean-ridge basalts (MORBs). Data
were selected from GEOROC (http://
georoc.mpch-mainz.gwdg.de/georoc/)
and PetDB (http://www.earthchem.org/
petdb) databases for intraplate basalts
and the MORBs respectively.
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alkali contents, to trachybasalt- alkali basalt and subalkalic tho-
leiitic basalts with higher silica and lower alkali contents. In com-
parison, tholeiitic lavas from mid-ocean ridges show a distinctly
narrower compositional range (48-52 wt% SiO,) and lower total
alkali content (<4 wt%).

A clear distinction exists between mafic magma emitted in
large oceanic islands such as Hawaii (shield stage), Iceland, La
Réunion, or the Galdpagos and that emitted in smaller islands.
As indicated in Figure 1B, the lava emitted in large islands is
dominated by silica-saturated tholeiites, while in smaller islands
(and intracontinental settings) the complete range of mafic lavas
is observed. It is important to note that this compositional range
is present in most single volcanic edifices and represents one
important characteristic of so-called alkaline volcanoes. In the
following discussion, we use the generic term “alkaline basalt” to
encompass the compositional range of these alkaline volcanoes.

No significant compositional difference is observed between
alkaline rocks from continental versus oceanic settings, although
a slightly higher alkali content for a given SiO, is observed in
continental settings (Fig. 1A). This compositional similarity
between alkaline rocks from different settings is valid for all
major elements including K, O, Ca0, Al O,, and TiO,.

Comparison of intraplate lavas and MORBs with partial
melting experiments produced from nominally dry peridotite at
various pressures (1-7 GPa) shows one of the major differences
between silica-poor alkaline lavas and tholeiites. Peridotite melt-
ing experiments demonstrate that the generation of MORB-like
tholeiites can be reproduced by partial melting of peridotite rep-
resenting the convecting mantle at relatively low pressure (1-
1.5 GPa; e.g., Wasylenki et al., 2003). These experimental data
also indicate that alkaline rocks with intermediate SiO, content
(~45 wt%) can be produced by a low degree of partial melting of
nominally dry peridotite at asthenospheric pressures (>3 GPa),
but low-Si alkali basalts cannot. Experiments on incipient par-
tial melts from garnet peridotite (Davis et al., 2011; Davis and
Hirschmann, 2013) confirm that ultrabasic alkaline magmas such
as nephelinite cannot be produced from four-phase peridotite,
suggesting that the addition of volatiles or the presence of other
lithologies in the source region is required to explain the specific
composition of these rocks.

A second characteristic feature of nephelinite and basa-
nite is their high content of incompatible trace elements (Gast,
1968). Figure 3A shows trace-element contents normalized to
the composition of the primitive mantle from McDonough and
Sun (1995) for oceanic and continental low-silica alkaline lavas
(Si0, <45 wt%, average + 10). Low-Si alkaline lavas from
both settings show similar patterns with high contents of very
incompatible trace elements (Ba, Nb, La), negative anomalies
for Rb, K, and Pb compared with elements with a similar degree
of incompatibility (e.g., Ba, Nb, Ce, respectively), and similar
slope and content for REE. Lustrino (2011) showed similar trace-
element content homogeneity in alkaline mafic magmas using
Cenozoic basaltic lavas from the circum-Mediterranean conti-
nental and oceanic area. The trace-element pattern of alkaline
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lavas is frequently interpreted as being due to low degrees melt
from a garnet peridotite source (Gast, 1968). Assuming such a
hypothesis, we have calculated, using the non-modal batch-
melting equation, the composition of the source for low-Si alka-
line ocean-island basalts (OIBs) (Fig. 3B). The source calcula-
tions are constrained by mineralogical and melting mode of the
peridotitic source including minor amounts of sulfide, the degree
of partial melting at which the melt is produced, the depth of
melting, and the mineral-liquid distribution coefficients (D™d),
The model developed by Baker et al. (2008) was used to calculate
the modal peridotite proportion, while melting experiments at
3 GPa (Walter, 1998) corresponding to the pressure at the base
of a thick oceanic lithosphere were used to constrain the melting
mode. Modal abundance in the source, melting mode, and the
Drirfia for olivine, clinopyroxene, orthopyroxene, and garnet are
given in Pilet et al. (2011). All of these parameters are listed in
Table 1. The degree of partial melting at which the nephelinites or
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Figure 3. (A) Trace-element contents (normalized to primitive
mantle; McDonough and Sun, 1995) of low-silica alkaline basalt
(810, <45 wt%; MgO, 8-15 wt%) observed in oceanic island, in-
tracontinental, and continental rift settings. All fields correspond to
the composition averages + 16. The composition of mid-ocean-ridge
basalt (average + 16, MgO >8 wt%) is also shown for reference.
(B) Trace-element contents (normalized to primitive mantle) of low-
silica alkaline basalt (Si0, <45 wt%; MgO, 8-15 wt%) and hypothet-
ical source compositions assuming that alkaline basalt is produced
by partial melting of garnet (gt) peridotite at melting degree (F) vary-
ing from 0.5% to 5%. See text for details of the calculation.
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TABLE 1. PARAMETERS RELATED TO THE LOW-SILICA ALKALINE BASALT SOURCE ESTIMATION (FIG. 3B)
Melting parameters
Modal abundance  Melting mode
(%)* (%)"

Olivine 0.594 0.08
Clinopyroxene 0.106 0.81
Orthopyroxene 0.194 -0.19
Garnet 0.105 0.3
Sulfide 0.00037° 0.0037°
Mineral/liquid distribution coefficients (D™ used in the calculation”

Rb Ba Th U Nb La Ce Pb Pr Sr Nd Sm
Olivine 0.00018 0.0003 0.00001 0.0004 0.005 0.0004  0.0005 0.00001 0.001 0.00019 0.001 0.001
Clinopyroxene  0.0007  0.00068 0.0008 0.0008 0.0077 0.0536  0.0858 0.01 0.1 0.13 0.19 0.29
Orthopyroxene  0.0006 0.001 0.00 0.00 0.0031 0.002 0.003 0.0013  0.0048 0.007 0.0068 0.01
Garnet 0.0007 0.0007 0.0015 0.005 0.02 0.01 0.021 0.0005 0.045 0.006 0.087 0.217
Sulfide 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 10 0.0001 0.0001 0.0001 0.0001

Zr Hf Eu Ti Gd Tbh Dy Ho Y Er Yb Lu
Olivine 0.010 0.005 0.002 0.020 0.002 0.002 0.002 0.002 0.005 0.002 0.0015  0.0015
Clinopyroxene 0.12 0.26 0.47 0.38 0.48 0.48 0.44 0.42 0.4 0.39 0.43 0.43
Orthopyroxene 0.01 0.01 0.013 0.024 0.016 0.019 0.022 0.026 0.028 0.03 0.049 0.06
Garnet 0.32 0.32 0.4 0.2 0.498 0.75 1.06 1.53 2.11 3 4.03 5.5
Sulfide 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

*Modal abundances of the four silicate phases are based on the major-element composition of depleted mid-ocean-ridge basalt (MORB)
mantle (Workman and Hart, 2005) and the model of Baker et al. (2008) for estimating peridotite modal proportions. In the calculations, both the
modal abundances and the melting mode (i.e., the sum of olivine + clinopyroxene + orthopyroxene + garnet + sulfide) equal 1.

'Silicate-phase melting mode for a garnet peridotite at 3 GPa from Walter (1998) for melt fraction between 0% and 10%: 7 olivine + 68

clinopyroxene + 25 garnet = 84 melt + 16 orthopyroxene.

SMORB and ocean-island basalt (OIB) compositions suggest that Pb has a bulk D similar to that of Ce—significantly more compatible than
would be predicted for a garnet- or spinel-lherzolite source given individual silicate mineral-liquid D values for Pb (Hofmann et al., 1986). This
higher apparent compatibility of Pb during partial melting may reflect the presence of minor residual sulfides in the OIB and MORB sources
(Sims and DePaolo, 1997; Hart and Gaetani, 2006). In order to produce low-degree melts with Ce/Pb ratios similar to the ratios observed in
enriched MORBs ( 15-35; Salter s and Stracke, 2004), we added 0.037% sulfide to the mantle source (equal to 128 ppm S). We assume that

the sulfide is removed from the source after 10% partial melting.

*Details related to the selection of the mineral-liquid distribution coefficients may be found in Pilet et al. (2011).

basanites are produced is more difficult to constrain. For that, we
used variable F (from 0.5% to 5%) to investigate the influence of
this parameter on the calculated source composition.

One important observation related to these calculations
is that the source of low-Si alkaline basalts needs to be more
enriched for most incompatible elements than the primitive
mantle estimate (Fig. 3B) and that the problem is not related
to the strongly incompatible elements but rather to intermedi-
ately incompatible elements such as heavy rare earth elements
(HREE), Ti, and Y. The concentration of strongly incompatible
elements such as U, Th, and light rare earth elements (LREE) is
controlled by the degree of partial melting (F) at which the liquid
is produced, so it is always possible to suggest that alkaline lavas
are produced at extremely low degrees of partial melting (<0.5%)
to satisfy the content of these elements in the target melts. At
the other extreme, the parameter that limits the degree of melt
enrichment for intermediate incompatible elements is not the
degree of partial melting (F) but the distribution coefficients (D,
P,) of the melting assemblage. This calculation is fundamental
for the discussion about the origin of alkaline rocks because it
demonstrates that the convecting mantle, even assuming a primi-
tive mantle composition, is not sufficiently enriched in incompat-
ible trace elements to produce the compositional range observed

in alkaline rocks. Therefore, source enrichment processes are a
prerequisite for the generation of low-Si alkaline rocks. In addi-
tion, this source enrichment, previously shown by Willbold and
Stracke (2006), Prytulak and Elliott (2007), and Adam and Green
(2011), needs to be similar in every setting.

