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High relative abundances of primordial 3He are commonly found in ocean island basalts (OIB) thought to be de-
rived from mantle plumes, and high 3He/4He ratios have been used to distinguish plume-type from non-plume
OIBs. In simple plume models, one expects to find the highest 3He/4He ratios in the axial part of the plume con-
duit, which is sampled during the shield building stage of the volcanoes. However, the actual locus of the highest
3He/4He ratios is sometimes significantly displaced. This is best documented for the Hawaiian plume, where the
highest-3He/4He basalts are found on Loihi, a volcano tens of kilometers ahead of the inferred plume center, and
3He/4He ratios decrease systematically toward MORB-type values during the main and late phases of eruption.
Wepropose that this effect is caused by small amounts of carbonatitemelt formed in plumes as they rise through
the transition zone. If the plume conduit is tilted by plate-driven upper mantle flow, the carbonatite melt infil-
trates more vertically due to its low density and viscosity and is thus displaced from the plume center. Helium,
if partitioned into the carbonatite melt, will also be displaced from the plume center. To test this model we
use a numerical simulation of the Hawaiian plume interacting with the fast-moving Pacific lithosphere. We ob-
tain vertical separation velocities of the carbonatitemelt on the order of a meter/year. Consequently, helium and
carbon, initially located in the plume center at >450 kmdepth, are laterally displaced by 50 to 80 km in the shal-
low mantle, depending on grain size, porosity and melt production rate. This can explain why the highest
3He/4HE ratios (R/Ra up to 39; R/Ra≡(3He/4He)sample/(3He/4He)atmosphere) occur on pre-shield Loihi, why they
decline during the shield phases of Mauna Loa, Mauna Kea and Haleakala, and why post-shield and rejuvenated
Hawaiian volcanism delivers only low 3He/4He ratios (R/Ra=8–10). Our results quantify the potential role of
carbonatite liquids in transporting helium in theHawaiian conduit, and they appear to apply also to other plumes
tilted by upper-mantle ‘wind’.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

The survival of primordial helium-3 in the Earth's mantle has led
many authors to use helium isotopes to constrain models of mantle dy-
namics and evolution. One first-order interpretation is that primordial
helium (identified by its high 3He/4He ratio) is located in a deep-
mantle reservoir (Allègre and Moreira, 2004; Courtillot et al., 2003;
Farley et al., 1992; Graham, 2002; Kurz et al., 1983; Samuel and Farne-
tani, 2003; Tolstikhin and Hofmann, 2005) or in incompletely degassed
portions of a depleted lower mantle (Class and Goldstein, 2005; Gon-
nermann and Mukhopadhyay, 2009) and can be used to trace convec-
tive plumes derived from the lower mantle. Examples of such high-
3He/4He hotspots are Hawaii, Iceland, Samoa, Galápagos, Juan Fernan-
dez, Pitcairn, Society Islands, Azores, Yellowstone, Afar, and Kola
servatory, Palisades, NY 10964,
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Peninsula. Thus, while the debate about the location of source reser-
voir(s) of this primordial 3He continues, herewe rely on recent versions
of Earth models invoking deep-mantle plumes as carriers of primordial
helium. Tolstikhin and Hofmann (2005) and Tolstikhin et al. (2006)
have proposed a model in which the so-called D” layer, identified by
seismology and located at the base of the mantle, serves as reservoir
of primordial helium brought to the surface by mantle plumes. This
model has received independent support by evidence based onmeteor-
itic and terrestrial 142Nd abundances, favoring the existence of an an-
cient hidden reservoir, created shortly after the accretion of the Earth
(Boyet and Carlson, 2005).Wewill use the scenario inwhich deepman-
tle plumes rise from a boundary layer near the core–mantle boundary
as our starting point.We further assume that the highest 3He/4He ratios
are initially concentrated in the core of the rising plumes (e.g. Kurz et al.,
1996), because the high-3He/4He enters the plume source from below,
e.g. from the D” layer (Samuel and Farnetani, 2003; Tolstikhin and Hof-
mann, 2005) or conceivably from the core (Porcelli and Halliday, 2001).

Although the geographic association of high-3He/4He basalts with
inferred mantle plumes is strong, detailed regional studies have
revealed several instances where the high-3He/4He signal is locally
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Fig. 1. Map of Hawaiian volcanoes.

