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One hypothesis for the origin of alkaline lavas erupted on oceanic
wslands and in intracontinental settings is that they represent the
melts of amphibole-rich veins in the lithosphere (or melts of their
dehydrated equivalents if metasomatized lithosphere is recycled into
the convecting mantle). Amphibole-rich veins are interpreted as
cumulates produced by crystallization of low-degree melts of the
underlying asthenosphere as they ascend through the lithosphere.
We present the results of trace-element modelling of the formation
and melting of veins_formed in this way with the goal of testing this
hypothesis and for predicting how variability in the formation and
subsequent melting of such cumulates (and adjacent cryptically and
modally metasomatized lithospheric peridotite) would be manifested
i magmas generated by such a process. Because the high-pressure
phase equilibria of hydrous near-solidus melts of garnet lherzolite
are poorly constrained and given the likely high variability of the
hypothesized accumulation and remelting processes, we used Monte
Carlo techniques to estimate how uncertainties in the model param-
eters (e.g. the compositions of the asthenospheric sources, their
lrace-element contents, and their degree of melting; the modal propor-
tions of crystallizing phases, including accessory phases, as the
asthenospheric partial melts ascend and crystallize in the lithosphere;
the amount of metasomatism of the peridotitic country rock; the
degree of melting of the cumulates and the amount of melt derived
Jfrom the metasomatized country rock) propagate through the process
and manifest themselves as variability in the trace-element contents
and radiogenic isotopic ratios of model vein compositions and erupted
alkaline magma compositions. We then compare the results of the
models with amphibole observed in lithospheric veins and with
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oceanic and continental alkaline magmas. While the trace-element
patterns of the near-solidus peridotite melts, the initial anhydrous cu-
mulate assemblage (clinopyroxene = garnet £ olivine & orthopyrox-
ene), and the modelled coexisting liquids do not match the patterns
observed in alkaline lavas, our calculations show that with further
crystallization and the appearance of amphibole (and accessory min-
erals such as rutile, tlmenite, apatite, etc.) the calculated cumulate
assemblages have trace-element patlerns that closely match those
observed in the veins and lavas. These calculated hydrous cumulate
assemblages are highly enriched in incompatible trace elements and
share many similarities with the trace-element patterns of alkaline
basalts observed in oceanic or continental setting such as positive
Nb/La, negative Ce/Pb, and similiar slopes of the rare earth elem-
ents. By varying the proportions of trapped liquid and thus simulat-
ing the cryptic and modal metasomatism observed in peridotite
that surrounds these veins, we can model the variations in Ba/Nb,
Ce/Pb, and Nb/U ratios that are observed in alkaline basalts. If the
isotopic compositions of the initial low-degree peridotite melts are
similar to the range observed in mid-ocean ridge basall, our model
calculations produce cumulates that would have isotopic compos-
itions similar to those observed in most alkaline ocean island basalt
(OIB) and continental magmas after ~0-15 Gyr. However, to pro-
duce alkaline basalts with HIMU 1isotopic compositions requires
much longer residence times (i.e. 1=2 Gyr), consistent with subduc-
tion and recycling of metasomatized lithosphere through the mantle.
EM magmas cannot readily be explained without appealing to
other factors such as a heterogeneous asthenosphere. These modelling
results support the interpretation proposed by various researchers
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that amphibole-bearing veins represent cumulates formed during the
differentiation of a volatile-bearing low-degree peridotite melt and
that these cumulates are significant components of the sources of al-
kaline OIB and continental magmas. The resulls of the forward
models provide the potential for detailed tests of this class of hypoth-
eses_for the origin of alkaline magmas worldwide and for interpret-
ing major and minor aspects of the geochemical variability of these
magmas.

KEY WORDS: alkali basalt; metasomatism; pyroxenite; hornblendite;
oceanic lithosphere; continental lithosphere; modelling

INTRODUCTION

Intraplate lavas from oceanic and continental settings
range from highly nepheline (n¢)-normative alkaline rock
types such as nephelinites and basanites to hypersthene
(hy)-normative tholeiites. They are generally characterized
by fractionated incompatible trace-clement contents that
are higher, even at the tholeiitic end of the compositional
range, than those found in mid-ocean ridge basalts
(MORB) (Gast, 1968). Although aspects of the high trace-
element contents of intraplate basalts can be explained by
low degrees of partial melting of a garnet-peridotite
source, the TiOy contents of oceanic island basalts (OIB)
suggest that the sources of these lavas have TiO, concen-
trations higher than those estimated for primitive mantle
(Prytulak & Elliott, 2007), which in turn suggests that
other incompatible minor and trace elements may also be
enriched in these sources. Such inferences for magma
sources with trace-element enrichments relative to the
primitive mantle are consistent with the need for
trace-element enriched components in the sources of OIB
to explain the range of their radiogenic isotopic compos-
itions (Gast et al., 1964; Chase, 198]; Hofmann & White,
1982; Zindler & Hart, 1986). This source enrichment has
often been explained by the addition via subduction of
recycled oceanic crust £sediment (Chase, 198]; Hofmann
& White, 1982; Palacz & Saunders, 1986; Hart, 1988;
Nakamura & Tatsumoto, 1988; Barling & Goldstein, 1990,
Weaver, 1991; Chauvel et al., 1992). Alternatively, the en-
riched components could be metasomatized oceanic or
continental lithospheric mantle (Sun & McDonough,
1989; Halliday et al., 1992, 1995; Niu & O’Hara, 2003;
Workman et al., 2004; Pilet et al., 2005, 2008; Panter et al.,
2006). Although these alternative hypotheses of crustal
recycling vs metasomatized lithosphere are frequently con-
sidered to be mutually exclusive (Hofmann, 1997; Niu &
O’Hara, 2003), both types of enriched components may
play roles in the compositional and isotopic variability of
the mantle sources of intraplate magmas (Workman et al.,
2004; Pilet et al., 2008).

Highly alkaline magmas such as those in oceanic and
intraplate  volcanic cannot be

continental systems

produced by partial melting of dry (i.e. HyO- and COo-
free) mantle peridotite; if a peridotitic source is involved,
generation of such magmas requires the presence of COqy
(e.g. Eggler & Holloway, 1977, Wyllie, 1977, Dasgupta
et al., 2010). For example, results of melting experiments on
COgy-bearing peridotite suggest that the major-element
compositions of alkaline magmas such as melilitites, neph-
elinites, and basanites can be produced by ~1-5% partial
melting of a fertile peridotite with 0-1-0-25wt % CO,
(Hirose, 1997; Dasgupta et al., 2007a). However, although
the major-element compositions of alkaline magmas can
be generated in this way, as emphasized above their
trace-element contents require that their sources be en-
riched in trace elements above primitive mantle abun-
dances (Prytulak & Elliott, 2007). An alternative process
for generating highly alkaline magmas would be to melt
silica-deficient lithologies such as olivine-bearing garnet
pyroxenite (Hirschmann et al., 2003; Keshav et al., 2004;
Kogiso et al., 2004a; Dasgupta et al., 2006) or hornblendite
(Pilet et al., 2008). However, an important aspect of the
melting of these lithologies is that they are expected to
melt to high degrees in plume settings (Hirschmann &
Stolper, 1996; Ito & Mahoney, 20054; Stolper & Asimow,
2007). Therefore, such source lithologies would themselves
need to be highly enriched in incompatible trace elements
[e.g. K, Rb, Ba, and light rare earth elements (LREE)]
relative to peridotitic mantle to explain the high concentra-
tions of these elements in alkaline magmas. As we show
below, hornblendite veins in the lithosphere have this char-
acteristic. Although known silica-deficient garnet pyroxen-
ites do not typically have such enriched trace-element
patterns, nor is typical recycled oceanic crust expected to
be enriched in this way (Stracke et al., 2003) (it should be
noted that recycled oceanic crust is also generally viewed
as incapable of generating highly nepheline-normative
liquids upon partial melting), metasomatic processes for
such enrichment can be envisioned (Bodinier et al., 1987,
Nielson & Noller, 1987; Wilshire, 1987, Harte et al., 1993;
Nielson & Wilshire, 1993).

Anhydrous veins rich in pyroxene and hydrous veins rich
in amphibole and pyroxene are observed in mantle xeno-
liths and in obducted oceanic and continental lithospheric
mantle (Varne, 1970; Conquére, 1971, 1977; Best, 1974;
Wilshire et al., 1980; Menzies, 1983; ITey, 1983; Roden et al.,
1984; Vaselli et al., 1995). These metasomatic veins are
interpreted as cumulates formed during the percolation
and differentiation of volatile-bearing melts within the
lithosphere (Morris & Pasteris, 1987; Nielson & Noller,
1987; Wilshire, 1987; Harte ¢t al., 1993; Nielson & Wilshire,
1993; Downes, 2007). Melting experiments on amphibole-
bearing veins indicate that high-degree melting of meta-
somatic veins followed by variable amounts of interaction
with surrounding mantle can reproduce key features of
the major- and trace-clement compositions of alkaline
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magmas (Pilet et al., 2008). Two scenarios have been pro-
posed for the production of alkaline magmas by melting
of metasomatized lithosphere: (1) shortly after or coinci-
dent with metasomatism, the lithosphere experiences a
thermal perturbation or decompression and melts i situ
(Lloyd & Bailey, 1975; Wass & Rogers, 1980; Halliday
et al., 19905 Pilet et al., 2008); or (2) metasomatized litho-
sphere is recycled into the convecting mantle by subduction
or delamination and melts during later upwelling (e.g. in
a plume; Halliday et al., 1995; McKenzie & O’Nions, 1995;
Niu & O’Hara, 2003; Pilet ez al., 2005, 2008). Both scenarios
imply that alkaline magmas are produced by high degrees
of melting (at least a few tens of per cent) of hydrous meta-
somatic veins or their dehydrated equivalents (Pilet et al.,
2008), and thus they require that the incompatible trace-
element contents of the alkaline magmas primarily reflect
the compositional characteristics of the metasomatic
source material. This is an important aspect of the meta-
somatic model: some features considered diagnostic of
intraplate alkaline magmas are simply inherited from
their metasomatic source lithologies. Consequently, testing
the metasomatic model requires evaluating whether these
characteristics are indeed expected consequences of veins
formed during the differentiation of low-degree volatile-
rich mantle melts as they traverse the lithosphere.

To evaluate whether such metasomatic veins are a
plausible consequence of metasomatism of the lithosphere,
we constructed a forward model of vein formation and
subsequent melting in the lithosphere. Although such
petrogenetic modelling is typically done using inverse tech-
niques (i.e. a model is specified and using available geo-
chemical data the free parameters of the model are then
solved for; e.g. Minster et al., 1977, Minster & Allegre,
1978; Albarede, 1983, 1995; McKenzie & O’Nions, 1991),
the sequential nature of the processes involved in meta-
somatic vein formation makes their modelling amenable
to a forward approach. Because our forward modelling in-
volves a large number of adjustable parameters with wide
ranges of possible values (e.g. origin of the metasomatic
fluid or melt, identity and proportions of crystallizing
phases, trace-element partition coefficients, time delay be-
tween metasomatism and melting, etc.), we used Monte
Carlo methods to investigate how the uncertainties on
these parameters and their interplay affect the degree to
which melting of metasomatized lithospheric sources is
consistent with the trace-element contents and isotopic
ratios of intraplate alkaline magmas.