A third characteristic of alkaline mafic lavas is their large
isotopic variation range with respect to MORBs (e.g., Zindler
and Hart, 1986; Hofmann, 1997; Fig. 4). Many studies (Hof-
mann and White, 1982; Hofmann et al., 1986; Chauvel et
al., 1992; Halliday et al., 1995; Willbold and Stracke, 2006;
Stracke, 2012) have focused on the differences in trace-element
ratios observed in OIB characterized by distinct isotope com-
positions (i.e., enriched mantle [EM] or HIMU [high-u mantle
with p = 28U/2%Pb ratio]) to constrain the source characteris-
tics. These studies conclude that, to explain the variable isoto-
pic and trace-element ratios observed in OIBs, the sources of
these rocks need to incorporate lithospheric material recycled
into the convecting mantle and potentially stored at the base of
the mantle for 1-2 b.y.

Various authors have suggested, however, that the differ-
ence in isotopic ratios between OIBs and MORBs seems not
to be related to a difference in their respective source composi-
tions, but rather to the melting process which allows the mantle


http://specialpapers.gsapubs.org/

Downloaded from specialpapers.gsapubs.org on November 10, 2015

286 Pilet
@ Basalt (<45 wt% SiO,) from “alkaline” oceanice islands
A # Basalt (>45 wt% SiO,) from “alkaline” oceanice islands
’a 8.0 A 5132 @ Basalt (<45 wt% SiO,) with HIMU isotopic signature
[0 - - . @ Basalt (>45 wt% SiO,) with HIMU isotopic signature
t - ° @ Basalt (<45 wt% SiO,) with EM isotopic signature
1 @ Basalt (<45 wt% SiO,) with EM isotopic signature
9 . ® & Mid-ocean-ridge basalt
T 6.0 ; T 5130
) * F
> —| 3
o\o -
g 404 . > 51281
= P
N = %p @
+
O, 20 51261 °,
© # Basalt from “alkaline” oceanic islands ‘ ~ @ @
- 7 |#® Basalt with HIMU isotopic signature . ® . @
# Basalt with EM isotopic signature [
0.0 5124 " . . .
36 38 40 42 44 46 48 50 52 54 702 703 .704 .705 .706 .707
SiO, (wt%, volatile-free) 873y /863y
15.9
C D Low-silica alkaline basalts from
o ® .‘ oceanic islands (average)
21000 - . .
@ @ ° @ % Low-silica alkaline basalts with EM
f 15.7 P o @ = isotopic signature (average + 15)
2 ¥% 2
o8 ® £
o © E
o =
5 & 10.0 \
™ 1 55 @ Basalt (<45 wt% SiO,) from “alkaline” oceanice islands o Lowsilica alkaline basalts with
® Basalt (>45 wt% SiOZ) from “alkaline” oceanice islands a HIMU isotopic signature
® Basalt (<45 wt% SiO,) with HIMU isotopic signature £ (average  1o)
O @ Basalt (>45 wt% SiO,) with HIMU isotopic signature (‘/)“
® Basalt (<45 wt% SiO,) with EM isotopic signature
@ Basalt (<45 wt% SiO,) with EM isotopic signature
O Mid-ocean-ridge basalt
15.3 ' 1.0+
18 19 20 21 22 Rb Th Nb La Pb Sr Sm Hf Ti Tb Ho Er Yb
206pp 204pp Ba U Ta Ce Pr Nd Zr Eu Gd Dy Y Tm Lu

Figure 4. (A) Total alkali versus SiO, (volatile-free) diagrams for “alkaline” ocean-island basalts (all ocean-island basalts excluding tholeiite
lavas from Iceland, Hawaii, Galdpagos Islands, and La Réunion) compared to ocean-island basalts characterized by HIMU or EM isotopic
signature (EM if '"*Nd/'"*Nd < 0.51275 or ¥Sr/**Sr > 0.704; HIMU if 2Pb/?*Pb > 20.3). (B-C) *Nd/"*Nd versus ¥Sr/*Sr (B) and **’Pb/**Pb
versus 2Pb/**Pb (C) isotopic diagrams for “alkaline” ocean-island basalts compared to mid-ocean-ridge basalts and basalts characterized by
HIMU and EM isotopic composition. All ocean-island basalts have been distinguished by their SiO, content (higher or lower that 45 wt%). These
diagrams demonstrate that low-silica alkali basalts cover the complete range of isotopic compositions. (D) Trace-element contents (normalized
to primitive mantle; McDonough and Sun, 1995) of low-silica alkaline basalts (SiO, <45 wt%; MgO, 8-15 wt%) characterized by HIMU or EM
isotopic composition (average + 16). The average trace-element pattern (black line) of all low-silica alkaline basalts is shown for comparison.

and its enclosing fertile components to melt to a larger extent
below oceanic ridges than in intraplate settings where the thick-
ness of the lithosphere limits the extent of melting of the het-
erogeneous mantle (e.g., Ellam, 1992; Meibom and Anderson,
2004; Ito and Mahoney, 2005; Niu et al., 2011). Current anal-
yses of the origin of OIBs based on isotopic composition and
trace-element ratios (Hofmann and White, 1982; Hofmann et al.,
1986; Chauvel et al., 1992; Halliday et al., 1995; Willbold and
Stracke, 2006; Stracke, 2012) have made no distinction between
low-Si alkaline and more silica-rich lavas. Figure 4A indicates
that OIBs characterized by HIMU to EM isotopic signatures are
not restricted to specific major-element compositions, but cover
the complete basaltic range in terms of silica and alkali con-
tent. Low-Si basalts (<45 wt% SiO,) also overlap the complete
Sr, Nd, and Pb isotopic ranges defined by OIBs (Figs. 4B, 4C).

Trace-element patterns for low-Si alkaline basalts characterized
by HIMU or EM isotope composition (Fig. 4D) show distinct
enrichments for Rb, Ba, K, and Pb as previously pointed out
by Weaver (1991), Chauvel et al. (1992), Halliday et al. (1995),
and Willbold and Stracke (2006), but the other incompatible
elements including U, Th, Nb, and REE do not show variation
correlated to isotope composition. Figure 4D also indicates that
the general trace-element patterns of HIMU and EM basalts are
mostly indistinguishable from the pattern of low-Si alkaline
basalts observed worldwide (Fig. 3A). Pilet et al. (2011) previ-
ously showed that extreme values for incompatible trace-element
ratios considered as diagnostic for EM or HIMU basalts, such
Ba/Nb or Ce/Pb, are not restricted to basalts characterized by
extreme isotopic composition such HIMU or EM, but are also
observed in oceanic or continental alkaline lavas with “normal”
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isotopic composition. These observations are important con-
straints for any model seeking to explain the origin of alkaline
lavas—such a model needs to explain why alkaline mafic rocks
characterized by various isotopic composition show such similar
major- and trace-element compositions.

The presence of recycled components in the source of OIBs
is a well-accepted hypothesis. The current discussion is focused
on the type of component(s) present in the source of OIBs. The
subduction of oceanic lithosphere is the most important pro-
cess that recycles shallow material into the convecting mantle,
but other processes certainly contribute (e.g., subcontinental
lithospheric mantle and lower continental crust delamination, or
subduction-enriched mantle mixed back into the upper mantle;
Arndt and Goldstein, 1989; Elliott et al., 2006; Panter et al.,
2006; Willbold and Stracke, 2010; Stracke, 2012). Recycled oce-
anic crust (+ sediments) in the source of OIBs is used in numer-
ous studies to explain isotopic variability (e.g., Chase, 1981;
Hofmann and White, 1982; Weaver, 1991; Chauvel et al., 1992),
even if some authors call into question the details (e.g., Niu and
O’Hara, 2003). Other hypotheses favor the presence of metaso-
matized continental or oceanic lithospheric mantle to explain the
composition of OIBs (Hawkesworth et al., 1986; Halliday et al.,
1995; McKenzie and Onions, 1995; Niu and O’Hara, 2003; Pilet
et al., 2005). Nevertheless, all these studies generally neglect
the questions of whether their models predict the correct major-
element composition and whether the degree of trace-element
enrichment of the erupted lavas is satisfied.

Partial Melting of Recycled Oceanic Crust

Various studies have focused on liquid compositions pro-
duced by the melting of pyroxenites at mantle pressure. Figure
5 compares the Na,O + K,O and SiO, content of melts pro-
duced in these experiments with the composition of OIBs and
MORB:s. In this figure, we have distinguished melts derived
from silica-excess pyroxenites, characterized by a subsolidus
assemblage comprising pyroxene and garnet plus plagioclase
and quartz/coesite, from silica-deficient pyroxenites (pyroxene
and garnet plus olivine and spinel) on the thermal divide that
controls their respective melting behaviors. Kogiso et al. (2004)
and Lambart et al. (2013) provided comprehensive reviews of
pyroxenite melting. Both types of pyroxenite have been linked
to the recycling of oceanic crust; the composition of Si-excess
pyroxenites used in experiments has been selected to be rep-
resentative of the upper and lower oceanic crust (i.e., MORBs
or gabbro), while Si deficient pyroxenite could represent the
potential composition of recycled MORB after Si extraction by
either (1) hybridization with peridotite; (2) metasomatism by
silica-deficient melts such as carbonatite; or (3) removal of low-
pressure partial melts or fluids (Hirschmann et al., 2003). The
melting of Si-excess pyroxenites produces liquids generally
richer in silica than the initial starting composition (Green et al.,
1967, Pertermann and Hirschmann, 2003b; Keshav et al., 2004,
Yaxley and Sobolev, 2007; Lambart et al., 2013), the opposite
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of Si-deficient pyroxenite which produces melts with similar or
lower silica content than the starting composition (Hirschmann
et al., 2003; Lambart et al., 2013), except at high pressure
(=5 GPa) where garnet is the major residual phase (Kogiso et al.,
2003) (Fig. 5). Partial melting experiments on Si-excess pyrox-
enites are consistent with MORB-like pyroxenites in the source
of Si-rich tholeiite from Hawaii and other large oceanic islands
(Sobolev et al., 2005, 2007) or LIPs (Takahashi et al., 1998)
but seem inconsistent with the composition of low-Si alkaline
lavas observed in intraplate settings (Fig. 5). Any model aiming
to explain the origin of low-Si alkaline lavas by partial melt-
ing of Si-excess pyroxenite sources representative of the upper
or lower oceanic crust (MORB or gabbro respectively) without
involving additional processes that could modify the starting
pyroxenitic composition or the partial melt composition before
it reaches the surface seems, therefore, unrealistic. In contrast,
the melting of Si-deficient pyroxenites produces liquids that are
closer to OIB composition in term of SiO, and total alkali con-
tent (Fig. 5).