Fig. 2. R/Ra values (R/Ra≡(3He/4He)sample /(3He/4He)atmosphere) in pre-shield versus
post-shield Hawaiian lavas illustrate the fundamental asymmetry of helium isotope
distribution between early and late phases of eruptive history. Pre-shield lavas are
for (1) Loihi alkali basalts and tholeiites, (2) submarine lavas from the Hilina region
representing primarily pre-shield Kilauea, but possibly including lavas derived from
Loihi and Mauna Loa, and (3) alkali basalts from the South Arch. The latter are not
strictly speaking derived from a ‘pre-shield’ volcano but have compositions clearly re-
lated to the plume and are located on the upstream edge of the Hawaiian topographic
swell. Post-shield samples are for alkaline lavas and xenoliths from seven Hawaiian
volcanoes in their post-shield or rejuvenated phases. Volcanoes included are Mauna
Kea (post shield lavas), Hualalai (post-shield lavas and xenoliths), Haleakala (post-
shield lavas), Molokai (rejuvenated basalts), Koolau (rejuvenated basalts and xeno-
liths), Kauai (rejuvenated basalts), Niihau (rejuvenated basalts). Basalts from the
North Arch are consistent with post-shield and rejuvenated phases. All the post-
shield data fall in the narrow range of 6.2bR/Rab9.8 and are thus indistinguishable
from ordinary MORB. Data from: Allègre et al. (1983), Althaus et al. (2003), Craig and
Poreda (1986), Garcia et al. (1998), Hanyu et al. (2005), Hanyu et al. (2010), Honda
et al. (1991), Honda et al. (1993), Hyagon et al. (1992), Kaneoka et al. (1983), Kent
et al. (1999), Kurz (1986), Kurz et al. (1983), Kurz et al. (2004), Kyser and Rison
(1982), Matsumoto et al. (2008), Mukhopadhyay et al. (2003), Porcelli et al. (1987),
Ren et al. (2009), Rison and Craig (1983), Sarda et al. (1988), Staudacher et al.
(1986), Trull et al. (1993), Valbracht et al. (1996), Valbracht et al. (1997), and Vance
et al. (1989).
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displaced from the inferred plume center and, possibly, also
decoupled from other tracers of mantle plumes, such as Sr, Nd, and
Pb isotopes. Such displacements are seen most prominently on
Hawaiian volcanoes (DePaolo et al., 2001; Hanyu et al., 2005; Kurz
et al., 1996; Valbracht et al., 1996) but also on the Galápagos Islands
(Harpp and White, 2001), the Reykjanes Ridge (Breddam et al.,
2000; Taylor et al., 1997) and on the SEIR near Amsterdam (Graham
et al., 1999). What mechanism might cause such displacements? Be-
cause of helium's volatile nature, several authors have suggested a
shallow-mantle metasomatic process, involving either aqueous or
CO2-rich fluids (Kurz et al., 1996; Valbracht et al., 1996), volatile-
rich silicate melt movement (DePaolo et al., 2001) or, most recently,
carbonatite liquids (Dixon et al., 2008). However, all these mecha-
nisms require a significant lateral component in the direction of meta-
somatic movement (most clearly seen in the cartoons of Dixon and
Clague, 2001; Hanyu et al., 2005; Valbracht et al., 1996), in order to
explain the observed lateral displacement of the helium signal. This
is troublesome, because there is no obvious horizontally directed
driving force for such fluid movement. In this paper, we address this
problem in a somewhat different way:While building on the previous
ideas, we develop scenarios whereby it is the plume that moves later-
ally, whereas the metasomatic fluid migrates vertically, driven only by
gravity. Our three dimensional numerical simulations of the Hawaiian
plume (Farnetani and Hofmann, 2010) showed that the conduit in
the upper mantle is tilted in the direction of the Pacific plate motion.
Here we use the temperature and velocity fields of this Hawaiian
plume model to calculate the onset of carbonate melting and the sub-
sequent flow of the carbonatite liquids within the conduit.

Before developing our model quantitatively, we briefly review the
evidence of asymmetric, lateral displacements of the helium signal
from the plume center and for the separation (decoupling) of 3He/
4He from other isotopic plume tracers. We then summarize the evi-
dence for deep carbonate melting in the upper mantle, for helium
partitioning relative to other trace elements, for elevated carbon con-
tents in mantle plumes, and finally the theory of migration rates of
carbonatite liquids in rising mantle plumes. The combination of
these elements enables us to model the expected distribution of R/
Ra (where R/Ra≡(3He/4He)sample /(3He/4He)atmosphere; with
Ra=1.4×10−6) at sublithospheric depth and its sampling by the
Hawaiian volcanoes. We show that high values of R/Ra in the pre-
shield stage, followed by declining values during the shield and
post-shield stages, are obtained if the carbonatite liquids, not the
solid silicate plume material, carry the high R/Ra values.

2. Evidence for lateral helium displacement and ‘decoupling’ in
mantle plumes

The asymmetric distribution of 3He/4He in the evolution of Hawaiian
volcanoes was noted by Kurz and Kammer (1991), Kurz et al. (1995),
Kurz et al. (1996) and Valbracht et al. (1996). As a rule, 3He/4He ratios
of Hawaiian volcanoes start with high values during the early phases of
growth, then decline during the main shield-building stage, and reach
low, MORB-like values during late, post-shield and the even later, ‘reju-
venated’, stages of volcanism. During its initial, pre-shield, phase of alka-
lic volcanism, each Hawaiian volcano samples the leading edge of the
plume's melting region located well ahead of the plume center (Farne-
tani and Hofmann, 2010), and delivers lavas with high 3He/4He ratios
(R/Ra up to 39 in the case of Loihi). Because these pre-shield lavas are
later covered by voluminous, shield-stage lavas, the only volcano that
has been sampled extensively in its pre-shield-stage is Loihi (see Fig. 1
for a map of Hawaiian volcanoes). There are only two other locations
where clearly pre-shield, alkaline lavas have been sampled, the South
Arch volcanic field, located about 200 km south of Hawaii, and the sub-
marine Hilina section on the eastern flank of Kilauea Volcano. It is
thought to contain primarily pre-shield Kilauea basalts, but some of the
lavas sampled in this region may be derived from Loihi and Mauna Loa
(Hanyu et al., 2010). Fig. 2 shows helium data for these three pre-
shield suites and juxtaposes them with late-stage, also predominantly
alkalic lavas (and some xenoliths carried by them) from so called post-
shield and/or rejuvenated stages of seven other Hawaiian volcanoes
(Mauna Kea, Hualalai, Haleakala, Molokai, Koolau, Niihau and Kauai). Al-
though the 3He/4He ratios of the Hilina and South Arch basalts are not as
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high as the more extreme Loihi samples, they are nevertheless consis-
tently higher than theHe ratios of anyof the late-stage lavas or xenoliths,
all of which have 3He/4He ratios indistinguishable from MORB values
(7bR/Rab10).

During the shield-building stage, the volcanoes issue tholeiitic
lavas that sample melting regions close to the plume center. The
only three Hawaiian volcanoes for which long-term records of this
shield stage are available, Mauna Loa, Mauna Kea and Haleakala, all
show consistently declining 3He/4He ratios as each volcano ages
(Fig. 3, see figure caption for references). Thus the 200 ka record for
Mauna Loa, and the 600 ka record for Mauna Kea, (Fig. 3a) yield R/
Ra values that decline from 15 to 20 for the oldest lavas to MORB-
like values of 8 to 10 at the later stages of evolution, as each volcano
moves from a relatively central position above the plume melting re-
gion toward the trailing edge. The less continuous but nevertheless
long-term record of Haleakala shows similarly declining R/Ra values
(Fig. 3b).