BACKGROUND AND
DESCRIPTION OF THE MODEL

Figure la shows schematically the model that we adopt
here. The starting point is the generation of liquids by low
degrees of partial melting at high pressures below a parcel

METASOMATIC ENRICHMENT IN LITHOSPHERE

of lithosphere. This could occur in a variety of environ-
ments, including small degrees of peripheral ‘wet’ melting
during normal upwelling beneath a mid-ocean ridge
(Halliday et al., 1995; Class & Goldstein, 1997, Niu &
O’Hara, 2003) (Fig. 1a), in front or at the periphery of an
ascending mantle plume beneath continental or oceanic
lithosphere (Wyllie, 19884, 19886; Halliday et al., 1995)
(Fig. 1b), or as a result of upwelling of the asthenosphere
beneath rifting lithosphere (Lloyd & Bailey, 1975; Wass &
Rogers, 1980; Pilet et al., 2004; Thompson et al., 2005)
(Fig. 1c). These low-degree melts then ascend into the litho-
sphere and interact both chemically and thermally with
their surroundings: Chemical interactions lead to both
cryptic and modal metasomatism of the peridotitic coun-
try rock, and thermal interactions result in the formation
of veins as the ascending melts lose heat to the country
rock and crystallize (Bodinier et al., 1987, Morris &
Pasteris, 1987, Nielson & Noller, 1987; Wilshire, 1987;
McKenzie, 1989; Harte et al., 1993). Alkaline melts then
form by melting of the assemblage of veins and metasoma-
tized peridotite.

Origin and crystallization of the
metasomatic liquid

Metasomatic veins are interpreted as cumulates formed
during the fractional crystallization of volatile-rich melts
within the lithosphere (Morris & Pasteris, 1987; Nielson &
Noller, 1987; Wilshire, 1987; Harte et al., 1993; Nielson &
Wilshire, 1993; Downes, 2007). Although the compositions
of the melts that produce metasomatic veins in the litho-
sphere are poorly constrained, they are generally thought
to be low-degree partial melts of HoO 4 COy-bearing
mantle peridotite. Ascent, reaction, cooling, and frac-
tional crystallization of these low-degree melts in the
lithospheric mantle generates a continuum of phase assem-
blages ranging from anhydrous [dominantly clinopyroxene
(cpx) +garnet (gt) £olivine (ol) £ orthopyroxene (opx) ]|
to hydrous [dominantly amphibole (amph)-+cpx=+
phlogopite (phlog) £ opx] veins enriched in highly incom-
patible elements, plus a modal and cryptic enrichment in
the surrounding peridotite (Morris & Pasteris, 1987;
Nielson & Noller, 1987; Wilshire, 1987; Bodinier et al., 1990;
Harte et al., 1993; Nielson & Wilshire, 1993). Low-degree
partial melts of peridotite at pressures corresponding to
the base of the lithosphere (~2-3-5GPa) are expected to
be highly ne-normative if the dominant volatile species is
COy (Hirose, 1997; Dasgupta et al., 2007a) or hy-normative
if the volatile component is dominated by HoO (Hirose &
Kawamoto, 1995; Gaetani & Grove, 1998; Grove et al.,
2006). However, fractional crystallization experiments on
both /Ay- and ne-normative hydrous basaltic liquids
(Nekvasil et al., 2004; Pilet et al., 2010) at pressures of
~0-9—-15 GPa indicate that the crystallizing assemblages
are broadly similar: clinopyroxene + minor olivine at high
temperatures and amphibole +minor clinopyroxene at
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Fig. 1. (a) Schematic model for lithospheric metasomatism at the periphery of a mid-ocean ridge. This model is based on models suggested by
Halliday et al. (1995) and Niu & O’Hara (2003). It assumes that some near-solidus liquids produced at depth in the melting column are not col-
lected to form MORB, but percolate across the cooling lithosphere and generate anhydrous and hydrous cumulate veins plus cryptic and
modal metasomatic enrichment in the adjacent peridotite. The geometry and thermal structure of the cooling lithosphere is based on the
model published by Shaw et al. (2010) for the Gakkel Ridge. (b) Schematic model for the metasomatism of the oceanic lithosphere induced by
a mantle plume. Some melts produced by plume upwelling do not reach the surface but percolate through and differentiate within the oceanic
lithosphere producing anhydrous and hydrous cumulates plus metasomatic enrichment in the lithospheric peridotite surrounding these cumu-
lates (Wyllie, 19884, 1988b; Halliday et al.,1995). (c) Schematic model for the metasomatism of the continental lithosphere. The generation of as-
thenospheric melts responsible for the formation of metasomatic veins and cryptic and modal metasomatism in adjacent peridotite
surrounding the veins is due to upwelling of the asthenosphere beneath rifting lithosphere (Lloyd & Bailey, 1975; Wass & Rogers, 1980; Pilet
et al., 2004; Thompson et al., 2005) or to ‘finger-like’ plumes (Granet e al., 1995; Hoernle et al., 1995; Wilson & Patterson, 2001). (See the text and
Fig. 4 for a discussion of L, L, and Ly, and for the gray-scale coding of the schematic veins.)

lower temperatures. In addition, amphiboles that crystal-
lize in experiments on ne- and Ay-normative liquids at
these pressures are similar in major-element composition
(including Ti, Na, and K) to amphiboles observed in litho-
spheric veins worldwide (Pilet et al., 2010). Based on these
observations, we assume in our modelling that (1) the

assemblage that crystallizes from a low-degree melt of peri-
dotite is insensitive to whether the melt is ne- or Ay-norma-
tive, and (2) the formation of amphibole cumulates
similar in composition to those found in metasomatic
veins can be produced by the differentiation of a liquid
similar to those produced by partial melting of peridotite
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with a volatile content representative of the Earth’s upper
mantle regardless of whether the liquid is ne- or Ay-
normative.

Water concentration in the metasomatic
liquid

We assume that the melt that metasomatizes the litho-
sphere is produced at pressures within the garnet-lherzolite
field and at temperatures between the dry solidus and the
vapor or fluid-saturated solidus (Fig. 1a). The presence of
several hundred ppm HyO or COy in the mantle signifi-
cantly decreases the the temperature at which the melting
of peridotite begins, and several models provide a basis
for calculating the effect of volatiles on the solidus tem-
perature (Hirth & Kohlstedt, 1996; Katz et al., 2003;
Asimow et al., 2004; Aubaud et al., 2004; Dasgupta et al.,
2007b). For example, Fig. 2a shows the melting behaviour
of depleted MORB mantle (DMM) calculated for a poten-
tial adiabat temperature of 1350°C using the parameter-
ization of Dasgupta et al. (20075) for peridotite melting in
the presence of 110 ppm HyO and 36 ppm CO,, the aver-
age volatile contents estimated by Workman & Hart
(2005) for DMM. The extremely low degrees of melting
(>0-15wt %) calculated for the depth interval correspond-
ing to 2:5-3 GPa (the gray line in Fig. 2a) suggest that, for
the assumed adiabat temperature, these volatile contents
are too low to produce sufficient melt to metasomatize
the lithosphere. A number of studies have shown that the
H,O (and CO,) contents of the Earth’s mantle can be
variable (Michael, 1993; Sobolev & Chaussidon, 1996;
Dixon et al., 2002; Saal et al., 2002; Simons et al., 2002;
Pineau et al., 2004; Aubaud et al., 2005; Macpherson ef al.,
2005; Cartigny et al., 2008; Hirschmann & Dasgupta,
2009). Given this variability, we have also calculated the is-
entropic melting behaviour of peridotitic mantle contain-
ing 300 and 90, 400 and 120, and 500 and 150 ppm H,O
and COs, respectively (the black lines in Fig. 2a) using
the same adiabat temperature (1350°C). It should be
noted that a source with 400 ppm H,O and 120 ppm CO,
has an H/C mass ratio of 0-75, similar to the estimate of
DMM (Hirschmann & Dasgupta, 2009). Such volatile con-
tents are able to produce low-degree melts at significantly
greater depths than for dry melting and more importantly,
the fraction of melt is significantly greater than for the
case with the lower volatile contents discussed above. It is
likely that in this case, the melt is sufficiently abundant to
represent a viable agent for the metasomatism of the cool-
ing lithosphere as proposed by Halliday et al. (1995) and
Niu & O’Hara (2003). The black model melting curves in
Fig. 2a yield a degree of melting (F) ranging from <0-2 wt
% at 4GPa to ~2wt % at ~2:2-2:6 GPa. It should be
noted that such melts will contain significant amounts of
HyO: for example, a 0-75% partial melt generated at
~2:8 GPa from a source containing 400 ppm HyO and
120ppm COy will contain ~2:43wt % HyO and
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Fig. 2. (a) Relationship between depth and melt fraction (F) for isen-
tropic melting of peridotites containing various amounts of HoO and
CO,. These melting curves are calculated based on the parameteriza-
tion of Dasgupta et al. (2007b) for the combined effect of HyO and
COy on peridotite melting temperatures and using a potential adiabat
temperature of 1350°C. The gray band shows our estimate for the
depths of metasomatic melt extraction. (b) Frequency distribution of
melt fraction for asthenospheric melting used in our Monte Carlo
simulations.

~153 wt % COq [using a simple batch melting equation
and bulk peridotite/melt D values for HoO and CO, of
0-009 and 0-000L, respectively (Aubaud et al., 2004;
Shcheka et al., 2006)]. A relatively high concentration of
water in the initial partial melt is important for the model
that we are evaluating as its success requires that amphi-
bole crystallizes from the metasomatic liquids as they
move through the lithosphere; this amount of water
coupled with 40-50% anhydrous crystallization will in
turn yield residual liquids with >3 wt % HyO, which
seems sufficient to stabilize amphibole (Sisson & Grove,
1993; Nekvasil e al., 2004) under lithospheric conditions.
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Parameters of the model

The first two steps in the model are (1) formation of a
low-degree partial melt of a volatile-bearing garnet perido-
tite, and (2) differentiation of this liquid as it moves
through the lithosphere, generating different cumulate as-
semblages as it ascends and cools. The parameters describ-
ing these processes are discussed below and all have
associated uncertainties. We have estimated both the par-
ameters and their uncertainties using experimental, petro-
logical, and geochemical constraints and have used
Monte Carlo simulations to understand how these uncer-
tainties propagate through the calculation and affect the
calculated compositions of the potential metasomatic
sources of alkaline magmas.

Partial melting of asthenospheric peridotite in the presence
of H,0-CO,

Our assumptions and inputs to the model for the origin of
the low-degree melts that metasomatize the lithosphere
are as follows (it should be noted that in the discussion
that follows, (s denotes the trace-element concentration in
the asthenospheric source and F is the degree of partial
melting of that source).