The compositions of pyroxenite melts are generally com-
pared to OIBs using CaO, MgO, Al O,, SiO,, and sometimes
TiO, (e.g., Hirschmann et al., 2003; Kogiso et al., 2003). Here we
compare experimental melts to specific major-element ratios that
are distinctive of the MORB versus OIB composition (AL,O,/TiO,
and Na O/K O; Figs. 6A, 6B). MORBs show highly variable
ALO,/TiO, and Na,O/K,O ratios compared with alkaline sodic
magmas characterized by mostly constant ratios (Fig. 6).

Experimental melts from Si-deficient pyroxenites are char-
acterized by variable Al,0,/TiO, and Na,O/K,O ratios (Figs.
6C, 6D), and only very few pyroxenite-derived melts have ratios
similar to those observed in low-Si alkaline basalts. One possible
explanation for this misfit is the high degree of partial melting
at which pyroxenite experimental melts are produced. However,
thermodynamic models for the melting of a heterogeneous man-
tle composed of pyroxenitic lithologies embedded in peridotite in
an upwelling adiabatic context predict that the degree of partial
melting reached by the pyroxenite will be high (Hirschmann and
Stolper, 1996; Phipps Morgan, 2001; Ito and Mahoney, 2005;
Stolper and Asimow, 2007). In addition, MORBs show highly
variable Al,O,/TiO, ratios, and this ratio is unlikely to be frac-
tionated during subduction processes (Al and Ti are considered
to be mostly immobile in subduction fluids; Kessel et al., 2005a,
2005b). Thus, regarding the large composition range of MORB
(Fig. 6A), the melting of MORB eclogite is unlikely to produce
melts with mostly constant Al,O,/TiO, ratios as observed in low-
Si alkaline lavas. Na,O/K,O ratios of experimental pyroxenitic
melts are also highly variable. This variability is related to the
starting material compositions, the degree of partial melting
at which experimental melts are produced, and the pressure at
which experiments are performed (2.5-5 GPa) as the compatibil-
ity of Na O in clinopyroxene increases with pressure. Consider-
ing that MORBs and oceanic gabbros do not contain significant
amounts of K O (except for highly altered MORBs), and that
pyroxenites are expected to melt to a high degree during mantle
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upwelling, it seems unlikely that the low Na O/K, O ratio of low-
Si alkaline basalts is related to the melting of pyroxenite derived
from subducted oceanic crust.

The addition of CO, to the system, either via hydrothermal
carbonate veins crosscutting oceanic crust (Dasgupta et al., 2006)
or by carbonate-fluxed MORB-like pyroxenite (Gerbode and
Dasgupta, 2010), decreases the pyroxenite solidus temperature
relative to volatile-free melting (Dasgupta et al., 2004; Kiseeva et
al., 2012) (Figs. 5, 6B, 6D). Melts produced at various degrees of
partial melting from Si-deficient pyroxenite + CO, (Dasgupta et
al., 2006; Gerbode and Dasgupta, 2010) or from Si-excess pyrox-
enite + CO, (Kiseeva et al., 2012) show significant variations in
their composition, in particular for SiO, content and Al,O,/TiO,
and Na,O/K,O ratios. It is currently difficult to constrain the exact
effect of CO, addition to pyroxenite melting because of the lim-
ited number of studies. The existence of coexisting immiscible
silicate and carbonatitic melts (Dasgupta et al., 2006; Gerbode
and Dasgupta, 2010; Kiseeva et al., 2012) at low melt fraction
complicates the comparison of these melts with natural alkaline
magmas. At higher degrees of partial melting, the composition of
the starting material becomes the dominant factor controlling the
melt composition (Fig. 5, 6B, 6D). Thus, if the addition of CO,
to pyroxenite could modify the partial melt composition, depend-
ing on the variable composition of recycled oceanic crust and the
variable amount of enclosing CO, (and H,0), the addition of CO,
to pyroxenite does not seem able to solve the problem regarding
the mostly constant Al,0,/TiO, and Na,O/K,O ratios observed in
alkaline lavas (Figs. 6C, 6D).

This discussion indicates that melts produced from pyrox-
enites associated with the recycling of oceanic crust do not match
the major-element compositions of alkaline rocks, in particular
for the low-SiO, ones. Moreover, according the large composi-
tion range observed in MORBs and oceanic gabbros in terms of
ALO,/TiO, or Na,O/K O ratios, it is unlikely that the melting of
recycled oceanic crust will produce melts with constant ratios.
Thus, to involve oceanic crust as a major carrier of isotopically
enriched compositions in the source of alkaline intraplate mag-
mas requires a process that modifies and homogenizes the pyrox-
enitic melt composition before it reaches the surface. The main
candidate explanations for such an homogenization process,
which will be discussed in the next section, are:

(1) Assuming adiabatic upwelling, fertile lithologies such as
recycled oceanic crust (+ CO,) melt at large depth and
metasomatize the overlying asthenospheric mantle, fol-
lowed by the melting of this enriched peridotitic mantle,
possibly in the presence of CO,.

(2) Fertile lithologies (+ CO,) melt at depth, and the extracted
melts react with surrounding peridotites before reaching
the surface.

(3) Low-degree melts from the heterogeneous asthenosphere
do not reach the surface, but metasomatize the litho-
spheric mantle, and the remelting of the resulting meta-
somatic veins produces the alkaline magmas observed at
the surface.
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HYPOTHESES FOR THE GENERATION OF
LOW-SILICA ALKALINE BASALT

Melting of Metasomatized Peridotite in Presence of CO,

The first alternative above suggests that different litholo-
gies, including recycled oceanic crust, sediments, and enriched
mantle, having low solidus temperatures, melt at relatively large
depths, and that the resulting liquids infiltrate and metasomatize
the overlying mantle. The melting of metasomatized mantle in
presence of CO, at shallow depth produces the alkaline melts
observed at the surface (Fig. 7A).

Laboratory experiments indicate that fertile lithologies such
as pyroxenite or peridotite in the presence of volatiles (H,O and/
or CO,) have lower solidus temperatures than volatile-free peri-
dotite. For example, Kogiso et al. (2004) indicated that pyrox-
enites rich in alkalies or with low Mg# will melt, at similar pres-
sures, at temperatures of 100-200 °C lower than volatile-free
peridotite. The addition of a few hundreds of parts per million
of H,O and/or CO, will also affect the melting temperature of
peridotite and pyroxenite by decreasing the solidus temperature
(Katz et al., 2003; Asimow et al., 2004; Dasgupta et al., 2007).
As indicated previously, melts produced from recycled oceanic
crust seem unable to match the major-element composition
of alkaline lavas. However, this melt could interact and meta-
somatize the overlying mantle. The melting of metasomatized
peridotite in the presence of CO, in a later upwelling stage may
produce the alkaline lavas observed at the surface (Dasgupta and
Hirschmann, 2007).

Melting experiments on dry peridotite seem unable to
explain the formation of low-Si alkaline lavas (Fig. 1A) (e.g.,
Davis etal., 2011), but the presence of CO, significantly modifies
the silica content of the melt produced by peridotite (Kushiro,
1975; Wyllie and Huang, 1976; Brey and Green, 1977; Wend-
landt and Mysen, 1980; Wallace and Green, 1988; Falloon and
Green, 1989; Gudfinnsson and Presnall, 2005). For example,
near-solidus partial melts of peridotite in the presence of 2.5-1%
wt% CO, are carbonatitic and evolve continuously to carbonated
silicate melts with increasing temperature (Hirose, 1997; Das-
gupta and Hirschmann, 2007; Foley et al., 2009). Figures 7B—7D
illustrate the variable composition of carbonated low-silicate
melts produced in these experiments. None of these carbonated
silicate melts resemble the composition of natural nephelinite or
basanite (Figs. 7B-7D). In addition, Dasgupta and Hirschmann
(2007) indicate that at a given MgO content, the CaO content of
these silica-poor melts is significantly higher than that observed
in alkaline lavas. Two main factors could explain this discrep-
ancy. First, the degree of partial melting at which these melts
are produced (>5%—10%, but commonly >15%) is significantly
higher than expected for the generation of alkaline rocks by peri-
dotite melting on the basis of trace-element constraints. Second,
the CO, added in these experiments could be more abundant than
occurs in natural processes (Dasgupta and Hirschmann, 2007).
Based on these considerations, Dasgupta and Hirschmann (2007)
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Figure 7. (A) Schematic model illustrating the generation of metasomatized peridotitic mantle considered as a potential source for alkaline lavas.