Blichert-Toft and Albarède (2009) have argued that some of the
lavas sampled by the deeper parts of the HSDP drill core on Mauna
Kea (i.e. those labeled ‘hi-8’ basalts by Eisele et al., 2003) are geo-
chemically distinct from other Mauna Kea lavas and might not origi-
nate from Mauna Kea at all, but from another, ‘lost’ volcano.
Nevertheless, Fig. 3a shows that, even if the samples assigned to
this ‘lost’ volcano (identified by Pb isotopes marked in yellow) are
Fig. 3. (a) R/Ra versus eruption age for shield stages of Mauna Loa and Mauna Kea. Sim-
ilar plots for these two volcanoes have been shown by Kurz et al. (2004). In both vol-
canoes, R/Ra values decline as the volcano ages (i.e., for younger eruption age).
Mauna Loa is currently in a late shield stage, Mauna Kea in a post-shield stage. Data
from: Althaus et al. (2003), Kurz and Kammer (1991), Kurz et al. (1987), Kurz et al.
(1995), and Kurz et al. (2004). (b) R/Ra versus eruption age for Haleakala Volcano
(Maui) covering shield, post-shield, and rejuvenated phases. The ages of the post-
shield Kula Series lavas have been interpolated between ages measured on different
samples in the same drill core. Data from: Craig and Poreda (1986), Hanyu et al.
(2007), Kurz (1986), Kurz et al. (1987), Marti and Craig (1987), and Scarsi (2000).
excluded from consideration, the age-controlled, long-term decline
of 3He/4He on Mauna Kea still holds true.

A possible exception to the above general pattern exists on the is-
land of Kauai: moderately high 3He/4He values (17bR/Rab28) occur
in lavas erupted late in its shield-building phase (Mukhopadhyay et
al., 2003), and this contrasts with the decline of 3He/4He values ob-
served on other Hawaiian volcanoes at this stage of their evolution.
However, the geological and temporal relationships on Kauai are un-
certain; for example it is not clear whether Kauai represents a single
volcano or two separate volcanoes (Mukhopadhyay et al., 2003).
Thus, long-term stratigraphically controlled data are needed to estab-
lish whether Kauai does represent a true exception to an otherwise
general Hawaiian pattern of declining 3He/4He ratios as a given volca-
no ages.

The overall evidence reviewed above demonstrates a common
pattern of high 3He/4He ratios during the incipient stages of Hawaiian
volcanism, followed by lower and generally declining 3He/4He during
the main shield-building stages, and low, MORB-like values during
the final stages. This suggests that helium with the highest R/Ra has
been displaced from the hottest, central part of the plume sampled
by tholeiitic magmas toward the plume's ‘leading edge’ sampled by
alkalic magmas. Likewise, MORB-like helium originating from outside
the plume appears to have invaded the trailing edge of the plume
sampled by post-shield and rejuvenated magmas.

There are several other cases where high-3He/4He signatures in
basalts are evidently displaced. These include ridge basalts in the vi-
cinity of the Amsterdam-St. Paul plume (Nicolaysen et al., 2007),
and OIBs from one of the Galápagos Islands, Fernandina (Graham,
2002). Here we illustrate one example for the Iceland plume. Fig. 4
shows 3He/4He and 87Sr/86Sr ratios, plotted as a function of latitude,
in basalts from Iceland and the adjacent regions of the mid-Atlantic
Ridge to the north and the south. 87Sr/86Sr ratios on the Reykjanes
Ridge decline southward to typical, depleted-MORB values of 0.7027
at about 61∘N. At this same latitude, 3He/4He remains uniformly
high at around R/Ra~15, for more than another 200 km, to about
59∘N. Hilton et al. (2000) have shown that the helium versus lead iso-
tope ratios along the Reykjanes Ridge can in principle be explained by
binary mixing between plume and MORB-mantle, as a possible conse-
quence of a preferred southward flow of plume material along the
ridge at shallow, sublithospheric depths. On the other hand, at greater
depth, the global upper mantle flow is northward, according to the
mantle circulation model of Mihalffy et al. (2008), which is based
on shear-wave splitting and tomography-derived relative mantle
densities. In addition, there is evidence from receiver function seis-
mology (Shen et al., 2002) that the Iceland plume is tilted toward
the north, because the minimum thickness of the transition zone,
tracing the hottest part of the plume, is displaced to the south by at
least 100 km. Thus, it seems likely that the Icelandic plume conduit
is tilted, and that at least part of its helium signal is displaced toward
the ‘upwind’ side of the tilted plume.

A separate question is whether the helium signal, in addition to
being displaced from the plume center, may also be ‘decoupled’
from other isotope tracers, particularly Sr, Nd, Hf, and Pb, in the
sense that the He signal is displaced by a greater distance from the
plume core than the other tracers. The asymmetry and displacement
of He signals from the Hawaiian plume center has led some authors to
postulate such ‘decoupling’. Valbracht et al. (1996) first suggested a
separation mechanism by rising, volatile-rich, incipient melts, which
then metasomatize the lithosphere. A similar decoupling has been
suggested by DePaolo et al. (2001), who constructed contour maps
of different isotopic tracers for Loihi and the Island of Hawaii: Most
of these tracers of the plume, e.g. the lowest 143Nd/144Nd ratios, are
centered near Mauna Loa and Kilauea, close to the present-day
plume center, where the most voluminous magma production is tak-
ing place. In contrast, the highest R/Ra values are centered around
Loihi. Decoupling of helium from lithophile tracers of Hawaiian
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Fig. 4. (a) Sr and (b) He isotopes versus latitude across Iceland, the Reykjanes Ridge (to
the south) and the Kolbeinsey Ridge (to the north). In contrast to the roughly symmet-
rical distribution of Sr isotopes on the ridge segments, helium isotopes are distinctly
skewed toward high R/Ra values on the Reykjanes Ridge. Data from: Brandon et al.
(2007), Breddam et al. (2000), Condomines et al. (1983), Dixon (2003), Dixon et al.
(2000), Hilton et al. (2000), Jackson et al. (2008), Kurz et al. (1985), Licciardi et al.
(2006), Macpherson et al. (2005), Moreira et al. (2001), Murton et al. (2002), Poreda
et al. (1986), Schilling et al. (1999), and Taylor et al. (1997).
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plume components by carbonatite metasomatism, especially around
the plume margin, has also been invoked by Dixon et al. (2008).

