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We report total helium concentrations (vesicles + glass) for a suite of thirteen ultradepleted mid-ocean 
ridge basalts (UD-MORBs) that were previously studied for volatile contents (CO2, H2O) plus major and 
trace elements. The selected basalts are undersaturated in CO2 + H2O at their depths of eruption and 
represent rare cases of undegassed MORBs. Sample localities from the Atlantic (2), Indian (1) and Pacific 
(7) Oceans collectively show excellent linear correlations (r2 = 0.75–0.92) between the concentrations of 
helium and the highly incompatible elements C, K, Rb, Ba, Nb, Th and U. Three basalts from Gakkel Ridge 
in the Arctic were also studied but show anomalous behavior marked by excess lithophile trace element 
abundances.
In the Atlantic–Pacific–Indian suite, incompatible element concentrations vary by factors of 3–4.3, while 
helium concentration varies by a factor of 13. The strong correlations between the concentrations of 
helium and incompatible elements are explained by helium behavior as the most incompatible element 
during mantle melting. Partial melting of an ultradepleted mantle source, formed as a residue of earlier 
melt extraction, accounts for the observed concentrations. The earlier melting event involved removal of 
a small degree melt (∼1%) at low but non-zero porosity (0.01–0.5%), leading to a small amount of melt 
retention that strongly leveraged the incompatible element budget of the ultradepleted mantle source. 
Equilibrium melting models that produce the range of trace element and helium concentrations from 
this source require a bulk solid/melt distribution coefficient for helium that is lower than that for other 
incompatible elements by about a factor of ten. Alternatively, the bulk solid/melt distribution coefficient 
for helium could be similar to or even larger than that for other incompatible elements, but the much 
larger diffusivity of helium in peridotite leads to its more effective incompatibility and efficient extraction 
from a larger volume of mantle during melting. In either case, partial melting leaves a mantle residue 
with elevated (U + Th)/3He. Consequently, peridotite residues of mantle melting cannot be the source of 
high 3He/4He observed at ocean island hotspots such as Hawaii and Iceland.
The extreme effective incompatibility of helium entails that high 3He/4He mantle sources, isolated before 
4.45 Ga based on Xe and W isotopes, have not experienced any melt extraction since they were isolated 
from convecting portions of the mantle.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Helium isotope variations in oceanic basalts have been of 
central importance to the field of chemical geodynamics. High 
3He/4He ratios observed at localities such as Hawaii and Iceland 
are a key line of evidence for the existence of mantle plumes 

* Corresponding author.
E-mail addresses: dgraham@coas.oregonstate.edu (D.W. Graham), 

pjm@utulsa.edu (P.J. Michael), tshea@hawaii.edu (T. Shea).
http://dx.doi.org/10.1016/j.epsl.2016.09.016
0012-821X/© 2016 Elsevier B.V. All rights reserved.
(Kurz et al., 1982). The high 3He/4He ratios (up to 50 RA, where RA

is the ratio in air) compared to those in mid-ocean ridge basalts 
(MORBs, which typically have 3He/4He = 6–10 RA) require a man-
tle source region with a lower time-integrated (U + Th)/3He ratio. 
These hotspot or plume source regions must have remained ef-
fectively isolated over Earth’s history, probably because they are 
located deeper and are less degassed than the upper mantle source 
region for MORBs (e.g., Porcelli and Elliott, 2008). Ne–Ar–Xe iso-
topic systematics in oceanic basalts are fully consistent with this 
inferred mantle structure (e.g., Marty, 2012; Mukhopadhyay, 2012;
Moreira, 2013).
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Other geochemical evidence complicates this simple and coher-
ent picture from the noble gases. High 3He/4He ratios at ocean 
island hotspots are often associated with “isotopically depleted” 
compositions of Nd, Sr and Pb that approach those seen in MORBs 
(Class and Goldstein, 2005). This complex behavior might arise 
through melt extraction and trace element depletion that affected 
the whole mantle. According to this model, deep island sources to-
day would have retained a higher 3He/(U+Th) ratio during ancient 
melting events when that mantle ascended beneath a mid-ocean 
ridge. The higher 3He/(U + Th) might result either from a small 
amount of melt retention in the residue (Davies, 2010), or through 
elemental fractionation during the partial melting process. For ex-
ample, Albarède (1998) suggested that recycled, depleted oceanic 
lithosphere in the mantle source region of ocean islands could lead 
to elevated 3He/4He because He behaves as a less incompatible el-
ement compared to U and Th during melt depletion events.

The behavior of U and Th during partial melting of spinel peri-
dotite is dominated by the presence of clinopyroxene, which has 
a range of experimentally determined mineral/melt partition co-
efficients (k) that depend on pressure, temperature, mineral com-
position and oxygen fugacity. Values of kU and kTh in clinopyrox-
ene range from 3.4 × 10−3 to 1.8 × 10−2 and 8 × 10−3 to 3.6 ×
10−2, respectively (LaTourrette and Burnett, 1992; Beattie, 1993a;
Blundy and Wood, 2003; McDade et al., 2003). Values of kU and 
kTh in garnet are approximately 9 × 10−3 to 1.8 × 10−2 and 
1.5 × 10−3 to 3.3 × 10−3 (LaTourrette et al., 1993; Beattie, 1993b).

There is also a long history of experimental determinations of 
helium partition coefficients relevant to mantle melting (Hiyagon 
and Ozima, 1986; Brooker et al., 2003; Parman et al., 2005; Heber 
et al., 2007; Jackson et al., 2013). These measurements have many 
complications and have sometimes provided conflicting interpreta-
tions. Numerical values for noble gas partitioning are sometimes 
argued to be maxima even when factors such as the presence of 
bubbles have been reduced or eliminated. While earlier estimates 
(e.g., Parman et al., 2005) were notably above 10−3, recent deter-
minations indicate a median helium partition coefficient of ∼2 ×
10−4 between peridotitic phases (olivine, clinopyroxene, orthopy-
roxene) and basaltic melt at mantle conditions (Heber et al., 2007;
Jackson et al., 2013). Marty and Lussiez (1993) and Kurz (1993)
used paired analyses of coexisting olivine and basalt glass of At-
lantic MORBs to estimate the olivine–melt partition coefficient for 
helium and obtained values of 6 to 8 × 10−3. These natural values 
represent upper limits because the olivines contained melt inclu-
sions and the basalt glasses were partially degassed. The recent 
studies of Heber et al. (2007) and Jackson et al. (2013) suggest 
He is similar to or more incompatible than U and Th during early 
partial melting (e.g., of lherzolite), but perhaps He is more com-
patible at more advanced stages of melting (e.g., of harzburgite or 
dunite). This latter possibility would imply that depleted residues 
of ancient mantle melting might have high 3He/(U + Th) and could 
ultimately be the source for high 3He/4He ratios at ocean island 
hotspots.