(B-D) Total alkali (B), Al,0,/TiO, (C), and Na,O/K,O (D) versus SiO,

(volatile-free) diagrams for ocean-island basalts and mid-ocean-ridge

basalts compared to high-pressure experimental melts produced from peridotite in the presence of CO, (Hirose, 1997; Dasgupta and Hirschmann,
2007; Foley et al., 2009). The incipient partial melt (F ~0%) of garnet peridotite at 3 GPa from Davis et al. (2011) is given in B-D for reference.

extrapolated these results to lower CO, contents and suggested
that the major-element composition of alkaline lavas such as mel-
ilitites, nephelinites, and basanites could be produced by ~1%—
5% partial melting of a fertile (metasomatized) peridotite source
containing 0.1-0.25 wt% CO,.

A related question is how the melting of metasomatized peri-
dotite can satisfy the trace-element constraints illustrated in Fig-
ure 3. Any explanation for the formation of alkaline rocks from
melting of metasomatized peridotite requires that the peridotite
source enrichment was mostly similar below all alkaline conti-
nental and oceanic volcanoes. Based on a quantitative assessment
of the trace-element budget of HIMU OIBs, Stracke et al. (2003,
p. 1) noted that “Given the variability of the recycled components,
a small number of relatively well-defined enriched compositions
can only be explained if either the subduction processing of oce-
anic crust is a far better defined process than observation would
seem to indicate, or the intramantle disaggregation and mixing

of compositionally diverse recycled materials is surprisingly
efficient.” Furthermore, Willbold and Stracke (2006) estimated
that 9%—10% of recycled oceanic crust needs to be “digested”
by depleted peridotite to produce the trace-element composition
suitable to comprise the source of alkaline OIBs. Which process
or processes control the amount of oceanic crust added to the
peridotitic mantle remains an open question.

Another question is how peridotite can be carbonated. The
estimate of CO, content for depleted MORB mantle (36 ppm;
Workman and Hart, 2005) suggests that metasomatism needs to
enrich the mantle by a factor 25-70 in order to produce a perido-
titic source containing the 0.1-0.25 wt% CO, inferred by Dasgupta
and Hirschmann (2007). These authors suggested that peridotites
are metasomatized by the addition of carbonatitic melts produced
from carbon-bearing eclogite recycled at depth. Realistically, the
first melts produced from such a CO,-bearing eclogite will be car-
bonatitic (Hammouda, 2003; Yaxley and Brey, 2004; Dasgupta
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Figure 8. (A) Schematic model illustrating the generation of alkaline basalts by melt-peridotite reaction. (B-D) Total alkali (B), AL,O,/TiO, (C),
and Na,0/K,0O (D) versus SiO, (volatile-free) diagrams for ocean-island basalts and mid-ocean-ridge basalts compared to experimental melts
produced in silica-rich melt-peridotite reaction (dry) (Lambart et al., 2012; Mallik and Dasgupta, 2012; Yaxley and Green, 1998), in silica-rich
melt-peridotite reaction in the presence of CO, (Mallik and Dasgupta, 2013, 2014), and in silica-poor (nephelinitic) melt-peridotite reaction (Pilet
et al., 2008). The arrows illustrate the reaction trends produced in these different experimental studies (the starting points shows the initial melts
before the reaction). The incipient partial melt (F ~0%) of garnet peridotite at 3 GPa from Davis et al. (2011) is given in B-D for reference. The
dash line in panel B distinguishes alkaline from subalkaline lavas according to Irvine and Baragar (1971).

et al., 2004; Kiseeva et al., 2012). Nevertheless, it is question-
able whether these melts will have the appropriate trace-element
pattern to fit the low-Si alkaline magma as seen in Figure 3. For
example, Gerbode and Dasgupta (2010) and Kiseeva et al. (2012)
demonstrated that in the presence of rutile coexisting with car-
bonatitic melts, much of the Ti and high field strength elements in
the residue will be retained, creating negative anomalies in primi-
tive mantle—normalized patterns. Such features are not observed
in OIBs which are, on the contrary, characterized by positive
Nb/La and Nb/Th ratios (e.g., Hofmann et al., 1986; Fig. 3).

In summary, extrapolation experiments performed at high
to lower CO, content suggest that the melting of metasomatized
peridotite in presence of CO, is a realistic candidate for explaining
the major-element composition of low-Si alkaline magmas (Das-
gupta and Hirschmann, 2007). However, how the source acquires

the specific trace-element and CO, content required to explain the
composition of alkaline rocks worldwide remains unclear.

Melt-Peridotite Reaction

The second alternative to produce alkaline rocks suggests
that the different lithologies (e.g., recycled oceanic crust, sedi-
ments, and enriched mantle) melt at depth and that these melts
then react with the surrounding peridotite and are homogenized
before reaching the surface (Fig. 8).

The melt-peridotite reactions produce dissolution of
orthopyroxene and precipitation of olivine (or vice versa) as a
function of the silica activity of the melt (Lambart et al., 2012).
Clinopyroxene could also be an important reaction product and
is observed in some melt-peridotite reaction experiments, but
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the factors that control its dissolution or crystallization during
reaction are less well constrained. Figure 8 illustrates the differ-
ent trends produced by the reaction of liquids with various silica
activities with peridotite. The nephelinite (+ 1.8 wt% H,0)-
peridotite reaction (orange arrows in Fig. 8) produces an increase
in silica content in the reacting melt associated with the dissolu-
tion of orthopyroxene and precipitation of olivine until the liquid
is in equilibrium with olivine-orthopyroxene-clinopyroxene and
spinel (Pilet et al., 2008). In contrast, experiments using reacting
melts with high silica activity will dissolve mantle olivine, lead-
ing to orthopyroxene precipitation (red arrows, Fig. 8) (Yaxley
and Green, 1998; Mallik and Dasgupta, 2012). These latter
experiments are the basis of a two-step model for the genera-
tion of silica-rich tholeiites proposed by Sobolev et al. (2005).
In this model, silica-oversaturated melt produced at depth from
recycled eclogite reacts with peridotite producing orthopyroxene-
clinopyroxene-garnet pyroxenite, and the subsequent melting of
this pyroxenite at shallower depth and mixing with melts there
derived from the surrounding peridotite produce the silica-rich
tholeiites observed at Hawaii and other large islands (Sobolev
et al., 2007). All reacted melts produced in these dry or H,O-
undersaturated reaction experiments show compositions that
approach peridotite melt in terms of silica content (Fig. 8B) but
keep the specific enrichments in incompatible elements such as
TiO, or KO of their initial reacting melts (Figs. 8C-8D). Oliv-
ine does not incorporate TiO,, K O, AL O,, or Na,O in its lat-
tice, so its precipitation or dissolution does not affect the initial
ALO,/TiO, or Na,O/K,O ratios of the melts. Orthopyroxene and
clinopyroxene might incorporate TiO,, Al,O,, and Na,O in small
to moderate amounts, and therefore melt-rock reactions involv-
ing pyroxene precipitation or dissolution can cause variations
in the A1,O,/TiO, or Na,O/K O ratios. Figures 8C and 8D show
the evolution of Al,O,/TiO, and Na O/K O ratios during melt-
peridotite reaction and indicate that if the initial ratio is too differ-
ent from the ratio of the alkaline rocks, melt-peridotite reaction
is unable to modify these ratios sufficiently to produce the ratios
observed in alkaline sodic mafic lavas.

The addition of CO, during melt-peridotite reaction (from
0 to 5 wt%, Fig. 8) modifies the melt composition by slightly
decreasing the SiO,, TiO,, and Al,O, content and increasing the
CaO content in the reacting melt (Mallik and Dasgupta, 2014).
These chemical variations are linked to the variation in phase
proportions coexisting with melt as a function of CO, content.
The increase in orthopyroxene content coexisting with CO -rich
melts observed by Mallik and Dasgupta (2014) is explained by the
increase of the silica activity of the melt in the presence of CO,,
an increase which modifies the relative proportion of orthopy-
roxene-olivine coexisting with the melt (where the silica activity
in the melt is buffered by olivine and orthopyroxene). Based on
these experimental results, Mallik and Dasgupta (2014) devel-
oped an empirical model to predict reacted melt composition as a
function of reacting eclogite-derived andesite fraction and source
CO, concentration. This model suggests that low-SiO, alkaline
basalts can be produced from MORB eclogite if CO, is pres-
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ent during the reaction with peridotite and if the reacted melt is
then mixed with a low-degree melt from peridotite (+ CO,). This
model is attractive because it could reconcile the composition of
alkaline magma with the melting of oceanic crust. Nevertheless,
several questions remain, in particular regarding the incompat-
ible trace element (including K,O) content of the melts before
and after melt-peridotite reaction.

Various studies of the melting of a heterogeneous upwelling
mantle (Hirschmann and Stolper, 1996; Phipps Morgan, 2001;
Ito and Mahoney, 2005; Stolper and Asimow, 2007) indicate
that the melting parameters determined for individual lithologies
could vary significantly if the interaction between these lithol-
ogies is taken into account. For example, if low-solidus mafic
material melts during adiabatic decompression but is chemically
isolated from, but in thermal equilibrium with, enclosing perido-
tite, the degree of melting of this material will be enhanced rela-
tive to the amount of melting that sources composed only of this
material would undergo. The enclosing peridotite will then be
“refrigerated” by the melting of the mafic component, and thus
will melt at lower pressure and to lower degrees than if the veins
were not present (Hirschmann and Stolper, 1996; Stolper and
Asimow, 2007). This point is extremely important for the melting
of recycled eclogite. Ito and Mahoney (2005) have shown that, in
an upwelling mantle, pyroxenite embedded in depleted peridotite
is likely to melt to a large extent before reaching the base of the
lithosphere. This is in contradiction with the geochemical study
of Stracke et al. (2003) which indicates that the degree of par-
tial melting at which MORB eclogite needs to melt to satisfy the
trace-element composition of alkaline basalt is limited to ~1%. To
develop their model, Mallik and Dasgupta (2014) used a fertile
peridotite reacting with CO,-doped andesitic melt corresponding
to 8.9% partial melting of a natural volatile-free MORB eclogite
at 3 GPa (data from Pertermann and Hirschmann, 2003a). The
assumed degree of pyroxenite partial melting (F' = 8.9%) is sig-
nificantly lower than that predicted by thermodynamic models
(Ito and Mahoney, 2005). It is unlikely that higher-degree par-
tial melting of MORB pyroxenite could satisfy the trace-element
content of alkaline lavas. For example, the maximum KQO con-
tent produced in the reaction experiments of Mallik and Das-
gupta (2014) is 0.4 wt% (on a volatile-free basis), lower than that
observed in low-Si alkaline lavas (~0.5-2 wt%).