Nevertheless, the reality of decoupling of He from Sr, Nd, Hf, and
Pb isotopes on Hawaiian volcanoes remains controversial. Thus,
Eiler et al. (1998), using a three-component principal component
analysis (PCA), showed that He and Pb isotopes for Hawaiian pre-
shield and shield lavas are strongly correlated. Mukhopadhyay et al.
(2003), using a four-component PCA including Sr and Nd, in addition
to Pb isotopes, produced an even better fit for 60 Hawaiian pre-shield
and shield lavas. Finally, Hanyu et al. (2010) reaffirmed that He iso-
topes are strongly coupled to lithophile radiogenic isotopes in pre-
shield Kilauea lavas. However, none of the datasets used in these ef-
forts included post-shield or rejuvenated Hawaiian lavas. Moreover
Dixon et al. (2008) have emphasized that pre-shield and rejuvenated
Hawaiian magmas are very similar except for their helium isotopic
compositions. Thus, it may well be that He and lithophile isotope sys-
tems are coupled during the pre-shield and shield phases, but become
decoupled during the post-shield and rejuvenated stages of Hawaiian
volcanism. For the present purpose, the question of decoupling is in-
teresting but somewhat secondary to the much more clear-cut evi-
dence for displacement of the high-He signal from the center of the
plume toward its leading edge.

3. Deep carbonate melting and helium partitioning

Earlier experimental work on carbonate melts had concentrated
on elucidating the origin of carbonatite magmas and included
numerous experimental studies for well over thirty years (Koster
van Groos andWyllie, 1973; Lee and Wyllie, 1996). Because of exper-
imental limitations, most of these studies were limited to pressures
corresponding to less than 100 km depth. However, mantle xenoliths
and micro-inclusions in diamonds suggest that carbonatite liquids or
carbonate-rich kimberlite melts can form at much deeper levels in
the Earth's mantle. More recent experiments extended the range of
pressures to about 9 GPa (Dasgupta and Hirschmann, 2006), and up
to 20 GPa (Ghosh et al., 2007, 2009), showing that carbonate liquids
can form throughout much of the upper mantle even at very low CO2

abundances of 100 to 1000 ppm (Dasgupta et al., 2004; Hammouda,
2003; Yaxley and Brey, 2004). Dasgupta and Hirschmann (2006) in-
ferred the lower limit of existence of such liquids to be at 300 km be-
neath ridges and about 400 km within hotter mantle plumes,
although the stability of such liquids depends strongly on the local ox-
ygen fugacity (Stagno and Frost, 2010). Hirschmann (2010) parameter-
ized published experimental melting data on carbonated hydrous
peridotite. He showed that the carbonatite melts formed in the deeper
part of the upper mantle are replaced by hydrous silicate melts at shal-
lower levels, and noted that “there is probably a continuum between
true carbonatites and carbonated silicate melts, particularly at pres-
sures above 3 GPa.”

Minarik andWatson (1995) demonstrated a very high permeability
of peridotite in the presence of carbonate liquid, and Hammouda and
Laporte (2000) showed experimentally that carbonate liquids can per-
colate through mantle rock at remarkably high rates of up to 1 m/yr.
Both of these studies therefore confirm the potential power of carbona-
tite liquids for causing large-scale metasomatic transport in the mantle.

Dasgupta and Hirschmann (2006) pointed out that carbonatite
liquids could be important carriers of mantle helium. In order for
such a mechanism to separate helium from other isotope tracers
such as Sr, Nd, Hf, and Pb, solid-melt partition coefficients of these el-
ements must be different from helium partitioning. The most recent
experimental results for partitioning between mantle minerals and
carbonate melts show that the partition coefficients of most incom-
patible trace elements are remarkably similar for carbonate and sili-
cate liquids, except for a few elements like Ti, Zr, and Hf, which
have significantly higher partition coefficients in the presence of car-
bonatite melt (Dasgupta et al., 2009).

For helium, some recent experimental determinations yielded parti-
tion coefficients D(He) ~10−4 for both olivine and clinopyroxene
(Heber et al., 2007), whereas others obtained values of D(He)=2 to
5×10−3 for olivine, closer to, but still lower than, the coefficients
for Sr, Nd, Pb and Hf (Parman et al., 2005). Heber et al. (2007) argued
that submicroscopic gas bubbles not eliminated in Parman's experi-
ments might account for the difference, so that the lower value
should be closer to the correct value. Burnard et al. (2010) deter-
mined solubilities of He and Ar in carbonatite liquids at atmospheric
pressure and found that they are similar to the respective solubilities
in silicate liquids. Overall, the experimental issues are far from
settled.

If the estimate of D(He) ≤10−4 is correct, the scenario invoked by
Dasgupta et al. (2009), involving a mantle carbon content of 300 ppm,
will cause the carbonatite melt to sequester essentially all of the
helium, while leaving about 90% of the Nd and Pb, and more than
95% of the Sr in the solid phases. If such a carbonatite moves upward
sufficiently rapidly, and the plume is tilted by a horizontal component
of upper-mantle flow, this will begin to separate the helium from Sr,
Nd, Hf, and Pb. On the other hand, if D(He) is as high as 10−3 or 10−2,
the helium may remain more closely coupled to Sr, Nd, Hf, and Pb, as
suggested by Mukhopadhyay et al. (2003).