In principle, the bulk solid/melt distribution coefficient (KHe) 
for helium during mantle melting can also be estimated from con-
centration measurements in naturally occurring basalts. The extent 
of melting needs to be known and adjustment must be made for 
crystal fractionation; the choice of a melting model also influences 
the estimate and leads to some ambiguities. With highly incom-
patible elements that can only be fractionated from each other at 
very low extents of partial melting, a common approach is to es-
timate the source elemental ratios for a suite of variably depleted 
lavas and then determine the relative incompatibility of several el-
ements. For volatile elements such as helium this is complicated 
by the fact that virtually all submarine basalts are oversaturated 
in their major volatiles (CO2 + H2O) and consequently they will 
have lost an unknown amount of helium by degassing. Although 
degassing corrections can be made in favorable cases, for exam-
ple using the 4He/40Ar∗ ratio, estimates of parental magma helium 
concentrations and source ratios of helium to other trace elements 
are uncertain. In this study we use a suite of mid-ocean ridge 
basalts that are undersaturated in major volatiles at their erup-
tion depth (Michael and Graham, 2015). This sample suite allows 
a basic test of the behavior of helium during partial melting rela-
tive to other incompatible elements (U, Th, K, Rb, Nb, Ba and C). 
Our results indicate that helium effectively behaves as the most in-
compatible element during upper mantle melting. Two important 
conclusions stemming from this result are that peridotitic melting 
residues are not the origin of high 3He/4He ratios at ocean island 
hotspots, and that retention of helium in convecting mantle over 
Earth history is extremely unlikely, lending further support for the 
isolation of relatively primitive material deep in the planet.

2. Material and methods

The samples for this study are a suite of undegassed mid-
ocean ridge basalt glasses previously studied for major volatiles 
(CO2 + H2O), and major and trace elements (Michael and Graham, 
2015). Major elements were determined by electron microprobe 
analysis or published values have been used. Trace elements were 
determined by laser ablation ICP-MS (inductively coupled plasma 
mass spectrometry). Vesicle He contents and 3He/4He were mea-
sured by mass spectrometry and CO2 contents were determined 
by capacitance manometry, following in vacuo crushing of approx-
imately 250–400 mg of glass chips (typically one to four mm-size 
pieces). All samples had <3 ppm vesicle CO2 as expected for their 
undersaturated nature and the general absence of vesicles. Helium 
amounts released by crushing were also low, between 1.6 × 10−8

and 9.2 ×10−7 ccSTP/g, and comprised 1–8% of the total helium re-
leased by melting glass chips (see below). Dissolved CO2 and H2O 
were determined by FTIR spectroscopy. Detailed descriptions of the 
sample locations are reported in Michael and Graham (2015). The 
lavas are all relatively primitive and have Mg# between 61 and 71. 
Trace element contents are very low, in keeping with the primi-
tive and depleted nature of these magmas; [Nb] varies from 0.2 
to 1.3 ppm, [K] from 90 to 625 ppm, and [La] from 0.9 to 2 ppm. 
Sample collection depths are close to their eruption depths based 
on knowledge of the dredge locations. All samples are volatile 
undersaturated based on comparison to the computed saturation 
concentrations using VolatileCalc (Newman and Lowenstern, 2002).

In this study, millimeter size glass chips ranging in weight from 
∼60 to ∼100 mg were loaded into a stainless steel carousel that 
allowed samples to be sequentially dropped into a high temper-
ature resistively-heated vacuum furnace. Glasses were melted at 
1450 ◦C, the released gases were processed through a series of 
SAES getters to remove active gases, and the noble gases were 
cryo-sorbed onto activated charcoal at 10 K. Helium was selectively 
released from the cryogenic trap at 45 K and admitted to the mass 
spectrometer. Analyses were carried out as described previously in 
Graham et al. (2014). Furnace hot blanks, routinely analyzed be-
fore and after each sample, averaged 1.2 ± 0.3 × 10−10 ccSTP 4He 
and were always <0.1% of the sample size.

3. Results

Analytical results are reported in the Supplementary Table S1.

3.1. Incompatible trace element variations

Trace element concentrations are very low. While the moder-
ately incompatible elements (La through Lu) overlap with canon-
ical values for normal mid-ocean ridge basalts (N-MORB), the 
highly incompatible elements (Cs, Rb, Ba, Th, U, Nb, Ta, K) are 
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Fig. 1. Primitive mantle-normalized spider diagram for undegassed mid-ocean ridge basalt glasses of this study. Trace element data are reported in Supplementary Table S1, 
and normalizing values are from Sun and McDonough (1989). Italicized elements have not been analyzed. The undegassed MORBs shown here are uncorrected for the small 
amounts of crystal fractionation that occurred in this suite; assuming a parental magma with Mg# = 68 the extent of crystallization ranges from ∼3–14% for Atlantic–Pacific–
Indian samples (see calculated adjustment factors reported in Table S1). Any corrections for crystal fractionation shift the most incompatible elements on the left-hand side of 
the diagram to even lower and more depleted values. Also shown for reference are patterns for N-MORB (Sun and McDonough, 1989), depleted MORB mantle from Workman 
and Hart (2005) and Salters and Stracke (2004) (DMM-W&H and DMM-S&S, respectively) plus ultradepleted MORB mantle (DDMM) from Workman and Hart (2005).
lower than canonical N-MORB values by as much as a factor of 
ten (Fig. 1). The samples of undegassed lava studied here are clas-
sified as ultradepleted MORBs (UD-MORBs) because they have the 
lowest trace element concentrations yet measured in MORB glasses 
(Michael and Graham, 2015). We use the term undegassed MORBs 
to refer to a subset of the UD-MORBs studied by Michael and Gra-
ham (2015). These undegassed MORBs are volatile undersaturated 
at their depth of eruption, and so do not include trace element 
or gas-rich samples such as popping rocks. The Atlantic and In-
dian undegassed samples as a group have somewhat higher trace 
element contents compared to the Pacific group. In contrast, the 
three Gakkel Ridge undegassed MORBs are not as depleted, with 
Rb and Ba contents similar to the N-MORB composition of Sun and 
McDonough (1989), and show a less marked decrease and more 
variable behavior with increasing element incompatibility in the 
spider diagram (Fig. 1).