(I) The trace-element composition of the asthenospheric
source of the low-degree mantle melt is assumed
to span a range similar to that of the sources of
typical MORB. We thus allow its composition to vary
between DMM and enriched (E)-DMM as calculated
by Workman & Hart (2005). Wider ranges (both
more depleted and more enriched) can be envisioned,
but at this point we prefer to use a well-constrained
and documented approach for estimating the compos-
ition of the asthenospheric mantle.

(2) o estimate variations in the degree of partial melting
of the asthenosphere, we have used calculated melting
curves for peridotite sources containing 300—400 ppm
H,0 and 90-120 ppm CO, (Fig. 2a). We assume that
these near-solidus melts are extracted from the source
at pressures between 3 and 2:5 GPa (corresponding
to ~100-80 km depth); this corresponds to a variation
in the degree of partial melting of the asthenospheric
source from ~0-3wt % at 3 GPa for a source with
300 ppm HyO and 90 ppm CO, to ~1-8wt % at
2:5 GPa for a source with 400 ppm HsO and 120 ppm
COso. 1o reproduce this range in our model, we gener-
ated a Gaussian distribution for the degree of partial
melting with a mean of 0-75 wt % and a standard de-
viation of 0-25 wt % (Fig. 2b). Tests applying a flat dis-
tribution to the degree of melting of the source show
that the results are independent of the type of distri-
bution chosen; the average and the range of liquid
compositions are similar, only the standard deviation
increases slightly when a flat distribution is used.

Because the threshold below which basaltic liquids
remain trapped in a peridotite source is still in debate
(McKenzie, 1989; Lundstrom et al., 1995; Faul, 2001),
we arbitrarily truncated our Gaussian at 0-5wt %
melt (Fig. 2b). It should be noted that this truncation
skews metasomatic liquid compositions to lower
trace-element contents, in the opposite direction to
what one might want to explain the formation by
differentiation of trace-element rich metasomatic
cumulates.

(3) Our choice of the pressures of melt extraction and a
potential adiabat temperature of 1350°C: places melt-
ing mostly in the garnet-stability field (Robinson &
Wood, 1998); the melting mode from the 3 GPa experi-
ments of Walter (1998) is used as an input in the accu-

equation

(solidus phase proportions and melting mode are

mulated non-modal fractional melting
reported in Table 1). Figure 2a suggests that melt
percentages > ~1% are derived at pressures of 2:8—
2:5 GPa; that is, close to or within the spinel-peridotite
field. We have not included the garnet to spinel transi-
tion in our melting calculation, and thus for melting
percentages of ~1-1-8wt %, the calculated heavy
REE (HREE) content of our model partial melt
would be slightly low relative to a model liquid calcu-
lated for a spinel-lherzolite assemblage. The selected
trace-element partition coefficients (D™} are
reported in'Table 2, and Fig. 3 shows a comparison be-
tween the D™ values used in our model and other
published distribution coefficients for the same set of
phases.

Fractionation of the metasomatic liquid within

the lithosphere

We assume that the near-solidus melt begins to crystallize
in magma channels once it migrates into the lithosphere.
We neglect the compositional effects of chemical inter-
action between the melt and the wall-rock. The conse-
quence of this assumption on the crystallization sequence
of the melt is unknown, but for incompatible trace elem-
ents, the differences between the metasomatic liquids and
peridotite are so high that the effects of wall-rock inter-
action on the trace-clement contents of the melts or their
cumulates are expected to be minor. Lacking specific
experimental constraints on polybaric differentiation of
volatile-bearing near-solidus melts of peridotite at litho-
spheric pressures, we have estimated a differentiation
trend based on available experimental basaltic liquid lines
of descent at lithospheric pressures (Mintener et al., 2001;
Nekvasil et al., 2004; Miintener & Ulmer, 2006; Pilet et al.,
2010), on the high-pressure experiments of Hack et al.
(1994) and Hauri et al. (1994), and on the observed mineral
assemblages in metasomatic veins (Irving, 1974; Lloyd &
Bailey, 1975; Wass & Rogers, 1980; Wilshire et al., 1980;
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Table 1: Modal abundances in DMM and E-DMM

sources and melting mode

Ol Cpx Opx Gt Sulfide*
Modal abundances’ 0-59 0-11 019 01 0-00037
Melting mode* 0-07 0-68 —0-16 025 0-0037

*MORB and 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 single 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 sulphides in the OIB and MORB sources
(Sims & DePaolo, 1997; Hart & Gaetani, 2006). To produce
low-degree melts with Ce/Pb ratios similar to the ratios
observed in enriched MORB (~15-35; Salters & Stracke,
2004), we added 0-037% sulfide to the mantle source
[equal to ~128ppm S; this is slightly higher than the
DMM estimate of 119 ppm (Salters & Stracke, 2004), but
there are no S estimates for E-DMM]. We assume that the
sulphide is removed from the source after 10% partial
melting.

fModal abundances of the four silicate phases are based on
the major-element composition of DMM (Workman &
Hart, 2005) and the model of Baker et al. (2008) for esti-
mating peridotite modal proportions. In the calculations,
both the modal abundances and the melting mode (i.e.
the sum of ol 4 cpx+ gt + sulfide) equal unity.
Silicate-phase melting mode for a garnet peridotite at
3 GPa from Walter (1998).

Bodinier et al., 1987, Morris & Pasteris, 1987; Nielson &
Noller, 1987, Wilshire, 1987, Harte et al., 1993;
Wulff-Pedersen et al., 1999; Downes, 2007; Lorand &
Gregoire, 2010). The crystallization sequence and mineral
proportions in the cumulates shown in Fig. 4 are based on
these experiments and petrological observations. With
decreasing pressure (~2-5 to ~0-8 GPa) and temperature
(~1300°C to ~800°C) the cumulate assemblages are
assumed to be clinopyroxene & garnet £ olivine &= minor
orthopyroxene, followed at lower temperatures by a hy-
drous cumulate assemblage dominated by amphibole £
clinopyroxene & minor orthopyroxene, garnet, phlogopite,
and plagioclase (pl) (which appears only if the pressure is
below ~1GPa; Nekvasil et al., 2004). It should be noted
that the depth (or pressure) range of magma crystalliza-
tion will depend on a range of unknown factors (e.g. the
temperature contrast between the melt and country rock;
the geometry of the conduits and the melt flux; the tem-
perature profile of the lithosphere; whether the lithosphere
1s oceanic or continental; etc); nevertheless, we assume
that the anhydrous cumulates form at pressures between
~2-5 and ~15 GPa, and that the hydrous cumulates crys-
tallize at slightly lower pressures (~2 to ~0-8 GPa).

METASOMATIC ENRICHMENT IN LITHOSPHERE

The ranges in the proportions of the phases used in our
Monte Carlo simulations are listed in Fig. 4. We explain
here several aspects of the procedures and assumptions by
which crystallization of these phases, their proportions,
and partition coefficients were applied.

(1) Experimental constraints on basaltic magma fraction-
ation at high pressure indicate that for pressures
>2-:0 GPa, the anhydrous cumulates are clinopyrox-
ene + garnet (Hack et al., 1994; Hauri et al., 1994), but
at lower pressure (<15 GPa) the cumulate assemblage
switches to clinopyroxene + minor olivine (Nekvasil
et al., 2004; Pilet et al., 2010). Therefore, we linked the
proportions of garnet and olivine crystallizing in
the deepest lithospheric zone (i.e. between Ly and Ly
Fig. 4) to avoid anhydrous cumulates rich in oliv-
ine and garnet, which are not observed in experi-
mental studies or in natural anhydrous metasomatic
veins.

(2) Although the crystallization of accessory minerals has
little effect on the major-element composition of a
liquid (with the possible exception of Fe—Ti oxides
and titanite), these minerals (as cumulates) can con-
trol the concentrations of a number of incompatible
trace elements in the metasomatic veins. Based on de-
scriptions of hydrous metasomatic veins in the litera-
ture (Wass & Rogers, 1980; Lloyd, 198]; Bodinier
et al., 1987, 1996; Zanetti et al., 1996; Wulff-Pedersen
et al., 1999; Pilet et al., 2008; Lorand & Gregoire,
2010) and petrographic study of amphibole-bearing
veins from the French Pyrenees, we included the fol-
lowing accessory minerals in our calculation: titanite,

apatite,

zircon. Although expressions exist for calculating the

saturation surfaces for rutile (Gaetani et al., 2008),

apatite (Pichavant e al., 1992), and zircon (Hanchar

ilmenite, rutile, allanite, and

sulphide,

& Watson, 2003) in silicate melts, these expressions re-
quire, in addition to temperature, the major-element
composition of the liquid, which we cannot calculate
at present. At constant liquid composition, the ZrO,
content required for zircon saturation decreases with
decreasing temperature (Hanchar & Watson, 2003)
and thus we assume zircon crystallizes only from rela-
tively low-temperature, differentiated melts. There-
fore,
formation: a first stage where zircon is absent and a
second stage where minor zircon could crystallize.
This second stage is also characterized by the pres-
ence of minor plagioclase, which is observed after
~75% crystallization in experiments that simulate

we postulate two stages of hydrous vein

the incremental fractional crystallization of a hawaiite
at 0-93 GPa (Nekvasil et al., 2004).

(3) All parameters listed in Fig. 4 were allowed to vary
within their specified ranges based on flat distribu-
tions (i.e. all values in the specified range have equal
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Table 2: Mineral—liquid distribution coefficients (D™ ") used in the calculations

Rb Ba Th 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 00008 00077 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 00068  0-01
Garnet 00007  0-0007 0-0015 0-005 0-02 0-01 0-021 0-0005 0-045  0-006 0-087 0-217
Amphibole 0-10 0-36 0018 0-016 053 023 0-40 0-096 063 069 091 139
Phlogopite 3 4 001 0-01 06 0-05 0-055 02 006 03 0-065 0-07
Plagioclase 02 06 0-07 0-11 0-05 0-27 02 0-36 017 3 0-14 0-11
limenite 0004  0-007 0-008 0027 133 0-01 0-013 093 002 004 0-03 0-06
Titanite 0-0014 00024 100 66 20-0 106 159 0-1 25:0 0-35 33-9 480
Apatite 0006 0021 1125 1200 0-05 169 20-8 013 22:0 53 25-1 283
Zircon 0006 0004 250 230 02 1 01 25 0-03 06 3
Rutile 0-01 0-01 05 05 834 0-30 0-25 022 020 015 0-10 0-08
Allanite 0-01 0-01 803 56:3 0-2 1598 1278 28 1200 0-6 1115 746
Sulfide 00001 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 Tb 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 04 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 04 02 0-498 0-75 106 153 211 3 403 55
Amphibole 0-43 072 1-44 250 165 162 158 154 1-48 134 1410 1410
Phlogopite 0-08 0-08 0-09 3 0-095 01 0-1 01 01 01 01 01
Plagioclase 0-03 0-03 073 0-04 0-066 0-06 0-055 0-048 0-06 0-041 0-031 0-025
limenite 0-02 0-08 0-14 50wt %" 0-14 0-14 0-19 0-16 0-14 0-27 0-19 0-18
Titanite 45 73 442 395wt %' 550 50-0 484 450 430 37-4 30-3 228
Apatite 0-02 0-02 17-0 0-02 213 20-4 195 187 169 138 85 7-8
Zircon 65wt %" 1wt %' 3 0-1 65 26 45 70 80 90 100 110
Rutile 5:95 7:08 0050 985wt %" 0-040 0-035 0-028 0-022 0-018 0-015 0-012 0-01
Allanite 0-1 02 507 28 200 150 100 70 50 45 30 20
Sulfide 0-0001  0-0001 00001 0-0001 0-0001 0-0001 00001 00001  0-0001  0-0001 0-0001 0-0001

These mineral-liquid D values are plotted as filled red circles in Fig. 3. It should be noted that these values are not simply
averages of the available data plotted in Fig. 3. For certain phases (e.g. clinopyroxene) we have used the values from a
single study (Hart & Dunn, 1993), whereas for amphibole we have used the averages of values from Tiepolo et al. (2000a,
20006, 2007). For other phases we have averaged D values ‘by eye’ in that we have been guided by the data plotted
in Fig. 3, but have attempted to maintain the relative fractionations between different elements for a given phase that can
be seen qualitatively in Fig. 3. Because for some phases some D values have been determined many more times than
those for their adi_ac_ent elements, simple averaging does not necessarily maintain these relative fractionations.