4. Carbon content of the upper mantle and of plumes

The knowledge of the carbon concentration is necessary to esti-
mate the migration rates of carbonatite liquids in a rising plume,
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and to assess the partitioning of He and other trace elements into car-
bonatite liquids formed at high pressures. However, the carbon con-
centration is difficult to estimate because carbon is nearly always
degassed from lavas during or before eruption. In MORB, this problem
can sometimes be circumvented because lavas erupted at sufficient
depth occasionally do retain their volatile budget. Thus, Saal et al.
(2002) have shown remarkable correlations between CO2 and Nb
(CO2/Nb=239) in extremely depleted, vapor-undersaturated, and
therefore undegassed MORB from the Sequeiros Fracture Zone in
the Pacific Ocean, and they estimated the CO2 concentration of the
depleted (‘N-MORB’) mantle at 72±19 ppm. Subsequently, Cartigny
et al. (2008) showed that ‘popping rocks’ from 14∘N on the mid-
Atlantic Ridge have higher CO2/Nb ratios of about 540 and are posi-
tively correlated with La/Sm, indicating that CO2/Nb ratios in MORB
sources are heterogeneous and reflect the degree of previous deple-
tion or enrichment. Cartigny et al. (2008) inferred an average CO2

content of 1800 ppm for average MORB, corresponding to about
180 ppm CO2 in MORB source mantle, in reasonable agreement with
the earlier estimate of about 140 ppm by Marty and Tolstikhin
(1998), based on C/3He ratios in MORB.

Mantle plumes, and OIB sources in general, are almost always
enriched in incompatible elements relative to MORB sources, so that
their carbon contents are almost certainly significantly greater than
180 ppm. Unfortunately, direct measurements of CO2 are not useful
guides to the CO2 contents of primary OIB magmas, because no
carbon-undersaturated samples have been found that would be suit-
able for such measurements. Essentially all Hawaiian basalts have lost
CO2 prior to eruption, so CO2 contents of lavas cannot be used to infer
the carbon content of mantle source (Dixon and Clague, 2001). One
way around this problem is to apply the MORB-derived CO2/Nb
ratio of 530 of Cartigny et al. (2008) to obtain a minimum estimate
for the CO2 content of the plume from the Nb concentration of the
plume basalt. Thus, and in combination with estimates for a primary
Nb content (6.5 ppm) and an effective enrichment factor of nine
over the bulk source composition, given by Sobolev et al. (2005) for
Mauna Loa lavas, we obtain a CO2 content of 380 ppm for the
Mauna Loa source. As noted, this is a minimum estimate because
CO2/Nb ratios correlate positively with incompatible-element enrich-
ment of mantle rocks (Cartigny et al., 2008), so that the Hawaiian
source is actually expected to have a CO2/Nb ratio greater than 530.
Independent estimates of the primary CO2 content of Hawaiian
lavas have been made by Dixon and Clague (2001) and by Gerlach
and Graeber (1985) on the basis of the maximum vesicularity found
in these lavas, which is almost entirely ascribed to CO2 degassed
from the melt. Maximum vesicularities of Loihi and Kilauea lavas
translate into CO2 contents of 0.65 and 0.63 wt.%, or 6500 ppm CO2

respectively. This, using the same melt/source enrichment factor of
nine given by Sobolev et al. (2005), leads to a CO2 content of
720 ppm for the Mauna Loa source. For the purpose of this paper
we will use a range of 380 to 720 ppm CO2 in the plume, which
upon melting translates to 870 and 1650 ppm CaCO3 carbonate melt
in the plume. In the following section, we will use these amounts as
melt fractions of carbonatite melt to calculate the melt ascent veloci-
ties within the plume.

5. Migration of carbonatite liquids in the plume

The potential efficiency of carbonatite liquids as agents of large-
scale metasomatism in the mantle rests on the unique physical prop-
erties of such liquids: their low density, low viscosity, and high per-
meability of the peridotite matrix. Density and viscosity have been
determined experimentally, with values of about 2200 kg m−3 and
5×10−3 Pa s, respectively (Treiman and Schedl, 1983). The perme-
ability of the peridotite matrix depends strongly on the connectivity
of the melt in a three-dimensional network of grain boundaries or
grain-corner channels. Using diffusion experiments to determine
the lower limit of carbonatite melt connectivity in an olivine matrix,
Minarik and Watson (1995) found that such melts are connected
through channels along grain corners down to porosities of
5×10−4. The permeability of a mantle rock to an interconnected liq-
uid is

k ¼ d2ϕn

C
ð1Þ

where d is the grain diameter, ϕ the porosity, with the exponent esti-
mated at n=3 and the geometric parameter estimated at C=270
(Wark et al., 2003). Recent modeling experiments that use a centri-
fuge apparatus to drive the segregation of a silicate melt from a peri-
dotite matrix at high pressure (0.9 to 1.4 GPa) suggest higher
permeabilities and much lower values of C=3 to 27 (Connolly
et al., 2009). However, the models do not include the large centrifugal
acceleration across the sample. In the following derivation of the rel-
evant transport equations, we assume that there is no threshold po-
rosity, because it seems likely that the lower limit of connectivity
determined by Minarik and Watson (1995) may not directly apply
to a material undergoing shear deformation during the infiltration
process.

Given the expected mobility of carbonatite melts we can use some
simplified magma-dynamics theory to make estimates of the distri-
bution of carbonatite melts and transport paths through the mantle.
In the absence of viscous compaction effects and small porosities,
the equations of melt transport can be described using the “zero com-
paction length approximation” (Spiegelman, 1993a, 1993b) which
says that the evolution of porosity in a 3-D melting and solid flow
field can be described by the evolution equation

∂ϕ
∂t þ uϕ⋅∇ϕ ¼ Γ

ρl
ð2Þ

where

uϕ ¼ Us þ
∂k
∂ϕ

Δρg
μ

k ð3Þ

is the velocity field along which porosity propagates and Γ is the rate
of mass transfer from solid to liquid (i.e. melting rate). Us is the solid
velocity field, k the permeability (Eq. (1)), Δρ=ρl−ρs is the density
difference between melt and solid, g gravity, and μ fluid viscosity.