Typical MORBs (depleted, transitional and enriched types) dis-
play negative covariations of the highly incompatible elements 
when normalized to La and plotted versus Ce/La ratio (Fig. 2). It 
is common practice to use ratios such as La/Ce or La/Sm to investi-
gate differences in degree of LREE enrichment; using the Ce/La ra-
tio accentuates small differences in degrees of LREE depletion. The 
negative covariations displayed by Rb, Nb, Ba and Th for MORBs 
(including popping rocks and olivine hosted melt inclusions) show 
trends that intersect the undegassed MORBs of this study at val-
ues of Ce/La near 3.5. However, the undegassed MORBs display flat 
trends on these diagrams that extend to Ce/La ratios of 5. These 
MORBs are therefore unusual, and in general they are not a mixing 
end-member for global MORB geochemical variations.

3.2. Helium – carbon dioxide relations

Total CO2/3He ratios in undegassed MORBs range from 3.6 ×108

to 2.8 × 109 (Fig. 3). Nearly the full range of CO2/3He is observed 
in the Pacific MORBs alone, where the ratio is mostly controlled by 
variations in 3He concentration. In the Pacific suite, CO2 ranges by 
more than a factor of 1.5 while the 3He concentration varies by a 
factor of ten. The range of CO2/3He ratios in the current study is 
within the typical MORB range of 0.2–3 × 109 (Marty and Jambon, 
1987; Marty and Zimmerman, 1999; Graham et al., 2014).
3.3. Helium – trace element relations

Helium concentrations are well correlated with the concentra-
tions of the highly incompatible trace elements (Fig. 4). Excluding 
the Gakkel Ridge basalts, linear correlation coefficients vary be-
tween 0.76 and 0.92 for K, Rb, Ba, Nb, Th and U. The x–y systemat-
ics are consistent with helium behaving as the most incompatible 
element based on the observed y-axis intercepts (e.g., Allègre et 
al., 1977) for the correlations of helium with each of the above 
elements. Additionally, all trace element concentrations show a 
narrower range of relative variations compared to helium. For the 
Atlantic, Pacific and Indian undegassed MORB glasses the factors 
of variation are Rb (4.3), K (3.5) and Th, U, Nb and Ba (3.0–3.2), 
while the helium concentration ranges by a factor of 13. When 
Gakkel Ridge samples are included the factors of variation are Rb 
(19.3), Ba (12.7), Th (10.0), U (7.7), K (7.0) and Nb (6.1), while for 
helium the concentration ranges by a factor of 19.6. The three un-
degassed Gakkel Ridge basalts clearly show less depletion in the 
highly incompatible elements when compared to the Atlantic, Pa-
cific and Indian lavas. Unusual behavior for elements such as Ba, Rb 
and U in Arctic MORBs was noted previously (Michael et al., 2003;
Goldstein et al., 2008) and attributed to recent stirring of sub-
continental mantle into the asthenosphere (Goldstein et al., 2008).

4. Discussion

4.1. Partial melting and origin of the undegassed and ultra-depleted 
MORB suite

Most basalts from the global mid-ocean ridge system show neg-
ative covariations for Rb, Nb, Ba and Th with Ce/La that intersect 
the undegassed MORBs at values of Ce/La near 3.5, while the un-
degassed MORBs show relatively flat trends on Fig. 2 that extend 
to higher Ce/La ratio. The process responsible for the overall neg-
ative trend for global MORBs in Fig. 2 therefore cannot explain 
the ultra-depleted MORBs. The UD-MORB mantle source is spe-
cial, and it may have been affected by processes that disturbed 
incompatible element concentrations and their ratios. Compared to 
other MORBs, the highly incompatible elements such as Rb, Nb, Th 
and Ba show depletion relative to slightly less incompatible ele-
ments such as La during petrogenesis of the ultra-depleted MORBs 
(Michael and Graham, 2015). This indicates that the volatile/trace 
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Fig. 2. Multi-element plots of highly incompatible lithophile elements (Th, Nb, Ba, Rb relative to La) vs. Ce/La ratio. MORBs, in gray, are from Kelley et al. (2013). MAR 
popping rock from Bougault et al. (1988) and Cartigny et al. (2008); North Arch Hawaii basalts from Dixon et al. (1997); olivine-hosted melt inclusions from Wanless and 
Shaw (2012), Helo et al. (2011) and Hartley et al. (2014); petite spot volcanoes from Hirano et al. (2006); Explorer Deep from Michael and Graham (2015).
element ratios in these samples should be interpreted with care. 
Michael and Graham (2015) noted that neither CO2/Ba nor CO2/Nb 
vary significantly with ratios such as Ce/La or La/Nb. The nega-
tive trend for global MORBs in Fig. 2 might be accounted for by 
mixing. This mixing would involve enriched low degree melts or 
E-MORB source mantle as one component. N-MORB source man-
tle or an N-MORB mantle residue that experienced prior removal 
of a small degree partial melt (Michael and Graham, 2015) would 
be the other component. It is noteworthy in this context that the 
most depleted UD-MORB source, having high Ce/La, cannot be a 
mixing end-member for the global MORB array because it is too 
depleted in incompatible trace elements (Fig. 2). In addition, the 
flat trend for the undegassed MORBs on Fig. 2 suggests that they 
may be related as a group to different degrees of source deple-
tion, or partial melting and mixing of two highly depleted end-
members.