Furthermore, melt derived from recycled oceanic crust
is likely to be characterized by highly variable Al,O,/TiO, or
Na, O/K,O ratios (and trace-element enrichments; Figs. 6C, 6D).
Melt-peridotite reaction does not modify these ratios significantly
(Figs. 8C, 8D), so it is unlikely that this could explain the forma-
tion of alkaline lavas characterized by the specific compositions
observed worldwide (Figs. 3, 6A, 6B). In contrast, the model
proposed by Mallik and Dasgupta (2014) suggests that the main
factor needed to produce low-Si lavas is the presence of CO, dur-
ing melt-peridotite interaction. Thus, in view of the large range
of composition of melts predicted for the melting of recycled
lithologies (Figs. 5 and 6), the emission of low-Si alkaline lavas
with variable A1,O,/TiO, or Na,O/K O ratios and enrichment of
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incompatible trace elements would be expected. However, it is
not observed.

In summary, as indicated by Lambart et al. (2012), melt-
peridotite interaction is a process fundamental to understanding
the extraction of melts from the mantle. However, as regards the
variability of melts produced from recycled lithologies in upwell-
ings, this mechanism alone cannot explain the formation of alka-
line lavas with specific compositions.

Melting of Metasomatized Lithosphere (with and
without Reaction with the Surrounding Mantle)

In the third alternative, the melting of heterogeneous mantle
produces basaltic melts with variable composition that infiltrate
the base of the lithosphere. These melts do not reach the sur-
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face but produce metasomatic anhydrous and hydrous cumulates
across the lithospheric mantle. Melting of the hydrous cumulates
characterized by lower solidus temperatures produces the low-Si
alkaline lavas observed at the surface (Fig. 9A).

Experimental petrology results (Pilet et al., 2008) indicate
that high-degree melting of amphibole-bearing metasomatic veins
followed by variable amounts of interaction with surrounding
mantle can reproduce the key major- and trace-element features
of alkaline magmas (Figs. 9 and 10A). Figure 9 reports experi-
mental results from liquids obtained at 1.5 GPa and temperatures
varying from 1150 °C to 1400 °C from mostly pure natural horn-
blendite (sample AG4) and clinopyroxene hornblendite (sample
AGT7) from the French Pyrenees. The initial melts produced in
both series of experiments are controlled by the incongruent melt-
ing of amphibole that creates 60% nephelinitic/basanitic melt +
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o Mid-ocean-ridge basalt

Melt from (Starting composition):

4 ([J)Hornblendite at 1.5 GPa

A (A) Cpx-hornblendite at 1.5 GPa
(Pilet et af., 2008)

Reaction melt from
Hornblendite melt - peridotite

=< reaction at 1.5 GPa
(Pilet et af., 2008)
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Figure 9. (A) Schematic model illustrating the generation of alkaline basalts by melting of metasomatized lithosphere. (B-D) Total alkali (B),
AlLO,/TiO, (C), and Na,0/K,0O (D) versus SiO, (volatile-free) diagrams for ocean-island basalts and mid-ocean-ridge basalts compared to
experimental melts produced by the melting of metasomatic amphibole-bearing veins at 1.5 GPa (Pilet et al., 2008). Cpx—<clinopyroxene. As
melts from metasomatic veins are highly dependent on the composition of their enclosing amphibole, the composition of amphibole from meta-
somatic veins observed in oceanic and continental setting is shown in C and D (see Pilet et al. [2008] for references). The orange arrow in panels
B-D 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. The
dashed line in panel B distinguishes alkaline from subalkaline lavas according Irvine and Baragar (1971).
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30% clinopyroxene + 10% olivine and spinel (Pilet et al., 2008).
This melting behavior explains why the melts produced for both
starting materials at 1250 °C (first melt composition reported for
clinopyroxene hornblendite, AG7 experiment) are mostly similar
(Fig. 9). Only at a temperature higher than ~1275 °C (at 1.5 GPa)
does the amount of clinopyroxene in the starting material start
to be important. These experiments suggest that the main factor
that explains the formation of nephelinite/basanite melts is the
presence of amphibole, and that any metasomatic vein containing
amphibole can produce low-Si alkaline melts.

Pilet

<
<

Figure 10. (A) Primitive mantle-normalized trace-element abun-
dances for hornblendite (AG4) and clinopyroxene hornblendite (AG7)
melts produced in melting experiments at 1.5 GPa (Pilet et al., 2008).
(B—C) Primitive mantle-normalized main results of the Monte Carlo
simulation of metasomatism enrichment in the lithosphere (Pilet et al.,
2011). In these simulations, low-degree melts (L™ _ _ , in B) produced
from the melting of a DMM to E-DMM source (green band in B) do not
produce basaltic melt at the surface, but percolate and differentiate across
the lithospheric mantle, producing first anhydrous cumulates (clinopy-
roxene + garnet and/or olivine, blue band in C) and then hydrous cumu-
lates (amphibole + clinopyroxene + accessory minerals, red band in C)
(see Pilet et al. [2011] for details of the calculation). The gray band in all
panels shows the range (defined as =16 of the average) of trace-element
contents in low silica ocean-island basalt lavas (4045 wt% SiO,)
with 8-15 wt% MgO. Cpx—clinopyroxene.

Figure 10A illustrates the trace-element composition of
the hornblendite (+ clinopyroxene) melts which show a high
degree of trace-element enrichment associated with LREE/
HREE fractionation resembling the oceanic nephelinites and
basanites (see Pilet et al. [2008] for details). These experiments
demonstrate therefore that low-Si alkaline melts can be pro-
duced from a relatively high degree of melting of amphibole-
bearing metasomatic veins present within the lithosphere. This
is the major difference from other models for the generation of
alkaline lavas. In this model, alkaline rocks are produced by
large degrees of melting of small volumes of trace element— and
volatile-rich material rather than by low degrees of melting of
less-enriched material as is commonly assumed. However, the
incompatible trace-element composition of melts produced at
high degrees of partial melting (more than a few tenths of a
percent) mostly reflects the composition of their sources. So
an important question related to this model is how these meta-
somatic veins are formed given that some diagnostic features
of alkaline magmas observed worldwide are simply inherited
from their metasomatic source lithologies.

Metasomatic Enrichment in the Lithosphere

Metasomatic enrichment in the lithosphere is observed
via the presence of cumulates (metasomatic veins) associated
with cryptic and modal metasomatism in peridotite. This is
interpreted as the percolation and differentiation of low-degree
volatile-rich melts within the lithosphere (e.g., Bodinier et al.,
1987; Nielson and Noller, 1987; Wilshire, 1987; Nielson and
Wilshire, 1993; Harte et al., 1993). The high content of incom-
patible trace elements observed in metasomatic veins has sug-
gested that the low-degree melts that produce these veins are
similar to alkaline magmas (e.g., Bodinier et al., 1987). How-
ever, fractional crystallization experiments performed at litho-
spheric mantle pressure (0.93-1.5 GPa) starting from an ini-
tial CIPW nepheline-normative liquid (Pilet et al., 2010) and
a CIPW orthopyroxene-normative one (Nekvasil et al., 2004)
demonstrate that the amphibole-bearing cumulates similar to
hydrous metasomatic veins could be produced by differentiation
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of any basaltic melt, no matter if this melt is alkalic or subalka-
lic. The only constraint is that the basaltic melt needs to contain
~1 wt% H,O, which is likely for melt produced at a low degree
of partial melting from the asthenospheric mantle. Figure 11
shows that the composition of amphibole crystallizing in these
two series of fractional crystallization experiments (Nekvasil
et al., 2004; Pilet et al., 2010) is similar to that of amphibole
observed in metasomatic veins worldwide. The similarity of
amphibole composition crystallizing from initial orthopyrox-
ene- or nepheline-normative liquids indicates that the miner-
alogical structure of the amphibole is more important from the
point of view of controlling its major-element composition than
the composition of the melts from which amphibole crystal-
lized (Pilet et al., 2010). This is particularly well expressed by
the AL,O,/TiO, ratio of the amphiboles, which is mostly con-
stant (from 2.5 to 4, Fig. 11C) even while the ratios in the melts
from which amphiboles crystallized vary significantly (from 3
to 40). Figure 11 demonstrates also the perfect match between
the amphibole observed in metasomatic veins and the composi-
tion of low-Si alkaline lavas, illustrating a fundamental aspect
of the metasomatic hypothesis: the formation of amphibole
cumulates suitable to be a source for low-Si alkaline lavas in
term of major elements could be explained by the percolation
of any type of low-degree melts from the asthenosphere (i.e., it
does not matter if the initial liquid is nepheline or orthopyrox-
ene normative; Fig. 11).
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Monte Carlo Simulation for Metasomatic Enrichment in
the Lithosphere