If the melting rate Γ is known, Eq. (2) can be solved by the
method of characteristics to estimate the porosity field and the di-
rection of transport. In particular, for regions where there is no
mass transfer (Γ=0), porosity remains constant along characteris-
tics and will be set by the porosity at the end of carbonatite melt-
ing (see below). The important feature of Eq. (3) is that the
transport velocity (as well as the trajectories of any trace element;
Spiegelman, 1996) is a linear combination of the solid velocity Us

and a vertical flow field driven by gravity. The weighting between
the two flow fields depends on the permeability. If the permeabil-
ity is low, fluids will follow solid velocity fields, whereas for high
permeability, the flow will be primarily vertical. If vertical flow
dominates, then the qualitative expectation is that carbonatite
flow will lead the upwelling plume as is inferred from the 3He/
4He signatures. Given the very small amount of carbonatite melt
expected, however, a more quantitative estimate of the porosity/
permeability is warranted to determine the magnitude of this
effect.

Estimating the trajectories for carbonatite melts requires knowing
the porosity produced by carbonatite melting for each trajectory. Be-
cause carbonatite melting is likely to occur over a narrow pressure
range, we can use simple 1-D melting column theory to estimate
this porosity.
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Following Spiegelman and Elliott (1993) the relationship between
the melt flux ϕwl and the solid velocityWs at the top of a 1-D adiabat-
ically melting column is approximately:

ρlϕwl ¼ ρsFmaxWs ð4Þ

where Fmax is the degree of melting at the top of the column.
In the absence of viscous compaction effects (as is likely in the

case of a rising plume), and under the assumption that buoyancy is
the dominant driving force, the ascent velocities of the liquid and of
the solid through a porous rock satisfy Darcy's law:

ϕwl−ϕWs ¼
d2ϕ3

C
Δρg
μ

: ð5Þ

By combining Eqs. (4) and (5) we obtain:

WsρsFmax

ρl
−ϕWs ¼

d2ϕ3

C
Δρg
μ

ð6Þ

which provides an estimate of the porosity at the end of carbonatite
melting as a function of solid upwelling rate, permeability and degree
of melting. The use of Fmax is justified by the fact that in a plume con-
taining a very small amount of CO2, which during ascent forms a small
amount of carbonatite liquid, the maximum melt fraction is con-
trolled by the available amount of CO2 initially in the solid phases. Be-
cause the melting interval is small, Fmax is reached relatively quickly.

Using Eq. (6), we calculate porosity as a function of grain diameter
(Fig. 5a) for two different values of Fmax, corresponding to carbonatite
liquid contents of 870 and 1650 ppm, and for two different vertical
solid velocities Ws of 1 and 0.1 m/yr. Using Eq. (5) we determine
the separation velocity (wsep≡wl−Ws) as a function of grain diame-
ter (Fig. 5b).
Fig. 5. (a) Porosity vs. grain diameter, calculated using Eq. (6), for a carbonatite liquid
(see text). The values of degree of melting 0.00087 (blue) and 0.00165 (red) corre-
spond to two estimates of the carbon content of the plume. The solid vertical velocities
of 1.0 m/yr (solid lines) and 0.1 m/yr (dashed lines) correspond to values at the con-
duit center and periphery, respectively. (b) Separation velocity vs. grain diameter, cal-
culated using Eq. (5) (see text).
Some of the relationships shown in Fig. 5 may be surprising at first
sight: For example, the porosity depends only relatively weakly on
the maximummelt fraction, but more strongly on the grain diameter.
The ascent velocity of the plume has a strong effect on the porosity,
because it ultimately determines the production rate of carbonatite
melt. In any case, the most important finding for the purpose of this
paper is the high separation velocities, which range from tens of cen-
timeters to several meters per year.

The highest separation velocities are obtained for the maximum
grain diameter assumed, namely 30 mm. Earlier considerations of
melt metasomatism (McKenzie, 1985) have usually estimated grain
diameters on the order of 1 mm. But recently, Behn et al. (2009)
have argued that, in the upper mantle, grain diameters of 10 to
30 mm are more likely, as a result of the competing processes of
grain diminution by shear flow and grain growth. Whether this esti-
mate will also hold for grain diameters within plumes remains to be
seen. Shear, and therefore grain diminution, should be much greater
than in normal asthenosphere, but grain growth should also be con-
siderably faster due to higher temperatures and the presence of car-
bonatite melt. In any case, it is clear that this parameter, because of
its strong effect on the migration velocities, contributes perhaps the
greatest uncertainty to the quantitative results of our model.

6. Application to the Hawaiian plume

The model of the Hawaiian plume by Farnetani and Hofmann
(2010) provides us with the three dimensional solid velocity field
Us=(Us,Vs,Ws) used here to calculate both the porosity produced by
carbonatite melting (Eq. (6)) and the trajectories of these liquids
using Eqs. (2)–(3). An important feature of the simulated plume is
that the upper part of the conduit is inclined in the direction of plate
motion (Fig. 6). An inclined Hawaiian conduit is supported by global
mantle flow models coupled to plate motions (Steinberger et al.,
2004), by seismic tomography (Wolfe et al., 2009), and by a thin tran-
sition zone SE of the island of Hawaii (Schmerr et al., 2010). Note,
however, the apparently contrary interpretation by Cao et al. (2011).
Fig. 6a shows that the trajectories of the solid plume matrix are in-
clined in the direction of the overlying plate motion, whereas the
counterflow is restricted to the extreme leading edge of the plume.
Fig. 6 also indicates the melting zone for anhydrous peridotite (in yel-
low), and the onset of melting for carbonated peridotite (blue line
in Fig. 6b and c), which is calculated using: Tsolidus=1.475 P2+44.38
P+863.4, where P is pressure in GPa. This formula is a parameteriza-
tion provided by Dasgupta (2007, pers. comm.), extrapolated from
experimental data below 10 GPa (Dasgupta and Hirschmann, 2006).
Fig. 6b and c shows trajectories of carbonatite liquid for a grain size
of d=1mm and for two different carbonate contents corresponding
to Fmax=0.00087 and Fmax=0.00165. Since the solid velocity Ws at
the carbonatite solidus ranges from about 1 m/yr in the center of the
plume conduit to less than 0.1 m/yr close to the margins, the corre-
sponding separation velocities of the carbonatite liquid range from
0.6 to 0.1 m/yr. Choosing a larger grain size would lead to even greater
separation velocities (Fig. 5b) and therefore more vertical fluid trajec-
tories. A common feature of all fluid trajectories is that the carbonatite
liquid initially located in the plume center will move toward the lead-
ing edge of the plume. In contrast, carbonatite liquids initially located
in the periphery on the trailing side of the plume stem will move to-
ward the center. Thus, the more distant portions of the trailing side
of the plume are invaded by small amounts of asthenosphere-
derived carbonatite liquids.