It is evident from ratios like La/Nb and Ce/La that the UD-
MORB mantle source underwent a prior melt-loss event. This is 
also evident from the CO2/H2O ratio, which is anomalously low 
(mass ratio of 0.07–0.23) compared to typical depleted MORB 
values of 0.55 ± 0.2 (Hirschmann and Dasgupta, 2009). The low 
CO2/H2O of the undegassed MORBs also corresponds to lower 
chondrite-normalized La/Sm (0.25–0.43) than depleted mantle 
(∼0.5), so they lie below the trend for the upper mantle defined 
by Hirschmann and Dasgupta (2009). This feature appears to ex-
tend to other volatile element ratios such as He/CO2 because the 
most depleted of the undegassed MORBs (from the Pacific) trend 
to lower He/CO2 ratios (Fig. 3).

Our results for the undegassed MORB suite suggest that He be-
haves more incompatibly than the other trace elements, and a full 
explanation needs to account for the effects of both the early melt-
loss event from the MORB source and the subsequent generation of 
UD-MORB liquids. In the sections below we explore two different 
partial melting models that help to explain the extremely incom-
patible behavior of helium compared to other highly incompatible 
lithophile elements. The first model (Model A) produces the ultra-
depleted mantle source via a small amount of melt removal from 
a normal MORB source. During both this earlier stage of melting 
and the second stage that produces the undegassed MORB liquids, 
helium is fractionated from other elements because it is the most 
incompatible element, consistent with recent experimental data for 
mineral–melt partition coefficients. The second model (Model B) 
is a disequilibrium melting model, in which elemental concentra-
tions in the melt are strongly affected by diffusion rates in the 
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Fig. 3. Total [CO2] (vesicle + glass) vs. total [3He] for undegassed MORBs. Simple 
regression analysis of all data gives [CO2] = 3.0 × 108[3He] + 0.036, r2 = 0.57; ex-
cluding the Gakkel Ridge basalts, [CO2] = 3.2 × 108[3He] + 0.029, r2 = 0.74.

solid mantle. Model B also requires some prior melt removal from 
a peridotitic source, and it allows for helium diffusivity in the man-
tle that is much higher than for Th and U by utilizing diffusion 
rate estimates from experimental data. In the model B cases in-
vestigated, we also make the conservative assumption that helium 
is as compatible, or even more compatible than Th and U during 
both stages of melting. This demonstrates that knowing the pre-
cise values of He, U and Th solid/melt partitioning during melting 
is less critical than knowing their relative mobilities for this type of 
model explanation. While we recognize that more complex melt-
ing models may eventually be needed to account for all aspects 
of the UD-MORB geochemical variations, we focus our attention 
in this work on model effects that bear on the relationships be-
tween He and the highly incompatibly elements, and we primarily 
utilize Th as an example element because of its involvement in 
radiogenic 4He production and the fact that it is measured more 
precisely than U at these low concentration levels.

4.1.1. Model A: extreme helium incompatibility during solid/melt 
partitioning

The first model we present involves production of the ultra-
depleted mantle source through an early melt-loss event, followed 
by a second stage of aggregated fractional melting to produce the 
suite of UD-MORBs. Two criteria in this model help to produce 
the large fractionation between helium and incompatible elements 
during melting and still achieve the measured concentration level 
in the ultra-depleted MORBs. These are 1) a small degree of melt 
retention in the initially depleted source, and 2) a bulk distribution 
coefficient for helium (KHe) in each stage of melting that is lower 
than that for the other incompatible elements.

Results of simple forward models are described in the Supple-
mentary Information. The most salient results are illustrated here 
using a diagram of He/Th vs. [He] (Fig. 5). Various amounts of 
batch melt were removed; Fig. 5 illustrates the example of 1% melt 
removed in stage 1. The amount of retained (trapped) melt during 
stage 1 varies; in the example shown in Fig. 5 the range is from 
0.02% to 0.5%. A small amount of trapped melt during this earlier 
melt extraction is required in order to eventually match the ob-
served range of He concentrations, otherwise the UD-MORB source 
becomes too depleted in helium and other highly incompatible ele-
ments. The model produces an ultra-depleted mantle source that is 
subsequently melted in the second stage of melting to between 10 
and 20%, producing ultra-depleted MORBs via aggregated fractional 
melting. There are model tradeoffs between the amount of melting 
in the first-stage, the percentage of melt retained (residual poros-
ity), and the degree of melting in the second stage. Only some 
combinations lead to the observed range of He/Th in the unde-
gassed MORB suite and simultaneously produce melt compositions 
that have sufficiently high He concentrations (Fig. 5). While there 
is no unique solution with such a simple forward modeling ap-
proach, the low He/Th ratios observed in the undegassed MORBs 
are only produced when KHe < KTh using this simple, two-step 
melting model. This is fully consistent with the experimental ob-
servations of Heber et al. (2007) and Jackson et al. (2013).