*pp peufide/siicate Tauid grom Halliday et al. (1995).

"For titanite, ilmenite, and rutile, wt % TiO, contents rather than D values were used to calculate the effect of the
fractionation of these phases on model cumulate or residual liquid compositions; for zircon, wt % ZrO, and HfO, contents
were used [the zircon HfO, content was estimated using data compiled by Hoskin & Schaltegger (2003)].

cumulates as a function of melt fraction. For ilmenite,
rutile, titanite, and zircon, we used stoichiometric
compositions rather than D™ values for calculat-
ing the effect of these fractionating phases onTi, Zr,
and Hf contents [a Hf content of 1wt % in zircon

probability). With the exception of Ti-rich phases
(ilmenite, rutile, and titanite) and zircon, we then
used the fractional crystallization equation and the
D™ values listed in Table 2 to calculate the
trace-element contents of the residual liquids and
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was estimated using data compiled by Hoskin &
Schaltegger (2003) on various igneous rocks].

As observed in outcrop and in veined xenoliths, modally
and/or cryptically metasomatized peridotite is often
associated with amphibole-bearing metasomatic veins
(Bodinier et al., 1990; Nielson & Wilshire, 1993; Nielson
et al., 1993; McPherson et al., 1996; Woodland et al., 1996;
Zanetti et al., 1996; Wulff-Pedersen et al., 1999). As illu-
strated in Fig. 4b, this
phlogopite-rich veinlets infiltrating the surrounding peri-

metasomatism can include
dotite and thin glass ‘“films’ along grain boundaries and
interstitial ‘glass pockets’ within the peridotite (e.g.
Wulff-Pedersen et al., 1999). In addition to direct infiltration
of melt, a reaction zone (consisting of ol, Cr-rich cpx, opx,
amph, and phlog) is often observed within peridotite that
is in direct with amphibole-bearing veins
(Wilshire et al., 1980; Bodinier et al., 1990, 2004;
McPherson et al., 1996; Woodland et al., 1996; Zanetti el al.,
1996; Wulft-Pedersen et al., 1999). Such cryptic and modally
metasomatized peridotites are incompatible-trace-element
enriched relative to far-field peridotites, and if they were
to melt owing to the same perturbations that lead to melt-
ing of the associated metasomatic veins, they could also
contribute a component to
magmas derived from the system. Consequently, we have
attempted to model phlogopite veinlet formation and peri-
dotite metasomatism by allowing up to 10% phlogopite
(in equilibrium with liquids between L; and Ly) and up to
30% of the residual liquid at Ly to be incorporated
into the adjacent peridotite, respectively (Fig. 4b).
(It should be noted that the model developed here for alka-
line magma generation in continental settings is valid
only for regions where the lithosphere is no more than
~100km thick; for thicker lithosphere the sequence
and mode of fractionating phases is likely to be different
from that used here.,)

contact

trace-element enriched

RESULTS

An example of a Monte Carlo simulation is described in
the Electronic Appendix A (available at http://petrology.
oxfordjournals.org/). We performed 30000 such simula-
tions by randomly varying the parameters listed in Figs 1,
2, and 4. Out of the 30000 calculations, 1850 resulted in a
negative Ti content in the most evolved liquids (Lo in
Fig. 4). This happens when high proportions of Ti-rich
phases are removed from a melt produced by high degrees
of melting (and thus having a relatively low initial TiO,
content). Because, in nature, the appearance and modal
proportions of the crystallizing Ti-rich phases will be
strongly coupled with the Ti content of the melt, we have
deleted those calculations in which the Ti content in the
residual liquid (Ly in Fig. 4) is less than half the primitive

METASOMATIC ENRICHMENT IN LITHOSPHERE

mantle concentration (i.e. <600 ppm Ti). What are shown
in Fig. 5 are the results of 25000 calculations randomly
selected from the 25733 calculations that produced Ti
contents >600 ppm in Lo.

Figure 5a shows the trace-element compositions of
DMM and E-DMM (Workman & Hart, 2005) that repre-
sent the range of our model asthenospheric peridotites,
normalized to primitive mantle (PM; McDonough &
Sun, 1995). Also shown are the calculated near-solidus
melts (Lg; average, £10, and maximum and minimum
compositions) produced by 0-5-18wt % melting (see
Fig. 2b). These initial metasomatic liquids are enriched in
incompatible trace elements relative to their source and to
PM, show elevated La/Yb relative to PM, and have incom-
patible trace-element ratios (such as La/Nb, Ce/Pb, and
Ba/Th) similar to the range observed in enriched MORB
compiled by Salters & Stracke (2004). However, except for
Pb, the average composition of the model L liquids does
not overlap with the field defined by basanitic lavas
sampled at intraplate volcanoes (shown as a gray band;
only the upper bound calculated for Rb, U, Th, and Pb
partially overlaps with the lower portion of the basanite
field); that is, these calculated liquids are insufficiently en-
riched in trace elements to match the observed concentra-
tions in alkaline lavas from intraplate settings (Fig. 5a).
Varying the degree of melting outside the 0-5-1-8wt %
range does change the trace-clement abundances for the
highly incompatible elements relative to the average par-
tial melt composition plotted in Fig. 5a; however, both the
relative and absolute concentrations of the moderately in-
compatible elements change little with the degree of melt-
ing. Thus, although the high concentrations of very
incompatible elements such as Rb, Ba, U, and Th in basan-
ites can be matched by near-solidus melts produced by de-
grees of partial melting lower than 05wt %, such
low-degree melts do not contain sufficient moderately in-
compatible trace-element contents (e.g. HREE) to match
the abundances of these elements observed in basanites
(see the F=0-2wt % melt pattern in Fig. 5a). Thus, as
described above for TiOy concentrations (Prytulak &
Elliott, 2007), Fig. 5a shows that if basanites are to repre-
sent low-degree melts of lherzolites in the garnet-stability
field, their sources must be enriched relative to E-DMM
for all of the moderately incompatible trace elements.

The continuous lines labelled L; and Ly in Fig. 5b show
how the trace-element contents of the forward-modelled
residual metasomatic liquids evolve with continued
fractionation within the lithosphere. Liquid L; [average f
(proportion of residual liquid) ~56%] reflects the compos-
ition after fractionation of clinopyroxene, olivine, and/or
garnet & orthopyroxene (the anhydrous cumulate assem-
blage) and just prior to the appearance of amphibole.
Liquid Ly (average f ~27%) reflects melt compositions fol-
clinopyroxene, minor garnet,

lowing  amphibole,
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Fig. 3. Mineral/liquid partition coefficients (D™"") from the literature for (a) clinopyroxene, (b) garnet, (c) orthopyroxene, (d) amphibole,
(e) phlogopite, (f) plagioclase, (g) titanite, (h) ilmenite, (i) rutile, (j) apatite, (k) allanite, and (1) zircon. Large filled red circles show the
values used in the Monte Carlo calculations in this study; smaller filled black circles and open gray circles are D values reported in the
GERM npartition coefficient database; references for the other colored circles are given in each panel. The pairs of D values in (b) associated
with Salters & Longhi (1999) reflect minimum and maximum values, respectively. The values plotted as ‘calculated Ds’ for titanite, ilmenite,
apatite, and allanite (g, h, j, and k) were determined in two steps. First, the accessory mineral (titanite, ilmenite, etc.)/amphibole D values
were calculated using the trace-element compositions of these phases as measured by LA-ICP-MS in hydrous metasomatic veins from the
French Pyrences (both the accessory minerals and amphiboles were measured in the same rocks). Second, the D™ values for these accessory
minerals were calculated by dividing D™™*™P" for each element by our preferred D™ value (d) for that element.

orthopyroxene, phlogopite, plagioclase, and accessory
phase crystallization. Although the concentrations of the
most incompatible elements (e.g. Rb to Sr) are progres-
sively enriched as liquids evolve from L, to Lo, neither pat-
tern matches that of basanitic lavas from intraplate
volcanoes. Although fractionation of garnet and clinopyr-
oxene modify the LREE/HREE ratios of the evolving
liquid compared with the initial metasomatic melt (com-
pare Ly to L; and Lo; Fig. 5b), nevertheless, the LREE/
HREE ratios of L; largely reflect those of the initial
near-solidus garnet-peridotite melt. Further, because the
D values for olivine, clinopyroxene, and garnet for the

trace elements considered in Fig. 5 are <l (except for
HREE in garnet; see Fig. 3a), the proportions of those
phases that crystallize from L do not significantly modify
the trace-clement ratios of the evolving liquid (i.e. the rela-
tive proportions of phases that crystallize from L to L
are not critical parameters) and except for the increase in
LREE/HREE ratios owing to garnet crystallization, the
slope of the average L, pattern in Fig. 5b is grossly similar
to that of the L average.

Liquid Lo is the end product of fractionation in our
model, and it shows some specific differences from Ly and
L, (Fig. 5b). For example, liquid Lo is characterized by
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Fig. 3. Continued.

low Nb/La and Nb/Th ratios, reflecting the fractionation
of amphibole and Fe-Ti oxides, phases that are enriched
in Nb relative to La and Th (Fig. 3; Table 2). Ly is also
characterized by a distinct REE pattern compared with
that of Ly or L;. Ly shows a moderate depletion of middle
REE (MREE) with respect to the LREE and HREE, a
depletion that is not observed in liquid Ly or L;. Although
the crystallization of amphibole can partially explain the
relative decrease of the MREE with respect to the LREE
and HREE in going from from L; to L, (amphibole/
liquid D values are characterized by higher values for
MREE than for the LREE or HREE; Fig. 3d), the main
factor is the fractionation of titanite and apatite, minerals
characterized by high mineral/liquid D values for all
REE but with the highest values for the MREE (Fig. 3¢
and j). The fractionation of titanite, apatite, and allanite,
minerals that incorporate the REE preferentially in com-
parison with Zr, Hf, Sr, and Pb (Fig. 3; Table 2), is also

METASOMATIC ENRICHMENT IN LITHOSPHERE
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responsible for the development of positive anomalies for
Zr, Hf, Sr, and Pb in the trace-element pattern of liquid
Ly (Fig. 5b).