In Fig. 6b and c the direction of carbonatite movement at each
point depends on both the solid velocity field Us and a vertical com-
ponent driven by gravity and permeability. In the center and on the
left-hand side of the plume, the carbonatite ascends through progres-
sively slower-moving solid material. Therefore the liquid trajectories
become increasingly more vertical, in effect traversing from the
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Fig. 6. Hawaiian plume model from Farnetani and Hofmann (2010). (a) Trajectories for the solid matrix (black lines), the central trajectory is dashed. Schematic solid velocity field
(white arrows) and silicate melting zone (yellow field). (b) Trajectories for carbonatite fluids, calculated for carbon content F=0.00087 and grain size d=0.001 m (see text). The
fluid central trajectory is marked by a star, for comparison the solid central trajectory is dashed. Trajectories start at the solidus of carbonate melting (thick blue line). (c) as (b), but
for F=0.00165. The overall effect is that the carbonatite liquid moves from the plume center toward the leading edge, and from the trailing underbelly toward the plume interior.
Any helium carried by this carbonatite liquid will be displaced in the same manner.

Fig. 7. R/Ra profiles vs. radial distance across the plume conduit at 450 km depth. The
blue line corresponds to the case where R/Ra decreases as an error function across the
thermal boundary layer at the base of the mantle. The dashed black line represents the
corresponding case where R/Ra decreases linearly. These profiles serve as starting con-
figurations for Figs. 8 and 9.
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plume center toward its leading edge. On the right-hand side of the
plume center, the opposite happens: The carbonatite liquid trajecto-
ries ascend through progressively faster moving plume material,
and therefore the trajectories are deflected toward the horizontal,
but they nevertheless move closer toward the center of the plume.
Comparison of Fig. 6b and c shows that this ‘fanning effect’ at the un-
derside of the plume is more pronounced when the overall separation
velocity is low.

What happens to the carbonatite liquid once they reach shallow
depths? As shown by Hirschmann (2010), the carbonatite is con-
verted (by a continuous but probably rapid process) to silicate melt
in the upper asthenosphere. Because of this, carbonatites are rare in
OIB settings, and none has been found on Hawaiian volcanoes. The
helium initially carried by the carbonatite is therefore ultimately
erupted with the silicate melt (generally after substantial losses due
CO2 degassing of the silicate melt). Our approach of approximating
these complex processes by two distinct stages, one involving pure
carbonatite melt in the deeper part of the column, and one involving
the formation and ultimate eruption of a silicate liquid, is thus a sim-
plification, but it should nevertheless capture the essential features of
the overall process.

In spite of the model limitations we can now ask: How does the
ascending carbonate liquid affect the isotopic composition of the
helium in the erupted lavas? For simplicity, we assume that (1)
helium is quantitatively partitioned into the carbonate liquid, and
(2) prior to carbonate melting the 3He/4He ratio decreases systemat-
ically from the center of the plume stem toward its margin. Since the
distribution of 3He/4He ratios in the plume conduit is unknown, we
tested two end-member models (Fig. 7). These profiles are calculated
using the simulations by Farnetani and Hofmann (2009) of a plume
conduit forming from a thermal boundary layer. In the first model
(blue line in Fig. 7), R/Ra decreases as an error function across a ther-
mal boundary layer of 100 km thickness. This corresponds
approximately to a plume source region with a diffusion profile of
helium entering from a reservoir maintained at a uniform value of
R/Ra=40 (the maximum found in Loihi lavas), into an infinite medi-
um with an initial R/Ra=8 (the ambient MORB value). In the second
model (dashed line in Fig. 7), R/Ra decreases linearly across the
boundary layer. This corresponds to the case of a steady-state diffu-
sion profile through a 100 km-thick layer in which both boundaries
are maintained at constant R/Ra.
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Figures 8 and 9 show maps of R/Ra at the base of the silicate melt-
ing region and in the volcanoes for the two initial helium distribu-
tions of Fig. 7. Figs. 8a and 9a show map views of R/Ra in the
absence of fluid (‘solid trajectories’); panels b and c show the corre-
sponding R/Ra distributions for the estimated lower and higher car-
bonate contents, Fmax=0.00087 and Fmax=0.00165. In the
carbonate-present cases, the 3He/4He maximum is displaced from
the silicate melting maximum by distances ranging from about 40
to 80 km. The greatest displacement is attained by the highest car-
bonate content (and the highest separation velocities). In addition,
the rapidly ascending carbonatite liquid ‘sharpens’ the extent of
high-3He/4He relative to the carbonate-absent case.