In principle, the timing of earlier melt-loss events may be ad-
dressed from isotopic variations in the UD-MORBs, although more 
than one event may have occurred and a young event may not 
be resolvable isotopically. A complete set of isotopic data is not 
available for every sample, but many of the samples have been an-
alyzed for Sr–Nd–Pb and all have been analyzed for He isotopes 
(previous work and this study; see supplementary information). 
The two Atlantic lavas span the full range of 87Sr/86Sr in the unde-
gassed MORB suite, from 0.70213 to 0.70287. These samples have 
corresponding εNd of 11.6 and 8.9, respectively. In contrast, the 
highly depleted Pacific samples ENV7123-3-5 and ALV2384-001 
have intermediate 87Sr/86Sr of 0.70236 and 0.70255. εNd = 12.7
for ALV2384-001 from the Siqueiros Transform, but a Nd isotope 
analysis is not yet available for the most trace element-depleted 
sample ENV7123-3-5. These ranges of values indicate that while 
the UD-MORBs are usually the most isotopically depleted sam-
ples locally, and they have a component of ancient melt deple-
tion that is a well-known characteristic of the upper mantle (e.g., 
Gast, 1968), they do not show systematic isotope-trace element 
variations indicating a single melt-loss event. Moreover, the unde-
gassed MORBs of this study show a range of 3He/4He from 7.45 
to 8.82 RA, but there is no systematic variation with trace el-
ement ratios or Sr–Nd–Pb isotopic variations. Extensive study of 
mid-ocean ridge basalts has revealed a general pattern of 3He/4He 
ratios near 9 RA, or even higher, in the locally most depleted 
lavas, and this feature appears to be widespread and perhaps 
global in extent. Examples include the Juan de Fuca Ridge (8.8 RA, 
Lupton et al., 1993), equatorial and northern portions of the South 
Atlantic (8.8–9.3 RA, Graham et al., 1992; Tucker et al., 2012;
Stroncik and Niedermann, 2016), the Garrett Transform region of 
the East Pacific Rise (9.7 RA, Kurz et al., 2005), the Southwest 
Indian Ridge (9.8 RA, Gautheron et al., 2015), the Pacific/Antarc-
tic Ridge (Hamelin et al., 2011) and the Southeast Indian Ridge 
(9.7–10.2 RA, Graham et al., 2001, 2014). The undegassed MORBs 
of the current study do not extend to these higher MORB values, 
with the exception of the Equatorial Atlantic sample RC2806 D1 
(8.8 RA). If the elevated 3He/4He observed previously in highly 
depleted MORB glasses was caused by an ancient melt depletion 
event in the upper mantle, as suggested by Stroncik and Nieder-
mann (2016), then the general absence of such elevated values 
in the undegassed MORB suite implies that ancient melting may 
not have produced their unusual trace element characteristics. This 
points to a possible “young” melt loss event in their genesis, per-
haps associated with melt migration and transport beneath the 
modern spreading ocean ridge system. It is noteworthy in this re-
gard that recent modeling by Keller et al. (in press) suggests that 
a significant amount of deep, volatile-rich melt may escape erup-
tion at the ridge axis and become trapped along the lithosphere–
asthenosphere boundary.

Indeed, the UD-MORB lavas are typically not recovered from 
ridge segment centers, and often come from somewhat unusual 
settings including near transform faults or along intra-transform 
relay zones, or associated with the periphery of mantle hotspots. 
An ‘extra’ component of lateral flow and possible lateral escape 
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Fig. 4. Incompatible lithophile element correlations with 3He. All lithophile elements are in ppm and 3He is in ccSTP/g. Linear regression equations and correlation coefficients 
reported on each panel exclude the three anomalous samples from Gakkel Ridge. The shaded regions delineate 95% confidence for each regression. Horizontal dash lines 
delineate the concentrations of lithophile elements in the solid, depleted MORB mantle estimated by Workman and Hart (2005) and Salters and Stracke (2004).
of small-degree melts during upwelling of sub-ridge mantle can 
account for many of the geochemical variations along spreading 
centers near transform faults (Gregg et al., 2009). The lateral es-
cape of small degree melts from upwelling mantle regions beneath 
spreading ridges has also been suggested as a cause for metaso-
matism of oceanic lithosphere (Pilet et al., 2011; Keller et al., in 
press).

4.1.2. Model B: diffusion controlled differences in effective 
incompatibility

The second model we explore also involves formation of the 
ultra-depleted mantle source through a prior melt-loss event as 
required by the trace element patterns (Fig. 1). This model differs 
from Model A because the bulk solid/melt distribution coefficient 
for He (KHe) during melting is assumed to be equal to or larger 
than the solid/melt distribution coefficient for other highly incom-
patible elements. However, in this model we further consider the 
strong contrast in element mobility in the solid mantle during 
the melting process. We chose to explore this model using con-
servative assumptions about partition coefficients to demonstrate 
that the precise choice of numerical values for solid/melt partition-
ing may be of lesser importance than diffusion rates, particularly 
when comparing elements that differ in their mobility by orders 
of magnitude. Models of this type have been developed previously 
(e.g., Qin, 1992; Van Orman et al., 2002) but the diffusion rate 
contrasts that were originally studied were far less extreme than 
what we consider here in comparing large-ion lithophile elements 
with the noble gases. We adapted the Qin (1992) model formal-
ism to study fractionation of He from other highly incompatible 
elements, utilizing recent estimates of diffusion rates and model 
parameters described below and in the Supplementary Informa-
tion.

Diffusion rates for helium in olivine vary between ∼10−13 and
4 × 10−11 m2/s in the temperature range 1300–1500 ◦C (Fig. S4). 
The nature of helium diffusion in mantle minerals was briefly 
reviewed by Hart et al. (2008), and seems to be faster in both 
clinopyroxene and garnet at mantle temperatures. Th is expected 
to diffuse slowly. For instance, in diopside Th diffuses at rates in-
termediate to Al and Si, at about 10−20–10−21 m2 s−1 at mantle 
temperatures (Cherniak and Dimanov, 2010). To be conservative, 
we simply assume that the upper limit for Th diffusivity is that of 
the faster divalent cations such as Fe–Mg (Fig. S4). We note that 
slower diffusivities for Th would only enhance He–Th decoupling 
during the effects of disequilibrium melting.

Because the disequilibrium melting model B developed herein 
investigates scenarios in which He is as compatible (or more com-
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Fig. 5. Model A results using aggregated fractional melting in which the solid/melt 
incompatibility for helium is larger than for U and Th. Data points show the un-
degassed MORB samples of this study. [He]68 in undegassed MORBs is the helium 
concentration in each sample corrected for small amounts of fractional crystalliza-
tion as described by Michael and Graham (2015) (adjustment factors are reported 
in Table S1). The initial unmelted MORB source shown by the blue box was selected 
to have depleted mantle characteristics of Porcelli and Elliott (2008). Ultradepleted 
source formation involves a first stage of partial melting and melt loss of 0.1–2%. 
The example shown here is for 1% melting with a range of residual porosity be-
tween 0.02–0.5%. This hybrid, UD-MORB source has lower He/Th ratios than the 
original depleted mantle source because of the small amount of prior melt loss, and 
its finite residual porosity largely dictates its helium concentration. This source is 
remelted in a later event, and the fractional melts are aggregated from between 
10–20% melting, producing arrays of melts that lie in the orange field. For the 
example shown here the bulk distribution coefficients are KHe = 1.8 × 10−4 and 
KTh = 2.3 × 10−3. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)

patible) as Th (kHe ≥ kTh), we implemented two sets of values: 
a first set of models were run with kHe = kTh = 10−3, and another 
with kHe = 10−3 and kTh = 10−4. Parameter choices for melting 
rate, grain size, and critical porosity used in the Qin (1992) model 
are described in the Supplementary Information. The Qin (1992)
parameter space is largely captured by the dimensionless non-
equilibrium number Ne # = v R0

2/D , where v is melting rate, R0

is grain size and D is diffusivity, and it describes characteristic do-
mains on a diagram of element diffusivity vs. melting rate (Fig. S5).