Figure 5¢ shows the composition of the bulk model an-
hydrous cumulate assemblage (just prior to the appearance
of amphibole) and the composition of the model hydrous
cumulates. The trace-element patterns of the anhydrous
cumulates (cpx+gt and/or olZ£opx) are depleted in
highly incompatible elements such as Rb, Ba, U, and Th,
have substantial negative Pb anomalies, and are relatively
flat in the region of the REE (Fig. 5c). The variability in
the concentrations of the most incompatible elements is
primarily related to the presence of trapped liquid, which
varies from 0 to 5%. The negative Pb and slightly negative
Zr anomalies observed in the model anhydrous cumulates
do not reflect the composition of the liquid from which
these cumulates crystallized (L, does not show such nega-
tive anomalies; Fig. 5a)—these anomalies reflect the low
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- Metasomatic enrichment in surrounding peridotite
(veinlets, reaction zone and interstitial glass)

Enclosing
peridotite

Amph. vein

Residual liquid trapped in the surrounding mantle
Reaction
Zone

(0-30% of the vein mass fraction)

- Metasomatic cumulates (veins)

b / f Major Phases Accessory Phases
(b) N G fL2:20% Amphibole Rutile (0-1%)
Interstitial _ LT -53% + clinopyroxene (0-50%) + ilmenite (0-1%)
glass L L2 flo + phlogopite (0-10%) + titanite (0-2%)
SN * plagioclase (0-2%) + allanite (0-0.05%)
O " + apatite (0-1.8%)
0o + sulfide (0-0.6%)
38 + zircon (0-0.04%)
BeSen 40k e ann P e L
S & Amphibole Rutile (0-1%)
. <3 + clinopyroxene (0-50%) * ilmenite (0-1%)
A f max + garnet (0-3%) + titanite (0-2%)
L1, + orthopyroxene (0-2%) * allanite (0-0.05%)
g, + phlogopite (0-10%) + apatite (0-0.5%)
(a) S, + sulfide (0-0.1%)
" fL1:45% Clinopyroxene
s -65% + garnet (0-30%)

+ olivine (0-20%)

g + orthopyroxene (0-8%)

<G 100  *trap liquid (0-5%)

Fig. 4. (a) Phase proportions used in the Monte Carlo simulations. The percentages listed after each mineral show the bounds within which the
proportions in the cumulate assemblage were free to vary; fis the proportion (in %) of residual liquid. The amount of residual liquid at the
transition between anhydrous and hydrous cumulate formation (/L) is free to vary between 65 and 45%, whereas the amount of residual
liquid (fLo) at the end point of the calculation can vary from 53 to 20% (with the condition that /L, <f1; — 10%). The compositions of hydrous
cumulates are randomly calculated between fmax (<fL;) and fLo with the constraints that /Lo >20% and fmax — fL,>10%. The proportion
of clinopyroxene in the anhydrous cumulates and amphibole in the hydrous cumulates was calculated by difference (i.e. 100 — sum of all other
phases). The proportion of garnet (gt) varied between 0 and 30% in the anhydrous cumulates; if the proportion of garnet was higher than
18% then no olivine (ol) crystallized; if the proportion of garnet was lower than 18% then olivine content was calculated using the formula
% ol =rand(10-20) x [18 — (% gt)]/18, where rand(10-20) is a random number drawn from a flat distribution between 10 and 20. The sum of
rutile +ilmenite (ilm) varied between 0 and 1%; rutile =rand(0—1); ilmenite was calculated using % ilm =rand(0-1) x [I — (% rutile)]. The
proportion of phlogopite (0-10%) in the veins represents the potential presence of veinlets in association with major metasomatic veins [see
(b)]; the proportion of trapped liquid in the surrounding peridotite is linked to the proportion of phlogopite in the veins assuming that veinlets
and metasomatism in the surrounding peridotite correspond to a unique process (the ratio of phlogopite to trapped liquid =1:3).
(See Electronic Appendix A for an example of the calculation) (b) Schematic illustration of progressive infiltration of metasomatic melts
within surrounding peridotite [modified from Fig. 1 of Wulff-Pedersen et al. (1999)].

D™ yalues for Pb and Zr in clinopyroxene and the low
D™ for Pb in garnet relative to elements with similar
degrees of incompatibility such as Ce and Pr for Pb and
Sm and Eu for Zr (Fig. 3a and b). The variability of
HREE contents in the anhydrous cumulates is directly
related to the amount of cumulate garnet.

The model hydrous cumulates (amph and cpx plus
minor opx, gt, phlog, pl, and accessory minerals) show dis-
tinctive trace-element patterns relative to the model an-
hydrous cumulates. These patterns are characterized by
significantly higher concentrations of highly incompatible
trace elements compared with the model anhydrous

cumulates (Fig. 5c). For example, in the hydrous cumu-
lates, the La content is ~2 to 85 times higher than the con-
tent calculated in the anhydrous cumulates. The high
concentrations of incompatible elements in the model hy-
drous cumulates reflect (1) the relatively high D*™Ph/td
values for most of these elements (exceptions are U, Th,
and Pb), and (2) the presence of accessory minerals in the
model hydrous cumulates such as apatite, allanite, titanite,
and zircon, in which many of these trace elements reach
very high concentrations. The model hydrous cumulates
also have a positive Nb anomaly (i.e. elevated Nb/La rela-
tive to primitive mantle) owing to the high D*™PPH for
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Fig. 5. (a) Trace-element contents (normalized to primitive mantle, PM; McDonough & Sun, 1995) of model-generated liquids produced by
low-degree melting of the asthenosphere compared with continental and oceanic basanites and the assumed asthenospheric mantle
end-members. L is the composition of unfractionated HyO and COg-bearing near-solidus peridotite melt; this composition corresponds to
the initial melt entering the lithosphere from the underlying asthenosphere. The liquid labeled /= 0-2 wt % represents a lower partial melting
calculation and is discussed in the text. The green band corresponds to the compositional range of the asthenospheric mantle source used to gen-
erate Ly (DMM to E-DMM; Workman & Hart, 2005). (b) Model-generated trace-element contents (normalized to PM) of the average L
[black curve from (a)], of residual liquids L; (blue) and Ly (red) after fractionation of anhydrous and anhydrous + hydrous cumulates, respect-
ively (see also Fig. 4b). (c) Model-generated trace-element contents (normalized to PM) of calculated anhydrous (blue) and hydrous (red) cu-
mulates. (d) Model-generated trace-element contents (normalized to PM) of metasomatized hydrous lithosphere as function of the proportion
of traPped liquid [0-5% (red) or 25-30% (blue)] in the surrounding peridotite. The composition of the metasomatized hydrous lithosphere
(gmerhydlithy i caleulated using €™ ™Y = [100 — (% trapped liq)] x C™9 '™ (04 trapped lig) x C**PP4 19 where (% trapped liq) rep-
resents the proportion of trapped liquid (0-30%) in the peridotite surrounding the vein, C™ "™ represents the composition of the hydrous
cumulates, and C™*PP4 9 s the composition of the trapped liquid (i.e. liquid at fLy). The dark-colored curves in cach panel correspond to the
average compositions of the liquids or cumulates, whereas the surrounding lighter-colored bands denote the + 16 range for the corresponding
colored curves. The long and short dashed lines in each panel represent the maximum and minimum compositions, respectively, calculated in
the simulations. The gray bands in (a)—(d) show the compositions of basanites from oceanic and continental intraplate volcanoes compiled
from the GeoRoc database; for this compilation only basalts characterized by ne-normative compositions with SiOy contents between 40 and
45wt % and with MgO contents between 8 and 15wt % were selected. In (b)—(d), we do not distinguish between continental and oceanic
basanites.

Nb relative to La and the presence of Fe—T1 oxides in the
hydrous cumulates. Like the model anhydrous cumulates,
the model hydrous cumulates also show a negative Pb
anomaly with respect to the LREE, although it is even
more negative than in the model anhydrous cumulates.
This feature can be understood by the peculiarities of the
partition coefficients of amphibole, titanite, apatite, and al-
lanite (Fig. 3d, g j, and k), although low D™ values
for Pb relative to the LREE in clinopyroxene also contrib-
ute. The lower D™™" yvalues for Sr in comparison with
LREE in titanite, apatite, and allanite (Fig. 3g, j, and k)

also explain the small negative anomaly observed for Sr
in the model hydrous cumulates.

None of the experimental studies that we used to con-
strain the crystallizing assemblages in our model produced
significant phlogopite, and yet phlogopite is observed in
cumulate veins and in smaller veinlets injected into the
surrounding peridotite (Wilshire et al., 1980; Bodinier
et al., 1990, 2004; McPherson et al., 1996; Woodland et al.,
1996; Zanetti et al., 1996; Wulft-Pedersen et al., 1999; Moine
et al., 2001). In an effort to capture this feature of the nat-
ural hydrous veins and the surrounding metasomatized
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mantle, we allowed up to 10% phlogopite as a crystallizing
phase between L, and L. The presence of up to 10%
phlogopite has a limited effect on the trace-element con-
tents of the model metasomatic veins since phlogopite/
liquid D values are <1 for most of the elements in Fig. 5
(see Iig. 3e). Only the concentrations of Rb and Ba (and
to a lesser extent Ti and Nb) in the hydrous cumulates
(Fig. 5¢) are modified by the presence of phlogopite (of
all the phases that make up the hydrous cumulate assem-
blage, phlogopite has the highest Rb and Ba partition coef-
ficients). Finally, we modelled the presence of glass
selvages and interstitial ‘glass pockets’ within the peridotite
that surrounds the amphibole-bearing metasomatic veins
by including a trapped liquid component (Ly) along with
the hydrous cumulate assemblage. Although the propor-
tion of trapped liquid is difficult at best to constrain, we
have limited its proportion to be no more than 30%. Here
and in the remainder of the discusion, we use the term
‘metasomatized hydrous lithosphere’ to describe the follow-
ing packet of materials: hydrous cumulates (i.e. the vein
assemblage) with 0-10% phlogopite and 0-30% trapped
liquid (i.e. the
Comparing the trace-element pattern of model hydrous
cumulates (Fig. 5¢) with that of the hydrous cumulates
plus various proportions of trapped liquid (0-5% or
25-30%; Fig. 5d) indicates that neither the slope of the
REE nor the overall trace-element pattern of the hydrous
cumulates is substantially modified by the addition of the
trapped liquid that we use to mimic metasomatism in

associated metasomatized mantle).

the mantle peridotite bordering the hydrous veins.
Nevertheless, abundances of the very incompatible elem-
ents such as Rb, Ba, U, Th, Pb, and Sr are sensitive to the
proportion of trapped melt (Fig. 5d). In particular, the
Nb/U, Nb/Th, and Ce/Pb ratios of the metasomatized hy-
drous lithosphere decrease significantly with the progres-
sive addition of trapped liquid, whereas the Sr/Nd ratio
shows the opposite behaviour. These effects
the specific trace-element pattern of liquid L, (Fig. 5b)
with respect to the composition of the hydrous cumulates
(Fig. 5¢).