Using these maps, we calculate the evolution of R/Ra during a vol-
cano lifetime (Figs. 8 and 9, panels d, e, and f). We assume that a mov-
ing volcano is fed by magmas within a magma capture zone (MCZ) of
25 km radius. These magmas are assumed to ascend rapidly through
subvertical channels into crustal magma chambers, from where they
erupt. The calculated R/Ra ratio is shown for a central (YMCZ=0 km),
an off-axis (YMCZ=30 km) and a peripheral (YMCZ=50 km) volcano.
If helium is carried by the solid (Figs. 8d, 9d), pre-shield stage lavas
are expected to have lower R/Ra values than during the shield stage,
since the maximum R/Ra occurs at a distance of ~80 km from the
onset of melting. In contrast, if helium is carried by the carbonatite
fluids (panels e and f), pre-shield stage lavas have the highest R/Ra
values, whereas shield and post-shield stages show progressively de-
creasing R/Ra, in agreement with observations at Hawaiian volcanoes
(Figs. 2 and 3). We also predict that a central volcano has higher R/Ra
than an off-axis or a peripheral volcano. In the framework of an axis-
symmetric R/Ra distribution in the plume conduit, as assumed here,
Fig. 8. Top: Maps of R/Ra calculated at the base of the silicate melting region, for the R/Ra radi
melting. White dashed lines delimit the zones where the silicate melt flux is 20% and 80% of
Map of R/Ra if helium is entirely carried by the solid (F=0). (b) Map of R/Ra if helium is ca
natite fluids at F=0.00165. The maps illustrate the offset of the high R/Ra toward the leadin
of R/Ra in an individual volcano as a function of distance from the onset of silicate melting.
for a central volcano YMCZ=0 km (black solid line), for an off-axis volcano YMCZ=30 km (re
(f) correspond to the cases shown in (a), (b) and (c), respectively.
this geographical difference could explain the higher R/Ra observed
for the Loa-trend volcanoes, with respect to the more peripheral
Kea-trend volcanoes, characterized by lower R/Ra. Although Figs. 8
and 9 differ in detail, their overall similarity suggests that the results
are not very sensitive to the specific initial assumptions about the
helium distribution in the conduit as long as the maximum R/Ra is
in its center.

7. High R/Ra in the South Arch

The pronounced asymmetry of the Hawaiian distribution of helium
shown in Fig. 2 extends to basalts from the North Arch (R/Rab10) and
the South Arch (R/Ra up to 21; Hanyu et al., 2005), much farther than
the extent of shield-building volcanism. Figs. 8 and 9 show that elevated
3He/4He ratios modeled here do extend beyond the onset of silicate
melting by about 50 to 80 km. However, they do not reach nearly as far
as the South Arch lavas, which are located about 200 km to the south
of Loihi. This volcanic field erupted near the crest of the flexure zone sur-
rounding theHawaiian Islands; it consists of a fewflows of alkalic basalts
several meters thick and covers an area of about 35 by 50 km (Lipman et
al., 1989). Their isotopic and elemental chemistry (e.g. 87Sr/86Sr~0.7032;
Sims et al., 1995) clearly points to their derivation from the Hawaiian
plume rather than a MORB-type source. Thus, although the South Arch
lavas do not represent an early phase of Hawaiian shield volcanism,
they appear to be derived from small amounts of low-viscosity, partially
molten plume material that has spread well beyond the region where
partial silicate melting occurs as modeled here. This discrepancy may
be the result of our simplifying assumption that viscosity depends on
temperature only. If the presence of partial melt causes an additional
al profile given in Fig. 7 by the blue line. The X-distance is relative to the onset of silicate
the maximum value. A schematic location of some Hawaiian volcanoes is provided. (a)
rried by carbonatite fluids at F=0.00087. (c) Map of R/Ra if helium is carried by carbo-
g edge of the plume relative to the distribution in a fluid-free plume. Bottom: Evolution
YMCZ indicates the Y coordinate of the magma capture zone (MCZ) feeding the volcano:
d dashed line), for a peripheral volcano YMCZ=50 km (black dashed line). (d), (e) and
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Fig. 9. Same as Fig. 8, but for the R/Ra radial profile given in Fig. 7 by the black dashed line.
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lowering of viscosity, three-dimensional asthenospheric spreading of
plume material may increase in all directions, including the direction
ahead of the plume. Consequently, small amounts of Loihi-type silicate
meltsmight be found farther ahead of the plume than has beenmodeled
here.

8. Concluding remarks

We have compiled published evidence for a strong asymmetry in
the distribution of 3He/4He ratios in Hawaiian basalts. Lavas erupted
ahead of the main shield phases of volcanism have consistently
higher R/Ra values than all known post-shield and rejuvenated
lavas (and mantle xenoliths carried by these lavas), all of which
have low, MORB-like R/Ra values. Three volcanoes for which the tem-
poral evolution is well documented all show consistently declining R/
Ra values during the shield phase.

Previous attempts to explain this invoked hydrous or carbonatitic
metasomatic fluids moving in a dominantly lateral direction. Here we
have modeled carbonatitic fluids rising predominantly vertically in a
tilted plume conduit. The overall horizontal displacement of carbona-
tite and helium from the core of the conduit reaches distances of up to
about 80 km in the upstream direction. This can explain the R/Ra
maximum at the pre-shield stage (Loihi), the subsequent decline dur-
ing the main shield-stage (Mauna Loa, Kilauea), and the low, MORB-
type R/Ra in all post-shield volcanism. Our models have not
addressed the question of decoupling of helium from other isotopic
tracers, partly because the observations regarding decoupling are am-
biguous and controversial at present, and partly because this would
require greatly more elaborate fluid–solid simulations than would ap-
pear justified at this stage.

Ourmodel can be tested by future observations both on theHawaiian
and on other oceanic mantle plumes where there is evidence for signifi-
cant tilting of the conduit. Future seismological observations to deter-
mine the width and the tilt of the conduit will be critical. In addition
we need further experimental progress on the onset of carbonatite
melting in the mantle and on the partition coefficients of helium and
other trace elements in the carbonatite liquids. Ultimately, understand-
ing the displacement behavior may help to resolve long-standing ques-
tions about the deep origin of plumes and the helium distribution in
the mantle.
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