To evaluate the type of mantle source required to produce
amphibole cumulates as rich in incompatible trace elements as
observed in natural metasomatic veins from the French Pyrenees
(whole-rock AG4 and AG7 in Fig. 10A), Pilet et al. (2011) per-
formed Monte Carlo simulations of the metasomatic enrichment
in the lithosphere starting from low-degree melt from sources
similar to depleted MORB mantle (DMM). The use of Monte
Carlo simulation allowed propagation of the uncertainty of the
different parameters that control the formation of the metaso-
matic veins. These include the source composition (varying from
DMM to E-DMM), the degree of partial melting (F varying from
0.5% to 1.7%), and the proportion of phases including accessory
minerals that crystallized during the percolation and differentia-
tion process. This model is constrained by experiments and the
mineral compositions and modes observed in metasomatic veins
(Pilet et al., 2011). It assumes that migration, cooling, and frac-
tional crystallization of the metasomatic melts within the litho-
spheric mantle generate a continuum of phase assemblages from
anhydrous (clinopyroxene + garnet + olivine) to hydrous (clino-
pyroxene + amphibole + phlogopite) veins plus cryptic enrich-
ment in the surrounding peridotite. The main conclusion of these
simulations is that the compositions of the hydrous cumulates
calculated are highly enriched in incompatible trace elements and
their patterns share many similarities with the patterns of alkaline
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Figure 11. (A-B) Al,0,/TiO, versus SiO, (volatile-free) (A) and Na,O/K O versus SiO, (volatile-free) (B) diagrams for ocean-island basalts and
mid-ocean-ridge basalts compared to the composition of amphibole from oceanic and continental metasomatic veins (yellow triangles; see Pilet
et al. [2008] for references) and amphibole crystallizing in fractional crystallization experiments at lithospheric pressure starting from distinct
initial melts (silica-saturated melts from Nekvasil et al. [2004] and silica-undersaturated melts from Pilet et al. [2010]). (C-D) Comparison of
Al0,/Ti0, and Na,O/K, O ratios in amphibole versus coexisting liquids in different crystallization experiments (Tiepolo et al., 2000; Nekvasil et
al., 2004; Pilet et al., 2010). Amph—amphibole; Ne-norm—nepheline-normative; hy-norm—hyperstene-normative.
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OIBs (positive Nb/La, negative Ce/Pb, same LREE/HREE
fractionation; Fig. 10C). These simulations also show that the
source of these crystallizing melts does not need to be extremely
enriched in incompatible trace elements, but could correspond
to DMM. This study demonstrated that the differentiation of
low-degree melts from a MORB mantle source (Fig. 10B) can
produce amphibole-bearing cumulates suitable to be a source of
alkaline lavas in terms of trace-element compositions (Pilet et al.,
2011; Fig. 10C).

The combination of experimental data on the differen-
tiation of basaltic melts across the lithosphere with the Monte
Carlo simulation supports the model suggested for the formation
of alkaline lavas in the Cantal massif (Central Massif, France;
Pilet et al., 2004). This three-step model needs to be viewed in a
dynamic way:

(1) The heterogeneous asthenospheric mantle melts at low
degrees, producing initial metasomatic melts (Fig. 12A).
(2) These melts percolate and differentiate along the ther-
mal gradient in the lithosphere and produce metasomatic
cumulates with major- and trace-element compositions
suitable for a source of low-silica alkaline lavas (Fig.
12B). The progressive addition of metasomatic veins
modifies the thermal gradient of the lithospheric mantle.

Low-silicate alkaline basalts

Lithospheric mantle

decompression
melting

Stage 1: generation of low
degree melts in the astheno-
sphere

Stage 2: percolation and
differentiation of the meta-
somatic melts

low asthenospheric melt production - thick lithosphere

Stage 3. melting of metaso-
matic veins and generation of
alkaline basalts

Pilet

At some point, the rise in temperature is sufficient to
remobilize the amphibole veins characterized by low sol-
idus temperature (~1150-1175 °C from 1.5 to 2.5 GPa)
precipitated at an early stage (Figs. 12B-12C).

(3) The remelting of the amphibole-bearing veins produces
low-silica alkaline magmas, while melt-peridotite reac-
tion explains the compositional continuum observed in
alkaline volcanoes (Fig. 12C).

The implication of amphibole in the source of intraplate
magmas has been proposed by various authors (e.g., Class and
Goldstein, 1997; Jung et al., 2005; Panter et al., 2006; Ma et al.,
2011; Adam and Green, 2011; Rooney et al., 2014) in order to
explain the Rb, Ba, and K content of alkaline lavas, but the detail
of the proposed models may differ from the model suggested
here. The strength of the metasomatized lithosphere model is that
the formation of amphibole cumulates is independent of the pro-
cess responsible for generation of the initial metasomatic melts
at the base of the lithosphere. Various processes such as mantle
upwelling linked to mantle convection, shallow tectonic process
creating lithosphere thinning, or delamination of the base of the
crust are able to generate low-degree melts at the base of the lith-
osphere, which, by percolation and differentiation, may produce
amphibole-rich cumulate suitable to be the source of alkaline

Figure 12. (A-C) Schematic models for the generation of alkaline lavas by the melting of metasomatic lithosphere. (A) The heterogeneous
asthenospheric mantle melts to a low degree and produces initial metasomatic agents. (B) These melts percolate and differentiate along the
thermal gradient in the lithosphere and produce metasomatic cumulates. The process is associated with the rise of the lithosphere thermal
gradient. (C) When the temperature is sufficient (1150-1175 °C), amphibole-bearing cumulates melt and produce low-silica alkaline lavas
such as nephelinites or basanites. The compositional continuum observed in alkaline volcanoes is explained by various degrees of melt-
peridotite reaction. (D) The model shown in A—C is realistic only at low asthenospheric melt production rates. If this production is too high,
asthenospheric melts reach the surface directly and produce the tholeiites observed in large oceanic islands such as Hawaii or La Réunion.
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magmas. This provides an explanation of why alkaline magmas
are so similar in different tectonic contexts (e.g., intracontinental,
intraoceanic, continental rifting). The metasomatized lithosphere
hypothesis is also in agreement with the potential origin of intra-
plate magma from the LLAMA model (laminated lithologies
and aligned melt arrays; Anderson, 2011; Anderson and Natland,
2014). This zone is inferred from high-resolution seismic body
waves recorded at the base of the lithosphere (Kawakatsu et al.,
2009) to contain fertile, metasomatic, enriched, depleted, refrac-
tory, and ancient components which are segregated into lamel-
lae by shear rather than chaotically stirred into a marble cake.
Low-degree melts extracted from this zone are ideal candidates
to produce enriched metasomatic veins suitable for the source of
low-Si alkaline lavas.

Nevertheless, several aspects of the metasomatized litho-
sphere hypothesis for the origin of alkaline magmas require
further study. First, the generation of isotopic heterogeneities
observed in alkaline lavas requires long-term isolation of com-
ponents characterized by variable trace-element ratios (e.g., Rb/
Sr, Sm/Nd, Lu/Hf, U/Pb), while the dynamic model illustrated in
Figure 12 implies a short-term process. We suggest that the isoto-
pic variations observed in alkaline lavas worldwide are not linked
to the metasomatic process itself, but to the heterogeneous nature
of the convecting mantle. The isotopic composition of the under-
lying asthenosphere will control the isotopic composition of the
alkaline lavas, while the major- and trace-element content is con-
trolled by the petrological process responsible for the formation
of metasomatic veins. The metasomatized lithosphere hypothesis
is therefore not at odds with isotopic studies on OIBs which dem-
onstrate that the mantle is heterogeneous. On the contrary, this
model could solve the problem that components such as recycled
oceanic crust, recycled sediments, and delaminated continental
crust are unlikely to be the source lithologies of the alkaline lavas
by transfering the isotopic signature of these recycled lithologies
to the metasomatized lithospheric source.

The metasomatized lithosphere model suggests that alkaline
rocks could be produced by large degrees of melting of small vol-
umes of trace element— and volatile-rich material. An important
question is related to the volume of metasomatic veins required
to produce the alkaline magmas observed at the surface. Melt-
ing experiments on hornblendite (Pilet et al., 2008) show that it
is not the proportion of the hydrous veins that is important, but
the proportion of amphibole. Melting experiments on amphibole-
bearing veins indicate that amphibole breakdown will create 60%
low-Si alkaline liquid + 30% clinopyroxene + 10% olivine and
spinel (at 1.5 GPa; Pilet et al., 2008). Thus, the mass of amphibole
that needs to be present at depth is required to be about twice the
mass of erupted lavas. Amphibole is a major crystallizing phase
during the percolation and differentiation of low-degree melts
across the lithosphere (Nekvasil et al., 2004; Pilet et al., 2010).
Nekvasil et al. (2004) and Pilet et al. (2010) demonstrated that
one-third to one-half of the initial melt is converted to amphibole.
As a consequence, for every 1 km? of asthenospheric melts that
percolates and differentiates across the lithosphere, 0.3-0.5 km?®
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of amphibole will be created associated with the production of
0.5-0.7 km® of anhydrous cumulates such as pyroxenite. Assum-
ing that all the amphibole melts and that 60% of the amphibole
is converted to alkaline melts, it would create 0.18—0.3 km? of
alkaline magmas. It is interesting to note that the volume pro-
portion of extrusive versus intrusive magmas estimated in this
model (~0.2-0.4) is similar to the estimate by Schmincke (2004)
for extrusive versus intrusive magma emitted by intraplate volca-
nism globally (0.4 km?® of extrusives for every 2 km?® of intrusive
magmas; Schmincke, 2004).