reflect

DISCUSSION

Comparison of natural and model
amphibole compositions

A critical goal of this study was to evaluate the compos-
ition of hydrous cumulates produced by fractional crystal-
lization of low-degree melts of the asthenosphere as they
pass through the lithosphere—cumulates that are inter-
preted as a major component of the sources of alkaline
intraplate magmas (Halliday et al., 1995; Niu & O’Hara,
2003; Pilet et al., 2004, 2005, 2008). Before evaluating the
key geochemical characteristics of the model hydrous

cumulates and related partial melts to those of natural al-
kaline lavas, we first compare amphibole compositions pre-
dicted by the model with the compositions of amphibole
observed in metasomatic veins worldwide. Figure 6 shows
that model amphibole compositions are similar to the nat-
ural amphiboles and that the model amphiboles reproduce
critical aspects of the trace-element patterns of amphiboles
from oceanic and continental metasomatic veins. In par-
ticular, both the model and natural amphiboles are char-
acterized by significantly elevated Nb/La ratios relative to
primitive mantle; by low U and Th contents relative to
elements of similar compatibility [with the exception of
amphiboles from Kergelen xenoliths (Moine et al., 2001),
which do not show these low U and Th contents]; by nega-
tive Pb anomalies relative to LREE of similar compatibil-
ity; and by having similar REE slopes. The high Nb/La
and low Nb/U and Ce/Pb ratios in the model amphiboles
reflect the specific DP9 values for these elements (Fig.
3d; Table 2) rather than the composition of the liquids
from which these amphiboles crystallized [liquids L; and
L, (Fig. 5b) do not show these anomalies]. The overall
similarity between the two sets of patterns suggests that
our model for the origin of amphibole-rich veins in the
lithosphere is on the right track. The calculated amphi-
boles do differ from those observed in metasomatic veins
in that they have lower overall trace-clement contents
(Fig. 6); for example, the average La concentration (in
ppm) in amphiboles from metasomatic veins is 39 &30
(o) whereas the average for the model amphiboles is
10631 (1o). These differences in trace-element abun-
dances may reflect several factors. The initial melt (L)
could be insufficiently enriched in trace elements relative
to the actual parental melts of the metasomatic vein cumu-
lates; either lowering the degree of melting (assumed to be
0-75 on average) or postulating sources more enriched
than the E-DMM composition of Workman & Hart
(2005), the upper limit in our model source, would elevate
the calculated amphibole patterns without altering their
shapes. Alternatively, the amphibole/liquid D values that
we use may be systemically low. Tiepolo ¢t al. (2000a,
20006) showed that REE, Y, Nb, U, and Th amphibole/
liquid D values increase by factors of 3—7 for most elements
with increasing melt polymerization (D*™M9 for Nb
seems, in particular, highly affected by this melt compos-
itional control, with D increasing from 0-13 for liquids
with ~43 wt % SiOy to D vaslues ranging from 0-5 to 16
for liquids with ~55wt % SiOy). Because we cannot at
present calculate the major-element composition of the
evolving liquid, we have simply averaged the experimental
amphibole/liquid D values (Tiepolo et al., 2000a, 20005).
Ti contents of the model amphiboles are also low relative
to Ti concentrations measured in natural amphiboles from
metasomatic veins. However, Pilet et al. (2010) have shown
that D*™PMM4 for Ti correlates with crystallization
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Fig. 6. Trace-clement contents (normalized to PM; McDonough & Sun, 1995) of amphiboles from the model hydrous cumulates (dark red
curve) compared with amphibole compositions from metasomatic veins observed in oceanic (light gray) and continental (dark gray) settings
(Ionov & Hofmann, 1995; Vaselli et al., 1995; Zanetti el al., 1996; Wulfl-Pedersen et al., 1999; Moine et al., 2001; Downes et al., 2004; Pilet et al.,
2008). For the model calculations, the light red band shows the &1 6 variation; the long and short red dashed lines represent maximum and min-

imum values from the calculations, respectively.

temperature and structure of the coexisting silicate melt
(over a temperature interval from 1130 to 950°C, amphi-
bole/liquid Dr; could vary from ~2 to ~6). Therefore, we
assume that the discrepancy in Ti contents between the
model and the natural amphiboles (Fig. 6) reflects our
choice of a constant DP9 for Ti (2:5; Table 2). For
these reasons, we consider the match between the overall
shapes of the calculated and observed trace-element pat-
terns and the presence of certain diagnostic positive (e.g.
Nb) and negative (e.g. Th, U, and Pb) anomalies to be
more significant tests of the model than reproducing the
absolute concentrations.

Comparison of natural alkaline magmas
and model melts of metasomatized
hydrous lithosphere

The model low-degree partial melts of typical depleted as-
thenospheric mantle (or the differentiated liquids of these
partial melts) are a poor compositional match in terms of
trace and minor elements to alkaline magmas from ocean
islands and continental massifs (i.e. estimates of L do not
match the gray fields labelled ‘basanites’ in Fig. 5a). This
confirms that such melts, widespread on the continents
and in the ocean basins, require some other mode of
origin (Gast et al., 1964; Hart, 1988). Our focus in this and
previous studies (Pilet et al., 2005, 2008) has been to de-
test the hypothesis that melting of

velop and

metasomatized lithosphere can explain the geochemical
featuers of these alkaline magmas, but we emphasize that
there are several alternatives, including the possibility of
melts of metasomatized peridotites with source compos-
itions different from typical mantle (Sun & McDonough,
1989; McKenzie & O’Nions, 1995); melts of mixtures of
peridotite and other components (Chase, 1981; Hofmann
& White, 1982); and/or the involvement of components
with complex compositional characteristics reflecting pro-
cesses occurring in subduction zones and elsewhere in the
mantle (Weaver, 1991; Chauvel et al., 1992; Panter et al.,
2006; Willbold & Stracke, 2006; Elliott et al., 2007). Our
goal here is not to explore the pros and cons of these vari-
ous alternatives, but rather to evaluate the viability and
consequences of the metasomatized lithosphere model.
Pilet et al. (2008) demonstrated that high-degree partial
melts of naturally occurring hydrous veins in metasoma-
tized lithosphere overlap compositionally with alkaline
magmas and thus that they can indeed plausibly represent
significant components of the sources of such magmas.
The models presented here explore the mechanisms by
which such hydrous veins might have formed, and in this
section we employ these models of cumulate formation to
examine the origin of particular geochemical features in
such rocks and how they might connect to the features
observed in alkaline magmas.

The calculated anhydrous cumulate compositions shown
in Fig. 5c¢ indicate that such cumulates can exhibit
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Fig. 7. (a) Model generated trace-clement contents (normalized to
PM; McDonough & Sun, 1995) of melts produced by 1wt % (cyan)
and 10 wt % (blue) partial melting of the model anhydrous cumulates
compared with oceanic and continental basanites (see Fig. 5 caption).
The trace-element contents were calculated assuming modal batch
melting, mineral modes from model anhydrous cumulates, and D
values reported inTable 2. (b) Trace-clement contents (normalized to
PM) of melts produced by 20 wt % (cyan) and 50 wt % (red) partial
melting of the model hydrous cumulates compared with oceanic
and continental basanites. The bands define trace-clement contents
calculated using the incongruent melting reaction for amphibole
at 15 GPa [Pilet et al. (2008), 1 amph — 0-6 liq+0-3 cpx 401 ol],
mineral modes from the model hydrous cumulates, and D values re-
ported in Table 2. We also assumed that all accessory minerals
(phlogopite, titanite, apatite, ilmenite, rutile, allanite, and zircon)
are completely melted by 20 wt % melting. (c¢) Comparison of trace-
element contents of oceanic and continental basanites (normalized to
PM) with those of melts produced from metasomatized hydrous litho-
sphere composed of hydrous veins plus 0-5% (red) or 25-30%

significantly different trace-element concentrations and
patterns depending on their garnet to olivine ratio and on
the proportion of trapped liquid. However, neither the
composition of such cumulates nor their calculated
low-degree partial melts overlap the compositions of
oceanic or continental basanites (Fig. 7a). These cumulates
are thus unlikely to contribute significantly to the
trace-element budget of alkaline magmas, especially as
such lithologies entrained in an upwelling mantle plume
would be expected to melt to a large degree (Hirschmann
& Stolper, 1996; Ito & Mahoney, 2005a; Stolper &
Asimow, 2007), such that melts of such rocks would not
differ significantly overall from the sources themselves.

In contrast to the model anhydrous cumulates, the
model hydrous cumulates and metasomatized hydrous
lithosphere (hydrous cumulates plus trapped residual li-
quids) have trace-element patterns that are similar to the
average pattern observed in basanites from oceanic islands
and from intracontinental volcanoes (Fig. 5¢ and d), al-
though the model cumulate compositions are about a
factor of ~2—6 lower than the actual lavas. Also shown in
Fig. 7b are calculated trace-element patterns for 20 and
50wt % partial melts of the range of hydrous cumulates
shown in Fig. 5¢ based on their model modal abundances,
mineral/liquid D values reported in Table 2, and melting
reaction for hornblendite (Zcpx) at 15 GPa from Pilet
et al. (2008). The compositional range of the liquids pro-
duced by 20 wt % melting of the model hydrous cumulates
(from Min to Max; Fig. 7b) overlaps the composition of
basanites observed in continental or oceanic settings.
However, the trace-element patterns of these melts differ
in some details from natural basanitic lavas. For example,
the model 20wt % partial melts show concave-down
REE patterns and positive Zr and Hf anomalies with re-
spect to the MREE whereas the natural basanites do not
show these features. These positive Zr and Hf anomalies
with respect to the MREE are consistent with the presence
of significant residual amphibole in the model source; that

(blue) trapped liquid (L) simulating metasomatism of the surround-
ing peridotite (see text and Fig. 5 caption). The composition of the
liquid from the hydrous cumulates is calculated at 50 wt % melting
[see (b)]; the contribution from the metasomatized peridotite is calcu-
lated by assuming that all elements added by the metasomatic process
are removed from the surrounding peridotite during the melting of
metasomatized hydrous lithosphere [in practice, this corresponds to
adding various fractions of liquid Ly (Fig. 5b) to the composition of
the hydrous cumulate melts]. The dark-colored curves in each panel
show the calculated average compositions of the partial melts whereas
the surrounding lighter-colored bands indicate the corresponding
+10o variation. The long and short dashed lines associated with each
of the colored bands represent the maximum and minimum compos-
itions calculated in the simulations. The gray bands in (a)—(c) show
the compositions of basanites from oceanic and continental intraplate
volcanoes [in (b) and (c), we do not distinguish between continental
and oceanic basanites|.

1430



PILET et al.

is, amphiboles have mineral/liquid D values for MREE to
HREE >1 whereas Zr and Hf are incompatible (D*™PPHd
<I; Fig. 3d). In contrast, liquids produced by 50 wt % par-
tial melting of the hydrous cumulates show trace-element
patterns that are overall very similar to those of oceanic
or continental basanites (Fig. 7b), although they have
slightly lower concentrations than the natural basanites.
The difference between these two trace-element patterns
reflects the loss of amphibole between 20 and 50 wt %
melting in our models.