A single stage melt extraction in Model B is incapable of gener-
ating the He concentrations and range of He/incompatible element 
ratios observed in the undegassed MORBs (see Fig. S6 for de-
tails). A two-stage melting model can produce the observed range 
of He concentrations and He/Th ratio. Two-stage melting results 
using the Model B formalism are shown in Fig. 6 for the case 
where kHe ≥ kTh (the case for kHe ≤ kTh is also reported in Fig. S7). 
A small residual porosity (typically 0.1–1% trapped melt) is again 
required in order to maintain a sufficiently high [He] in the de-
pleted source so that melting in the second stage produces magma 
with the He/Th and He concentrations observed in the undegassed 
MORBs. As expected, larger degrees of melting of this depleted 
source produce somewhat lower He/Th for any given porosity, and 
significantly lower [He], similar to what was observed in Model A.

A number of studies have discussed how aspects of melt 
transport can generate disequilibrium effects during melt gener-
ation beneath mid-ocean ridges (e.g., Navon and Stolper, 1987;
Spiegelman and Kenyon, 1992; Hart, 1993). A first-order conclu-
sion is that as melts form and traverse regions of the mantle 
where they are not in equilibrium, the extent to which they inter-
act with ambient mantle depends on the spacing of melt channels 
and of mantle lithologic heterogeneities and how they are dis-
tributed (e.g., as veins, pods, etc.; Spiegelman and Kenyon, 1992). 
In addition, both diffusive and reaction fronts may be developed in 
the solid, and these will differ for various elements depending on 
their solid/melt compatibility and diffusion rate in the solid (Navon 
and Stolper, 1987). Based on our forward modeling that consid-
ers such diffusive effects, by using realistic parameter choices and 
conservative choices for solid/melt distribution coefficients, we find 
that a two-stage melting model adequately describes the observed 
variations in helium/incompatible element ratios and in He con-
centrations. Effectively this means that the volume of mantle be-
ing sampled for He during melting may vary with the extent of 
melting, and may greatly exceed the volume sampled by other el-
ements. This occurs because He is at least 2–4 orders of magnitude 
more mobile in the solid mantle than large-ion lithophile trace el-
ements.

It is notable that the three most depleted undegassed MORBs 
(from the Pacific) trend to lower He/CO2 ratios (Fig. 3). This ob-
servation is consistent with Model A if carbon has a distribution 
coefficient during melting that is similar to that for Th. It may 
also be consistent with model B if the diffusivity of helium is 
significantly faster than that for carbon. Very little experimental 
data are available for carbon diffusivity. In olivine, carbon appears 
to be dissolved as C4+ (Shcheka et al., 2006). Its diffusion coeffi-
cient in olivine at 1100 ◦C was determined to be ∼1 ×10−15 cm2/s
(Shilobreeva et al., 2000), which is not much slower than the value 
for helium at this temperature (∼1.5 × 10−15 cm2/s). However, 
carbon mobility in the mantle depends strongly on the phase in 
which it is located. At depths shallower than ∼250 km, carbon 
could be highly mobile if it is present as a melt such as carbon-
atite (Dasgupta and Hirschmann, 2006). At greater depths, carbon 
in the asthenosphere is probably hosted as graphite or diamond 
(Stagno et al., 2013). The solubility of carbon in silicates is very 
low (Shcheka et al., 2006) and its diffusion through silicate grains 
is unlikely to be an appreciable mode of transport. Grain boundary 
diffusion has been proposed to be a key process for transport of 
carbon (e.g., Hayden and Watson, 2008) but quantifying it rests on 
several assumptions, including knowing the grain size distribution 
in the mantle which itself is a controversial topic. Burnard et al.
(2015) performed experiments showing that grain boundaries can 
also be important sites for noble gas storage, but they showed that 
grain sizes and temperatures relevant to the mantle lead to similar 
diffusivities for grain boundary helium vs. lattice-hosted helium.

There is also potential for isotopic fractionation of 3He from 4He 
by diffusive processes during melting (Burnard, 2004). Although 
it is not possible to adequately address this issue with a small 
and global data set such as the undegassed MORBs, we note that 
there is no systematic variation of 3He/4He with He concentration 
or with ratios such as He/Th in this sample suite. The absence of 
such a covariation might mean that diffusive fractionation during 
melting as described in Model B has not significantly affected the 
3He/4He ratio for the undegassed MORBs. Trull and Kurz (1993)
also concluded that significant isotopic fractionation of residual 
mantle helium was unlikely given that their measured diffusivities 
for 3He were only marginally higher than for 4He (4 ± 4% faster in 
pyroxene and 9 ± 4% in olivine).

In summary, the observation that helium is the most incompati-
ble element during melting is consistent with the best experimen-
tal evidence on helium partition coefficients (Heber et al., 2007; 
Jackson et al., 2013). Faster diffusivity of helium in the mantle 
during melting is not required to explain the undegassed MORB 
results, but it also cannot be ruled out as a factor. In the unlikely 
situation that relative values of partition coefficients for helium vs. 
highly incompatible elements were reversed from the best experi-
mental estimates (i.e., with helium being more compatible during 
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Fig. 6. Two-stage melting model results for Model B, in which the effective solid/melt partitioning is influenced by mantle diffusion rate. In the cases shown here the 
non-equilibrium number Ne# = 5.1 × 10−5 for He and 0.51 for Th. (a) Color-coded curves show variations in He/Th vs. [He] as a function of melt produced (0–20%) using 
four different amounts of melt retained after stage 1 melting (0.1 to 1%). All models assume the same diffusivity difference between He and Th (DHe = 104 DTh), a critical 
porosity of 1%, and a He solid/melt partition coefficient that is 10 times larger than the value for Th. (b) Enlarged region of (a) compares the model results to values observed 
for the undegassed MORBs, where [He]68 in is the helium concentration in each sample corrected for small amounts of fractional crystallization. The shaded region shows 
the range of model A results (Fig. 5) for comparison. In general the topology of Model A and Model B results is similar.
melting), the kinetic effects would be required and could lead to 
results similar to what is observed in the undegassed MORBs.