A third question is the mechanism by which amphibole-
bearing metasomatic cumulates melt. As suggested by Pilet et al.
(2004) and illustrated in Figure 12, the melting of metasomatic
veins is explained by the migration of the thermal front associated
with progressive metasomatism of the lithosphere. This model
is based on the process of thermal erosion of the lithosphere
observed, for example, in the Ronda peridotitic massif (southern
Spain; Van der Wal and Bodinier, 1996; Bodinier et al., 2008) or
in eastern Central Alps ophiolites (Miintener et al., 2010). Nev-
ertheless, the physical aspect of the metasomatic model remains
poorly constrained, and physical modeling is required to evaluate
if this mechanism is realistic or not.

THERMAL IMPLICATION OF THE DIFFERENT
HYPOTHESIS FOR THE FORMATION OF
THE LOW-SILICA ALKALINE BASALTS

Various petrological studies have used tholeiitic basalts
sampled at mid-ocean ridges and oceanic islands to constrain
the thermal state of the convecting mantle and the potential man-
tle temperature at which basalt from ocean islands or LIPs are
formed (Asimow et al., 2001; Green et al., 2001; Herzberg and
O’Hara, 1998; Kinzler and Grove, 1992; Putirka, 2005; Putirka
et al., 2007). These studies are based on experimental constraints
showing that MgO and FeO content in basalt vary as a function of
melting temperature of dry peridotite. Based on the assumption
that tholeiites are produced by melting of peridotite, most stud-
ies conclude that tholeiites observed in large ocean islands and
LIPs are produced at higher temperature that MORBs. Neverthe-
less, some authors disagree with the method used to estimate the
composition of primitive magma and, by extension, the melting
temperatures calculated (e.g., Presnall and Gudfinnsson, 2011).
In contrast to tholeiitic magmas, the temperature at which alka-
line basalts are produced is not well constrained. For example,
Herzberg and Gazel (2009) constrained the melting temperature
and extent of melting for LIPs and ocean islands. However, they
excluded all low-Si alkaline lavas assuming that these rocks are
produced by CO,-rich sources.

The lack of consensus regarding the thermal regime in which
alkaline rocks are produced can be understood if the different
hypotheses suggested for the origin of these rocks are considered.
In this section we will evaluate qualitatively the thermal implica-
tions of the three hypotheses discussed in this paper for the origin
of alkaline rocks, i.e., (1) melting of metasomatized peridotite in
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the presence of CO,, (2) melt-peridotite reaction, and (3) melting
of metasomatized lithospheric veins.

Figure 13 shows the solidi of various materials potentially
present in the upwelling mantle feeding oceanic or continental
intraplate volcanoes. This figure illustrates that, assuming real-
istic potential adiabatic temperatures from 1320 °C to 1550 °C,
any fertile lithology (i.e., pyroxenite + CO,/H,O, volatile-bearing
peridotite) embedded in an upwelling mantle melts to some
extent before reaching the base of thick, old oceanic lithosphere.
Melting of depleted MORB mantle (indicated by the solidus for
dry anhydrous peridotite in Fig. 13) is limited beneath old oce-
anic lithosphere and will occur only if T is high. This provides
a maximum temperature for the generation of low-Si alkaline
lavas. This is because any melts produced from fertile litholo-
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Figure 13. Pressure-temperature (P-7) diagram showing locations of
the solidi of various lithologies potentially present in a heterogeneous
mantle: peridotite in the presence of CO, (black long-short dashed
line; Dasgupta and Hirschmann, 2006, 2007), silica-deficient garnet
(Gt) pyroxenite (gray solid line; Hirschmann et al., 2003; Kogiso et
al., 2003; Keshav et al., 2004), anhydrous peridotitic mantle (black
solid line; Hirschmann, 2000), hydrous peridotite calculated assum-
ing a H)O content of 500 ppm (blue dashed line; Katz et al., 2003),
and mid-ocean-ridge basalt (MORB)-like pyroxenite (green dashed
line; silica-excess pyroxenite; Pertermann and Hirschmann, 2003b).
The condition for the generation of silicate-carbonated melts from
peridotite and pyroxenite in the presence of CO, (black and gray
dashed lines; Dasgupta and Hirschmann, 2007) are also shown for
reference. The gray bands represent geotherms for a mantle potential
temperature of 1320-1380 °C (corresponding to a mid-ocean adiabat
path; adiabat gradient of 10 °C/GPa) and for a high mantle potential
temperature (1450-1550 °C) similar to estimates for mantle plumes.
*—P-T conditions for the generation of alkaline (alk.) melts from
peridotite in the presence of CO, are estimated using a CO, content in
peridotite of 0.25 wt% and degree of partial melting from 1% to 5%
(according to Dasgupta and Hirschmann [2007]) and parameteriza-
tion of the effect of CO, on melting temperature from Dasgupta et al.
(2007). **—P-T condition suggested by Mallik and Dasgupta (2014)
for the generation of alkaline lavas via pyroxenite melt-peridotite re-
action in the presence of CO,.
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gies, CO,-rich lithologies, or pyroxenites representing a poten-
tial asthenospheric source for alkaline basalts would be mixed
with more abundant tholeiitic melts produced from the depleted
MORB mantle if the enclosing mantle reached its solidus.

Figure 13 shows the pressure-temperature conditions esti-
mated by Dasgupta and Hirschmann (2007) for the generation
of alkali basalt via the melting of metasomatized peridotite in
the presence of CO,. These conditions, in particular for the low-
Si nephelinites or basanites that require low degrees of partial
melting (1%—-5%; Dasgupta and Hirschmann, 2007), suggest
aT in the lower range of MORBs. Mantle characterized by
higher T, will begin melting of CO,-rich rock deeper and allow
this mantle to melt to higher extents before reaching the base of
the lithosphere.

Melt-peridotite reaction is expected to occur at any tempera-
ture or pressure. Thus, the condition for the generation of alkaline
rocks via infiltration and melt-peridotite interaction is strongly
dependent on the conditions of melting of the fertile lithologies
generating the reacting melt. This is more important than the
pressure-temperature conditions of the reaction itself. In order
to explain the high trace-element contents of alkaline rocks, the
degree of partial melting of the fertile lithologies must be low.
Considering the low solidi of recycled lithologies (Fig. 13), T, is
forced to be close to MORB values. Nevertheless, as indicated
before, the high fertility of pyroxenite (i.e., high 8F/&P, in GPa™;
Ito and Mahoney, 2005) makes it difficult to limit the extent of
melting of such material to low degrees.

In the metasomatized lithosphere hypothesis, the melting
of fertile lithologies from asthenospheric mantle is not related
to the generation of alkaline lavas, but to the generation of the
metasomatic agent which produces the metasomatic veins by
percolative fractional crystallization. The model for the forma-
tion of metasomatic veins constrains the potential temperature
required for the generation of metasomatic veins suitable to be
a source of alkaline lavas. Low-degree melts (F = 0.5%-1.5%)
from a source similar to depleted MORB mantle is sufficiently
enriched in trace elements to produce such metasomatic veins
(Pilet et al., 2011) and requires Tp around 1350-1380 °C if the
peridotites are slightly enriched in volatiles (500 ppm of H,O
and 150 ppm of CO,). This temperature will also be sufficient
to partially melt other fertile lithologies such as pyroxenites
potentially present in a heterogeneous asthenosphere. Mantle
regions characterized by higher T, will produce higher amounts
of asthenospheric melt, limiting the lithospheric filter role (i.e.,
the melts will reach the surface without producing the metaso-
matic enrichment required to explain the chemical composition
of alkaline magmas; Fig. 12D).

In summary, all the models for the origin of low-Si alka-
line mafic magmas require low 7 _to limit the degrees of partial
melting of the heterogeneous mantle. This suggests that the for-
mation of nephelinite or basanite is at odds with the presence of
thermal anomalies. A similar conclusion has been reached by
Herzberg and Gazel (2009) and Lustrino (2011) using different
approaches. However, in order to exclude hot mantle plumes
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in such environments it is necessary to discuss the processes
responsible for the continuum from nephelinite to alkali basalt
and sometimes tholeiite observed in many alkaline volcanoes.
In particular the generation of alkali basalt—tholeiite associa-
tions could potentially imply higher melting temperatures than
hypothesized for nephelinites.

POTENTIAL ORIGIN OF THE CONTINUUM
NEPHELINITE-BASANITE-ALKALI
BASALT-THOLEIITE

The compositional continuum in terms of SiO, and alkalis
from nephelinites and basanites to alkali olivine basalts and
sometimes tholeiites (Fig. 1) is observed in many intraplate
volcanoes (Caroff et al., 1997; Wilson et al., 1995; Lustrino et
al., 2002). The trace-element patterns and isotopic composi-
tion are generally similar for the various basic magmas from a
single province, but with overall trace-element concentrations
decreasing with decreasing alkalinity (i.e., as magmas become
less nepheline normative and reach orthopyroxene-normative
compositions). The general decrease in incompatible trace-
element concentrations without substantial complementary
change in isotope composition or trace-element ratios from
nephelinites and basanites to alkali olivine basalts and tholei-
ites has been interpreted as an increase in the degree of partial
melting of a common source (Wilson et al., 1995; Caroff et al.,
1997; Lustrino et al., 2002). Lustrino et al. (2002) suggested
that the degree of partial melting increases from 4%—6% for
the generation of alkaline lavas to 10%—-15% for tholeiites in
Sardinia (Italy), while Caroff et al. (1997) reported smaller
ranges for an alkaline suite in Tubaii (Austral Islands, French
Polynesia) (1.5%-3% for nephelinites versus 5%-8% for
alkali olivine basalts).