As indicated above, it is important to consider the po-
tential contribution of the metasomatized peridotite sur-
rounding the hydrous cumulates as this material will also
have a low solidus temperature relative to unmetasoma-
tized peridotite and thus could potentially melt during up-
welling or heating and contribute to the trace-element
inventories of melts of metasomatized lithosphere. Figure
7c¢ shows the composition of melts from metasomatized
hydrous lithosphere (equal to hydrous cumulates plus
trapped liquid, Lo; see discussion above). In this calcula-
tion, we assumed that the hydrous veins melt to 50 wt %
and that all trace elements associated with the trapped
liquid (the mantle metasomatic component) are added to
these 50 wt % partial melts. This approach is supported
by the observation that, for metasomatized peridotites, in-
compatible trace elements are not incorporated within the
major mineral phases (e.g. ol, opx, cpx, and spinel), but
are localized in melt inclusions, pervasive grain-boundary
components, or interstitial minerals (Bedini & Bodinier,
1999). As with the 50% melts of the hydrous veins
(Fig. 7b), the
lithosphere display a good match with the trace-element
patterns of oceanic and continental basanites (Fig. 7c).

melts from metasomatized hydrous

The variations in melt composition as a function of

the fraction of the metasomatized peridotite component
are in general not large, but can be significant with respect
to highly incompatible elements such as Rb, Ba, and
Pb and related ratios such as Rb/Sr, Ba/Nb, and Ce/Pb
(Fig. 7¢).

The high-degree partial melts of the model hydrous cu-
mulates, with or without a contribution from metasoma-
tized peridotite, match well the observed range of natural
basanitic magmas from ocean islands and from the contin-
ents (IFig. 7b and c), supporting the hypothesis that meta-
somatic veins in the lithosphere play a significant role as
sources of these widespread mantle-derived magmas.
It should be noted that although the most enriched model
liquids (dashed lines denoted as Max in Fig. 7b and ¢) gen-
erally overlap with the most enriched basanite compos-
itions, the average model liquids have trace-element
contents that are somewhat depleted relative to the concen-
tration levels observed in most basanites. As in the case
with the small but systematic mismatch between the
trace-element contents of the model amphiboles and

METASOMATIC ENRICHMENT IN LITHOSPHERE

the natural amphiboles (see Fig. 6), this difference in
trace-element contents between the model liquids and the
natural basanites may reflect either small but systematic
errors in the amphibole/liquid D values we used, or in our
use of a DMM to E-DMM source that is slightly more
depleted than the actual source of the initial low-degree
peridotite partial melts.

Figure 8 compares several trace-element ratios in the
model metasomatic liquids (Lg, L;, and Ly), in the model
hydrous cumulates, and in the calculated partial melts
from the model metasomatized hydrous lithosphere (hy-
drous cumulates plus up to 30% trapped liquid) with the
same ratios in primitive continental and oceanic intraplate
alkaline basalts (i.e. in basalts characterized by ne-norma-
tive compositions and by MgO contents between 6 and
20wt %). Rb/Sr, Sm/Nd, U/Pb, Ba/Nb, Ce/Pb, and Nb/U
ratios were selected because they are used to characterize
OIB sources as being representative of HIMU or EM
sub-types (Hofmann & White, 1982; Hofmann et al., 1986;
Sun & McDonough, 1989; Weaver, 1991; Chauvel et al.,
1992; Halliday et al., 1995; Willbold & Stracke, 2006).
Figure 8g-1 shows that the ranges of trace-element ratios
calculated for the melts from metasomatized hydrous
lithosphere reproduce most of the variability observed in
primitive alkaline lavas shown in Fig. 8m—r (a subset of
these lavas are plotted in Fig. 8s—x and are designated as
HIMU, EM, or ‘normal’ on the basis of their isotopic com-
positions). Only for Ba/Nb ratios do the calculated melts
show a range slightly lower than that observed in natural
alkaline basalts. The model liquids also reproduce the vari-
ability seen in ratios that we have not plotted in Fig. 8,
such as Nb/La and La/Yb. The variability in Sm/Nd, U/
Pb, Ce/Pb, and Nb/U ratios in the calculated melts shown
in Fig. 8h, 1, k, and 1 is only weakly related to the compos-
itional variability of the initial metasomatic melt (L in
Figs 4, 5, and 8b, ¢, e, and f); it is largely controlled by crys-
tal-liquid fractionation and by the proportion of trapped
liquid (Fig. 8h, 1, k, and 1). Figure 8a—f shows that the
source variability (DMM to E-DMM) and variability in
the degree of partial melting (0-:5-1:8%) produces liquids
(Lp) with relatively constant trace-element ratios. The ex-
ceptions are Rb/Sr and Ba/Nb where significant variations
in these two ratios can be produced by varying the degree
of partial melting of an asthenospheric source. The overall
similarity in the values of the depicted trace-element
ratios in Ly and L, (Fig. 8a—f) reflects that fractionation
of clinopyroxene & garnet £ olivine is not efficient in sig-
nificantly fractionating incompatible trace elements (with
the exception of HREE, which are compatible in garnet).
On the other hand, the fractionation of amphibole and ac-
significantly modifies most of the
trace-element ratios of Ly relative to L and thereby intro-
duces substantially more variability. The proportions of
amphibole, ilmenite, rutile, and titanite also exert a

cessory minerals
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Fig. 8. Continued.

significant influence over the Ba/Nb and Nb/U ratios by
preferentially fractionating Nb relative to Ba and U. The
REE concentrations in the hydrous cumulates are highly
correlated with the amount of titanite, apatite, and allanite
that are present, whereas the proportion of sulfide, the
only Pb-compatible phase in the model cumulates, influ-
ences the U/Pb and Ce/Pb ratios.

The variability of trace-element ratios in OIB and
(Fig. 8m-r) 1is most often

intracontinental basalts

14

Nb /U hommalized to PM

normalized to PM

interpreted as due to the existence of several distinct
end-members in the mantle sources of these basalts
(Hart, 1988; Nakamura & 'Tatsumoto, 1988; Weaver, 1991;
Chauvel et al., 1992; Dixon et al., 2002; Stracke et al.,
2003; Willbold & Stracke, 2006; Stracke & Bourdon,
2009). The trace-element ratio variability generated by
our Monte Carlo modelling is consistent with the alterna-
tive hypothesis proposed by Pilet et al. (2005)—that the
variability of trace elements observed in alkaline lavas of
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continental and oceanic settings can be linked to vari-
ations in the compositions of metasomatic veins present
in their sources. Figure 8g-1 also indicates that, in add-
ition to variations in the composition of metasomatic
veins, another important parameter in the context of our
model is the amount of cryptic and modal metasomatism
associated with the veins; in particular, significant
amounts (up to 30%) of such components are required
in our model to explain the observed distributions of
U/Pb, Ce/Pb, and Nb/U ratios of continental and oceanic
alkaline magmas (compare Fig. 81, k, and j with Fig. 8o,
q, and r, respectively). The results of our model calcula-
tions suggest, therefore, that metasomatized hydrous
lithosphere (hydrous veins 4+ metasomatism in the sur-
rounding mantle) produced by the differentiation of
low-degree melts from a source similar to that of MORB
can for the most part satisfy the observed trace-element
contents (Fig. 7c) and associated ratios (Fig. 8) in alkaline
magmas.

Isotopic evolution of metasomatized
hydrous lithosphere over time
As indicated above, two scenarios have been proposed for
the production of alkaline magmas by melting of metaso-
matized lithosphere (Halliday et al., 1995; Niu & O’Hara,
2003; Pilet et al., 2005, 2008): (1) shortly after or coincident
with metasomatism, the lithosphere experiences a thermal
perturbation or decompression and thereby melts i situ;
or (2) the metasomatized lithosphere is recycled into the
convecting mantle by subduction or delamination and
melts during later upwelling (e.g. in a plume or at a
ridge). Given the highly variable parent-daughter ratios
of the major radiogenic isotope systems (e.g. Rb/Sr, Sm/
Nd, and U/Pb) predicted for metasomatized hydrous litho-
sphere (Fig. 8g—1; ratios in the partial melts are approxi-
mately equal to those in the source), the metasomatized
lithosphere model makes specific predictions about the
temporal evolution of radiogenic isotope ratios depending
on the mineralogy of the veins, the amount of trapped
liquid in the surrounding peridotite, and the time interval
between vein formation and melting. In this section, we ex-
plore how the isotopic compositions of the hydrous cumu-
lates plus trapped liquid will evolve as a function of time
and compare these evolving ratios with the observed iso-
topic compositions of mantle-derived alkaline magmas.
Figure 9 (a-I to a-IV) compares the isotopic com-
positions of OIB with the calculated compositions of
metasomatized hydrous lithosphere assuming that this
lithosphere was formed 0.15 Gyr ago. An age of 0-15Ga
corresponds to that of the oldest oceanic lithosphere
observed on the Earth and thus potentially represents the
longest isolation time for the in situ melting hypothesis for
the generation of alkaline basalts in an oceanic setting.
The ranges in Sr, Nd, and Pb isotopic compositions for
this 0-15 Ga metasomatized lithosphere were calculated in

two steps, as follows. (1) We calculated the isotopic compos-
ition of depleted MORB mantle (DMM to E-DMM)
0-15Gyr ago assuming that the isotopic compositional
range of these two MORB mantle end-members was simi-
lar to the range of isotopic compositions observed in
MORB today and that they were formed by an instantan-
eous depletion event at 2:5 Ga. (2) The isotopic evolution
of the metasomatized lithosphere from 0-15 Ga to the pre-
sent was calculated using the Rb/Sr, Sm/Nd, and U/Pb
ratios calculated for each of the 25000 Monte Carlo simu-
lations; these present-day values are shown as light gray,
blue, and red points in the panels in Fig. 9a-I to a-IV (an
example of this calculation as well as the various param-
eters that we used is presented in Electronic Appendix B).
We assume that there is no diffusive interaction between
metasomatized and unmetasomatized lithosphere, an as-
sumption that is supported by the relatively low tempera-
tures in the lithosphere and the relatively short time scale
of this calculation.

The range of isotopic compositions calculated for a
metasomatized lithosphere isolated for 0-15 Gyr is signifi-
cantly larger than the compositions exhibited by MORB
(which is taken as a proxy for the isotopic composition of
the ‘zero-age’ veins; Fig. 9) and partially overlaps the com-
positional range observed in alkaline OIB. Many alkaline
OIB have isotopic compositions that lie within the follow-
ing ranges: 18 <?°°Pb/***Ph < 20, 0702 < ¥"Sr/**Sr < 0-704,
and 0-5127 <"Nd/"**Nd < 0-5132 (as opposed to the more
extreme values shown by EM or HIMU basalts), and it is
the OIB with these ‘normal’ isotopic compositions that are
consistent with our model of a metasomatized lithospheric
source that has evolved for 0-15 Gyr. Significantly, only
OIB characterized by EM or HIMU isotopic signatures
cannot be explained by the melting of metasomatized
lithosphere in situ.