4.2. Helium behavior in the Earth and mantle structure

The presence of elevated 3He/4He in mantle-derived rocks has 
often been regarded as a conundrum in mantle geochemistry. 
A volatile-rich primordial reservoir is not expected to survive the 
high temperatures associated with planetary accretion that led to 
differentiation, melting and degassing (e.g., Anderson, 1998), and 
so it has been suggested that much of the mantle may be depleted, 
degassed and refractory. One suggestion is that helium with high 
3He/4He ratios (along with Ne having a solar signature) diffused 
into residual refractory rocks, such as dunite, from enriched man-
tle rocks early in Earth history (Albarède, 2008). Class and Gold-
stein (2005) pointed out that ocean islands having higher 3He/4He 
have depleted (high) time-integrated Sm/Nd, and show elevated 
143Nd/144Nd compared to expected bulk silicate Earth, suggesting 
an association between source depletion by partial melting and 
elevated 3He/4He. Albarède (1998) and Coltice and Ricard (1999)
even suggested that bulk solid/melt distribution coefficients for 
He and U were ∼0.01 and ∼0.005, respectively, so that mantle 
residues of partial melting would have lower U/3He ratios, and 
over time would tend to show elevated 3He/4He compared to less 
depleted mantle regions. They proposed that accumulations of re-
cycled oceanic lithosphere could be the source of high 3He/4He 
ratios in basalts derived from deep hotspot sources. According to 
this model, the accumulated layer of former oceanic lithosphere 
could have 3He/4He that was “frozen” at an ancient, high value 
when the rocks became residual oceanic lithosphere because par-
tial melting stripped it of nearly all its U and Th. Another variation 
of this model was proposed by Albarède (2008) in which refrac-
tory mantle residues such as dunite are recycled into the source 
region of OIBs, leading to high 3He/4He because this material was 
enriched in ancient helium (having elevated 3He/4He) by diffusion, 
and it is more resistant than fertile lherzolite to the stretching and 
folding that occurs during mantle convection.

High 3He/4He values could also result from the incorporation 
of outer core material into plumes (Porcelli and Halliday, 2001;
Bouhifd et al., 2013; Moreira, 2013). Estimates would require this 
core material to comprise ∼0.8 to 3.0% (with very large uncer-
tainties) of the mass of upwelling mantle plumes. Moreira (2013)
discussed possible scenarios, using an estimated metal/silicate par-
tition coefficient of 3 × 10−4 from Matsuda et al. (1993), and 
concluded that the initial mantle [He] would need to have been 
>106 times larger than the present day upper mantle concentra-
tion if ∼1% of core material is present in a mantle plume. This 
initial [He] is far higher than the highest values observed in chon-
dritic meteorites, which are about 1000 times lower. Bouhifd et al.
(2013) measured metal/silicate partition coefficients of 5 × 10−3

to 2 × 10−2, with no significant pressure effects beyond 6 GPa 
up to 16 GPa. By assuming that Earth reached its present mass 
before the solar nebula was dissipated so that gravitationally cap-
tured atmospheric gas of solar composition was dissolved into the 
primordial mantle, they showed that the core could be a viable 
source of 3He in mantle plumes throughout geologic time. A cor-
relation between the highest 3He/4He and highest 186Os/188Os in 
Hawaii was originally used as evidence for a core contribution to 
both He and Os (Walker et al., 1995). Subsequent studies of Os 
isotope compositions in other ocean island basalts having elevated 
3He/4He, such as Iceland picrites (Brandon et al., 2007), did not 
show this relation. Studies of the siderophile elements Pt–Re–Os 
have made it difficult to uniquely tie ocean island basalt chem-
istry to involvement of the core (e.g., Luguet et al., 2008), and 
Arevalo and McDonough (2008) showed that entrainment of up 
to 1 wt.% outer core material would not be detected unambigu-
ously in basalts derived from enriched mantle sources. Possible 
decoupling in the core–mantle transfer of siderophile elements 
vs. helium (Dale et al., 2009) or enhanced diffusivity of helium 
into the core–mantle boundary layer (Moreira, 2013) are additional 
complications. An accurate assessment of core involvement will 
eventually require a much better understanding of the partitioning 
behavior of Pt–Re–Os–W and He at core pressure and in appropri-
ate Fe alloys containing light elements such as Si, C, S and O. For 
all these reasons, we cannot exclude the core as a potential high 
3He/4He reservoir in the Earth, although we consider the idea to 
be speculative. We do note that Porcelli and Elliott (2008), taking 
account of the history of continental crustal growth, showed that 
high 3He/4He ratios in ocean island basalts can be plausibly ex-
plained by very ancient isolation of part(s) of the Earth’s mantle 
from its dominantly convecting regions.

The results of our study indicate that helium is effectively 
the most incompatible element during partial melting of man-
tle peridotite. The presence of high 3He/4He at many ocean is-
lands and large igneous provinces therefore seems to require sig-
nificant concentrations of 3He in their mantle source regions. 
This would be most plausibly explained by isolation of those 
sources from convecting mantle regions, and this is more read-
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ily achieved at depths near the core–mantle boundary (CMB). The 
large low shear wave velocity provinces (LLSVPs) and ultra-low ve-
locity zones (ULVZs) above the CMB have captured the imagination 
of mantle geodynamicists and geochemists (Garnero et al., 2016;
White, 2015) and been suggested to be potential reservoirs for 
Earth’s oldest (>4.45 Ga) and least differentiated (primordial?) 
material. The presence of this ancient material in the deep Earth 
is established on the basis of the Xe and W isotope differences 
between hotspot/flood basalt provinces and upper mantle-derived 
basalts (Mukhopadhyay, 2012; Rizo et al., 2016). The simplest ex-
planation for elevated 3He/4He ratios associated with these ancient 
Xe and W isotope anomalies is, therefore, that they track mate-
rial ultimately derived from mantle reservoirs, isolated prior to 
4.45 Ga, that have experienced no melt extraction since that time.