Experimental studies have shown that an increase of melt
fraction for dry peridotite or MORB pyroxenite from 5% to
15% at constant pressure implies an increase in temperature of
a maximum of 50-80 °C (Pertermann and Hirschmann, 2003b;
Walter, 1998; Wasylenki et al., 2003). A lower estimate for the
temperature increase is provided by Hirschmann et al. (1998)
that indicates an increase of 0.45% in the degree of partial melt-
ing of fertile peridotite for each degree of temperature increase.
The temperature change required to increase the degree of
partial melting from 2% to 8% for a peridotite source slightly
increases as a function of the amount of CO, added (Dasgupta
etal., 2007). Nevertheless, the temperature to produce 8% melts
from a peridotite containing 1000 ppm of CO, at 3 GPa is still
low (~1480-1490 °C; Dasgupta et al., 2007). These constraints
suggest that the formation of lavas of nephelinite and basa-
nite to alkali basalt and tholeiite composition from a common
source is not associated with significant thermal variations in
the upwelling mantle. Taking into account that nephelinite gen-
eration requires low T, the difference required to generate more
tholeiitic lavas does not imply significantly different tempera-
ture (+ 50-80 °C maximum).
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Pilet et al. (2008) called into question the interpretation of
the alkaline series continuum as a simple increase in the degree
of partial melting of a common source. The major problem with
this interpretation is that no experiments on mantle lithologies
(peridotite, pyroxenite) have reproduced the observed composi-
tional spectrum or the observed range of silica contents, which
is ~40-48 wt% SiO, (Figs. 1A and 5; Hirose and Kushiro,
1993; Walter, 1998; Hirschmann et al., 2003; Pertermann and
Hirschmann, 2003a; Kogiso et al., 2003; Wasylenki et al., 2003;
Keshav et al., 2004; Kogiso and Hirschmann, 2006; Dasgupta
and Hirschmann, 2007). For example, Hirschmann et al. (1998)
showed that the progressive melting of peridotite is associated
first with a decrease in silica for melt fractions of 0%—-5% fol-
lowed by a nearly constant SiO, content from 5% to 15% melt-
ing. Alternatively, the compositional continuum from nephelinite
and basanite to alkali basalt and tholeiite has been interpreted as
a reaction between nephelinitic and/or basanitic liquid and sur-
rounding peridotite (Lundstrom et al., 2000; Pilet et al., 2008).
The interpretation of this continuum as a reaction between an
alkaline magma and peridotite is supported by sandwich experi-
ments where alkaline melts produced by hornblendites react
with peridotite (Pilet et al., 2008). Figures 8 and 9 show that the
melts produced by the reaction are significantly richer in SiO,
(~4-5 wt% more) than the initial alkaline liquid. This increase
is explained by the dissolution of orthopyroxene and the precip-
itation of olivine and minor clinopyroxene. The dissolution of
orthopyroxene is in line with a decrease in incompatible trace-
element contents in the reacted melts. Pilet et al. (2008) indicated
that the compositional differences between the initial nephelinitic
melt and the melt produced by reaction are broadly similar to the
major- and trace-element variations observed in nephelinites and
basanites through alkali basalts and tholeiites. This interpretation
suggests that no additional heat is required to explain the chemi-
cal continuum of alkaline rocks, and variable melt-rock ratios
alone are sufficient to produce this trend. The interpretation of
tholeiitic magma as a product of a reaction is valid only for vol-
canoes showing this continuum and where the tholeiites show
similar trace-element patterns and ratios as low-SiO, lavas. The
case of Hawaii is clearly excluded because trace-element pat-
terns of tholeiitic lavas produced during the main shield stage are
significantly different from the post-shield and rejuvenated stage
alkaline rocks.

In summary, all current hypotheses for the origin of alkaline
lavas suggest low potential temperatures. The formation of intra-
plate volcanoes by the eruption of alkaline lavas ranging from
nephelinite to alkali basalt and tholeiite is inconsistent with the
presence of thermal anomalies at depth. This suggests that any
model favoring hot thermal plumes to produce volcanoes domi-
nated by alkaline lavas is unrealistic.

CONCLUDING REMARKS

Alkaline lavas observed worldwide, in particular the low-silica
ones, are characterized by mainly similar major- and trace-element
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compositions, but with variable isotopic signatures. Many mod-
els have been proposed for the origin of these rocks, but many fail
to explain simultaneously the petrological and geochemical con-
straints associated with their formation. First, the source of these
rocks needs to be more enriched, in term of incompatible trace
elements, than the primitive mantle. Second, the source needs to
produce silica-undersaturated rocks like nephelinite or basanite
characterized by mostly constant alkali and Al,O,/TiO, ratios.

High-pressure experiments and thermodynamic constraints
indicate that the melting of pyroxenites derived from recycled
oceanic crust is unable to explain the major- and trace-element
contents of alkaline magmas. Two hypotheses have been sug-
gested involving these recycled lithologies, which are commonly
assumed to be the major carrier of enriched isotopic signatures.
First, oceanic crust could be digested by peridotitic mantle to
produce metasomatized peridotite, which could then melt in the
presence of CO, and produce alkaline magmas. Second, melt-
peridotite reaction in the presence of CO, could modify the initial
composition of melt derived from recycled oceanic crust before
these melts reach the surface. Nevertheless, these two models
require specific conditions (amount of recycled of crust and CO,
present in the asthenospheric source, degree of partial melting
at which recycled lithologies melt) to explain the trace-element
signature of alkaline rocks observed worldwide.

The alternative suggests a metasomatized lithosphere
model. In this model, the trace-element pattern of alkaline lavas
is explained by the petrological process that controls the forma-
tion of the metasomatic veins (Pilet et al., 2011). The isotopic
variability observed in these rocks is related to the heterogeneous
nature of the underlying asthenospheric mantle that creates the
melt that metasomatizes the lithosphere.

One important aspect of this model is that it provides a
link between the Na- and K-alkaline lavas. If Na-alkaline lavas
are the dominant type of rocks in oceanic settings (with some
exceptions such as the petit-spot lavas and some unusual K-rich
rocks in the Line Islands seamounts, central Pacific Ocean,;
Natland, 1976; Hirano et al., 2006; Buchs et al., 2013), con-
tinental intraplate volcanoes show more variable composition
including Na- and K-alkaline lavas. The formation of variable
alkaline lavas in continental settings has been interpreted as
indicating variation in the hydrous phases (amphibole versus
mica) present in metasomatized lithospheric sources (Lloyd
and Bailey, 1975). Lloyd and Bailey (1975) postulated that
the change in hydrous phases is controlled by the stability of
the hydrous phases as a function of the lithosphere thickness.
This hypothesis is supported by more recent works that indicate
that amphibole stability is restricted to pressure less than 2.8—
3.0 GPa, while phlogopite remains stable to 8 GPa, i.e., down to
the base of thick continental lithosphere (Rapp, 1995; Harlow
and Davies, 2004).

The vein-plus-wall-rock melting mechanism proposed by
Foley (1992) to explain the origin of potassic alkaline mag-
mas shares many similarities with the model developed by
Pilet et al. (2004, 2008) for Na-alkaline lavas. The difference
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is the mineralogical composition of the metasomatic network
(phlogopite- versus amphibole-rich veins). A potential differ-
ence between the generation of alkaline magmas in continental
versus oceanic settings is the timing of the metasomatic enrich-
ment of the lithosphere. This enrichment could be decoupled,
in continental settings, from the process that melts the metaso-
matized lithosphere. An example illustrating this potential dif-
ference is the case of ultrapotassic magmas observed in Serbia
(Prelevic et al., 2005). The formation of lamproite and kama-
fugite in Serbia is explained by the melting of a heterogeneous
mantle source consisting of metasomatic phlogopite-rich veins
that are out of isotopic equilibrium with the peridotite wall rock
(Prelevi¢ et al., 2005). The geochemistry of the Serbian ultra-
potassic rocks suggests that the metasomatic enrichment of the
lithosphere was related to Mesozoic subduction events while
the melting of this heterogenous source during the Tertiary is
related with extensional episodes linked to regional tectonic
processes (Prelevic et al., 2005).

A decoupling between the process that metasomatized the
lithosphere and the process that remobilized this lithosphere to
produce K- and Na-alkaline magmas in continental settings is
documented for various localities (e.g., Foley, 1992; Prelevié
et al., 2005, 2008, 2010; Becker and Le Roex, 2006; Ma et al.,
2011; Rooney et al., 2014). Nevertheless, other studies support
a mostly continuous process to explain the formation of intrac-
ontinental alkaline basalt (e.g., Pilet et al., 2004; Mayer et al.,
2013). Even some aspects of the model could vary from place to
place. The metasomatized lithosphere model provides an expla-
nation for both types of alkaline magmatism. On the other hand,
models which suggest the formation of alkaline basalt by melting
recycled CO,-rich lithologies in the asthenosphere are unable to
explain the formation of potassic magmas and therefore treat sep-
arately the mechanisms responsible for the origin of Na- versus
K-alkaline magmas.

Hot mantle plumes are frequently proposed to explain the
formation of intraplate islands or intracontinental volcanoes (e.g.,
Courtillot et al., 2003). However, the thermal implications of the
different models for the origin of alkaline magmas all point to
low T, Higher temperatures will potentially exclude the forma-
tion of alkaline rocks characterized by high incompatible trace-
element contents, first by increasing the degree of partial melt-
ing of fertile lithologies from the convecting mantle, and second
by allowing the enclosing depleted MORB mantle to melt. This
melting will produce tholeiitic magmas which will dilute any
low-degree melts from the fertile components.

The metasomatized lithosphere model opens new perspec-
tives to explain the formation of alkaline rocks by different tec-
tonic processes. All processes able to create low-degree melts at
the base of the lithosphere (e.g., tectonic extension, small-scale
convection, mantle flow, extraction of melts already present in the
low-velocity zone) could generate, after percolation and differen-
tiation of these melts across the lithosphere, amphibole-bearing
veins suitable for producing, by melting, the low-Si alkaline lavas
observed in intraplate volcanoes.
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