In contrast to oceanic settings, the isolation time for
metasomatized continental lithosphere could be signifi-
cantly longer. Figure 9b-I to b-I'V shows the isotopic com-
positional range of metasomatized lithosphere calculated
for an isolation time of 0-5 Ga; the figure shows that isolat-
ing metasomatized lithosphere for 0-5 Gyr produces a
large range of isotope compositions and that this range
overlaps the compositions of many continental alkaline
basalts. Nevertheless, the isotopic compositions of alkaline
continental lavas characterized by high *’Sr/**Sr and low
26ph/2*Ph and "Nd/**Nd ratios could not be repro-
duced by the metasomatized lithosphere calculated by our
model. However, it is important to note that the isotopic
compositions of these basalts may have been modified by
interaction with continental crust and/or old lithospheric
mantle (Granet e al., 1995; Hoernle et al., 1995; Lustrino
& Wilson, 2007). A comparison of the panels in Fig. 9a-I
to a-IVand b-I to b-IV indicates that the isolation of meta-
somatized lithosphere for 0-5 Gyr is not necessary to
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reproduce the compositions of continental basalts charac-
terized by °Ph/***Pb isotopic ratios between 19 and 20-5;
that is, isolation times of 0-15-0-20 Gyr are sufficient to
produce the isotope compositions observed in these contin-
ental basalts assuming that the source of the metasomatic
veins had an isotopic composition similar to the source of
MORB.

Given that the isotopic ratios of the HIMU and EM
end-members shown in Fig. 9a-1 to a-IV cannot be ex-
plained by short times operating on enriched metasomatic
veins or metasomatized hydrous lithosphere, we now ask
whether longer times might be able to explain these isotop-
ic end-members in the context of our model. Chase (1981),
Weaver (1991), and Chauvel et al. (1992) have previously
suggested that the sources of EM and HIMU lavas have
been isolated for long periods of time. If metasomatized
lithosphere is recycled through the convecting mantle and
entrained in mantle plumes or larger-scale upwellings
(e.g. beneath oceanic ridges), then the metasomatic veins
characterized by high Rb/Sr, Sm/Nd, and U/Pb would
evolve to extreme Sr, Nd, and Pb isotopic signatures if the
veins were in fact isolated for time scales of the order of
1-2 Gyr. For example, veins produced from a source com-
posed of 50% E-DMM and 50% DMM with an Sm/Nd
ratio of 0-233 (corresponding to the average ratio
calculated for metasomatized hydrous
lithosphere) would develop an &xq of —1:67 in 1Gyr
("Nd/™*Nd = 0-512552). A significant issue for this type
of calculation, however, is whether the heterogeneities
associated with metasomatized lithosphere (e.g. veins in

our model

mantle outcrops in the IFrench Pyrenees are of the order of
0-1-1m in width) could survive mechanical stirring and
diffusive homogenization in the convecting mantle on
such time scales (Kogiso et al., 20045). For this reason, we
have calculated the isotopic evolution of a source that rep-
resents a mixture of 99% depleted mantle (DMM) plus
1% metasomatized hydrous lithosphere (veins plus various
proportions of trapped liquid). Figure 9c-I to c-IV shows
how the radiogenic isotopic composition of this mixture
evolves over 15 Gyr (a sample calculation is given in
Electronic Appendix B). Our calculations indicate that a
large range of isotopic compositions can be produced by
isolating the metasomatized lithospheric mantle for
~1-2 Gyr. These calculations support the idea that recy-
cling in subduction zones or delamination of oceanic and/
or continental metasomatized lithosphere could yield en-
riched mantle with isotopic compositions similar to those
inferred for the HIMU end-member.

Figure 9c-I to ¢-IV also suggests that the isotopic com-
position of the EM end-member would be difficult to re-
produce by long-term isolation of a metasomatic mantle
component; the U/Pb ratio calculated for the metasoma-
tized lithosphere is too high to produce the Pb isotopic
compositions observed in lavas characterized by EM

METASOMATIC ENRICHMENT IN LITHOSPHERE

compositions (18 < **°Ph/***Ph < 20) after 1-2 Gyr. To pro-
duce such EM compositions from metasomatized litho-
sphere would require that the hydrous cumulates and
associated metasomatic residual liquids were characterized
by a slightly higher Rb/Sr ratio (Rb/Sr normalized to PM
of ~1-8) associated with a lower U/Pb ratio (U/Pb normal-
ized to PM of ~1) than is produced by our model (which
starts with mixtures of DMM and E-DMM). These
required ratios are outside the range of those calculated
for a source composed of 99% DMM plus 1% meta-
somatized hydrous lithosphere—such ratios have been in-
dependently calculated for
lithosphere; however, no simulation simultaneously gener-
ated a high Rb/Sr [~(1-8)pn] and low U/Pb [~(1)pn]
ratio. An initial source that could potentially produce
metasomatic veins with the appropriate Rb/Sr and U/Pb
ratios is mantle wedge material that has been enriched by
hydrous slab fluids. The presence of such recycled material
below mid-ocean ridges has been suggested by Cooper
et al. (2004) and Donnelly et al. (2004) based on oxygen
and radiogenic isotope data on MORB from the
Mid-Atlantic Ridge, and by Elliott et al. (2006) based on
the correlation of Li isotope compositions with
"Nd/"*Nd ratios in MORB from the East Pacific Rise.
It is also possible that the initial melts that fractionate
and produce the hydrous cumulates and associated

metasomatized hydrous

trapped liquid (the equivalent of Ly in our model) in-
herited isotopic compositions from their source that are
similar to those inferred for HIMU and EM. Although
we have assumed that the compositional variability of the
asthenospheric source was equivalent to that of DMM
and E-DMM (Workman & Hart, 2005), various studies of
MORB (Le Roex et al., 1989; Michael, 1995; Niu et al.,
1996, 1999; Rehkdmper & Hofmann, 1997) have shown
that the mid-ocean ridge asthenospheric mantle is more
heterogeneous. Ito & Mahoney (20054, 20056) have inves-
tigated the melting behaviour of a heterogeneous mantle
composed of depleted and enriched components in the con-
text of both MORB and OIB petrogenesis. They concluded
that the variations in isotopic composition observed in
MORB and OIB are not related to distinct mantle sources
for these two suites of basalts, but reflect differences in the
depth and extent of melting of MORB and OIB sources.
The higher pressures and lower degrees of partial melting
allow OIB to retain the more extreme isotopic signatures
carried by fertile lithologies in the lithosphere such as
recycled oceanic crust or enriched mantle. In contrast, the
more extensive low-pressure melting of depleted mantle
involved in MORB petrogenesis tends to dilute these ex-
treme 1isotopic signatures. Their analysis suggests that
low-degree melts produced at the periphery of mid-ocean
ridges (Fig. la) or beneath oceanic or continental litho-
sphere (Fig. 1b and ¢) could have more extreme isotopic
compositions than we assume in our model. Because both
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Fig. 9. (a) Isotopic compositions of OIB compared with the calculated isotope ratios of our Monte Carlo model-generated metasomatized
hydrous lithosphere (hydrous cumulates plus 0-30% trapped liquid in the surrounding peridotite) isolated for 0-15 Ga. (b) Isotope ratio dia-
grams for continental alkaline basalts compared with the calculated isotope ratios of metasomatized hydrous lithosphere isolated for 0-5 Ga.
(c) Isotope ratio diagrams for OIB compared with the calculated isotopic ratios of metasomatized peridotite (1% metasomatized hydrous litho-
sphere +99% depleted mantle) isolated for 15 Ga. OIB and continental alkaline basalt data were selected from the GeoRoc database.
All rocks are ne-normative and have MgO contents between 6 and 20 wt %. HIMU (red dots) and EM (blue dots) basalts are distinguished
from ‘normal’ OIB (OIB*; gray dots) based on their isotopic compositions (EM if "*Nd/"**Nd<0-51275 or ¥’Sr/**Sr>0-704; HIMU if
206p 2 Ph > 20-3; see Fig. 8s—u). MORB data (white circles) are taken from the PetDB database. (See the text and Electronic Appendix B

for the details of the calculation.)

silica-deficient and silica-saturated hydrous high-pressure
melts evolve towards liquids that crystallize amphiboles
with compositions similar to those seen in metasomatic
veins (Pilet et al., 2010), the extreme isotopic compositions

observed in some islands (e.g. HIMU or EM signatures)
could potentially be related to the melting iz situ of meta-
somatic veins that represent cumulates from low-degree
melts of enriched sources (e.g. recycled lithologies such as
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Fig. 9. Continued.

lithosphere).

oceanic crust, sediment, or previously metasomatized

CONCLUDING REMARKS

Our Monte Carlo simulations of metasomatic enrichment
within the lithosphere show the following results.

(I) The high and fractionated trace-element contents of

hydrous metasomatic veins are consistent with these

1437

veins representing cumulates produced by fractional
crystallization within the lithosphere of low-degree
melts from an asthenospheric source similar to that
of MORB (i.e. the veins do not represent liquid
compositions).

The details of the trace-element patterns observed in
these veins (e.g. the positive Nb/La and Ce/Pb ratios;
Fig. 5¢) are not inherited from the initial low-degree
melt of the asthenosphere but instead largely reflect
partitioning between amphibole and melt during
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fractionation of the mantle-derived melts as they tra-
verse the lithosphere and as amphiboles accumulate
in the conduits to form the veins.

(3) Partial melts of the amphibole-rich cumulates based
on our models (particularly when the effects of cryptic
and modal metasomatism of the peridotitic country
rock are included and contribute to the melts) provide
good matches to the trace- and minor-element abun-
dances and patterns of basic alkaline magmas (e.g.
basanites) from oceanic and continental settings.

(4) Sr, Nd, and Pb radiogenic isotope ratios from
time-evolved amphibole-rich cumulates predicted by
the Monte Carlo models (+metasomatized adjacent
peridotite & primitive peridotite) are consistent with
the range of values observed in most alkaline OIB
and continental magmas, although HIMU magmas
require ¢. 1-2Gyr of evolution, and EM magmas
cannot be readily explained without appealing to
other factors such as a heterogeneous asthenosphere.

These results support the interpretation proposed by
various workers that amphibole-bearing veins represent
cumulates formed during the differentiation of a volatile-
bearing low-degree peridotite melt (e.g. Dawson & Smith,
1982; Nielson & Noller, 1987; Wilshire, 1987, Bodinier et al.,
1990; Harte et al., 1993) and that these cumulates are sig-
nificant components of the sources of alkaline OIB and
continental magmas (Lloyd & Bailey, 1975; Wass &
Rogers, 1980; Halliday et al., 1990, 1995; McKenzie &
O'Nions, 1995; Niu & O’Hara, 2003; Pilet et al., 2005,
2008). Moreover, the results of the forward models provide
the potential for detailed tests of this class of hypotheses
for the origin of alkaline magmas worldwide and for inter-
preting major and minor aspects of the geochemical vari-
ability of these magmas.
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