The isotopic systematics (Pb–Nd–Sr) of high 3He/4He hotspots 
have long been taken to indicate complex mantle source histo-
ries that do not support the presence of an ancient unmelted 
mantle reservoir containing primitive noble gas signatures with-
out the additional involvement of both depleted mantle and recy-
cled crustal materials. It has also been established from radiogenic 
and noble gas isotope systematics in basalts (White, 2015) and 
from high-resolution simulations of mantle convection (Li et al., 
2014) that plumes generated in the deep Earth entrain a variety of 
materials. These include primordial material arising from thermo-
chemical piles at the base of the mantle (possibly LLSVPs), plus 
subducted crust and lithosphere that has penetrated into those 
piles as well as been dispersed/accumulated at shallower man-
tle depths (Li et al., 2014). In some cases relatively high 3He/4He 
of 20–30 RA might therefore result from entrainment of primitive 
material with recycled, processed material (e.g., Gonnermann and 
Mukhopadhyay, 2009). Recent work involving Xe isotopes also in-
dicates that a large fraction of the xenon at ocean island hotspots 
has a recycled origin (Mukhopadhyay, 2012; Peto et al., 2013;
Parai and Mukhopadhyay, 2015).

Lastly, because elevated 3He/4He is associated with Ne iso-
tope signatures that have a strong solar-like component (Moreira, 
2013), and with 129Xe isotope anomalies generated while 129I 
was still present during the first 100 Myr of Earth’s accre-
tion (Mukhopadhyay, 2012), He–Ne–Xe have not been separated 
in their geochemical behavior, nor in their ability to trace the 
>4.45 Ga material. This further attests to the absence of melting 
in that deep mantle source region since it was last isolated.

A more complicated explanation for the existence of high 
3He/4He domains is that helium was redistributed by deep mantle 
melts, leading to some 3He/(U + Th) enrichment. There currently 
is no compelling evidence that this is how high 3He/4He source 
regions originated, although the CMB region is a complex region 
containing compositional and thermal heterogeneity plus isolated 
melt pockets (Garnero et al., 2016). It was recently proposed that 
primordial metallic melt deep in the Earth may be a reservoir for 
primitive noble gas signatures (Zhang et al., 2016). Small amounts 
of dense Fe–Ni–S liquids might have been trapped in the mantle 
following crystallization of an early magma ocean. An alternative is 
that a primitive Fe-rich silicate melt layer, crystallized from a basal 
magma ocean near the CMB, hosts the missing budget of K, U and 
Th that is apparent from the non-complementary balance of con-
tinental crust and depleted mantle (Labrosse et al., 2007). Based 
on current understanding such a putative reservoir has remained 
geochemically hidden. Nevertheless, if solid–melt partition coeffi-
cients in this case are of order 0.01, then dense crystal cumulates 
of a basal magma ocean (parts of LLSVPs?) might contain primi-
tive noble gas signatures (Coltice et al., 2011). A different model 
involves crystallization of Fe-rich peridotitic melts within a den-
sity trap at depths between ∼300–400 km, eventually sinking to 
the CMB region (Lee et al., 2010). Given the extreme solid/melt ef-
fective incompatibility of He inferred from our results, this may 
have allowed ancient high 3He/4He to become “frozen” into non-
primordial (differentiated) Fe-rich material near the CMB. However, 
Lee et al. (2010) proposed that this process occurred over an ex-
tended time period of ∼109 yr after the Hadean, and so it cannot 
account for the very ancient Xe and W isotope signatures associ-
ated with high 3He/4He in mantle plume source regions.

Remaining uncertainties include the effect of pressure on sil-
icate solid/melt partitioning of helium, and whether or not the 
silicate solid/melt distribution coefficient for He is ever higher than 
values for U and Th (e.g., at high extents of melting when clinopy-
roxene melts out; Jackson et al., 2013). Our helium and trace ele-
ment results indicate a MORB mantle source that has been more 
depleted than other depleted MORB sources due to prior loss of a 
small amount (∼1%) of melt. In contrast, the large extents of melt-
ing associated with a possible crossover in the solid/melt distribu-
tion coefficient for He relative to U and Th (Jackson et al., 2013)
would leave vanishingly small amounts of helium in the residue. 
These residues could never account for the elevated 3He/4He at 
ocean islands.

In summary, given the observed extreme incompatibility of he-
lium during mantle melting, the presence of a high 3He/4He re-
gion in the deep mantle is most plausibly explained by a high 
3He/(U + Th) source that experienced no melt removal for time 
scales close to the age of the Earth.

5. Conclusions

Based on the ratios of helium to incompatible elements in un-
degassed MORBs, helium behaves as the most incompatible ele-
ment during mantle melting. Such incompatible behavior could 
be fully governed by bulk distribution coefficients during melt-
ing that are consistent with experimentally determined partition 
coefficients for olivine, clinopyroxene, orthopyroxene and spinel 
and mineral abundances in mantle peridotite (Heber et al., 2007;
Jackson et al., 2013). The extreme incompatible behavior could also 
be explained by solid diffusion rates that are much faster for He 
than for U, Th and REE.

The extremely incompatible behavior of helium during melting 
of peridotite means that elevated 3He/4He at mantle hotspots such 
as Hawaii and Iceland do not originate from peridotitic residues 
of melt depletion. This conclusion is valid whether the extreme 
incompatibility of helium arises from mineral–melt partitioning 
(Model A) or from greater helium mobility in the solid mantle 
(Model B). Elevated 3He/4He ratios at ocean islands and continen-
tal hotspots are best explained by mantle plumes sourced deeper 
in the Earth than the upper mantle source for MORBs. These 
hotspot source regions are also marked by less depletion in incom-
patible trace elements than the mantle source for MORBs. Conse-
quently, these deep mantle sources must have a lower (U+Th)/3He 
ratio than the MORB mantle because they have higher 3He con-
centrations, and they have therefore experienced less melting/de-
gassing over Earth’s history. This conclusion is consistent with col-
lective evidence based on all the noble gases (e.g., Marty, 2012;
Mukhopadhyay, 2012; Moreira, 2013). Deep mantle sources having 
high 3He/4He were formed very early in Earth history and have 
remained isolated since 4.45 Ga.
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