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ABSTRACT

X-ray computed tomography of individual olivine crystals in basalts from Ofu and 
Olosega islands, American Samoa, reveals that a small fraction of the olivines contain 
the vast majority of the fluid inclusions. Single-grain crushing experiments demonstrate 
that He and CO2 reside primarily in these inclusions. Low CO2 pressures in most grains, 
corresponding to depths of less than 1 km, provide evidence of ubiquitous decrepitation 
and associated pressure reduction in the fluid inclusions. Even so, the olivines with the 
highest inclusion volumes yielded sufficient He to obtain precise He concentrations and 
isotopic compositions. Within analytical uncertainty, 3He/4He ratios are homogeneous 
among the olivines from each basalt, but among basalts, the ratios range from 21 to 35 
Ra. The total range in C/3He ratio within the analyzed olivines is from 3.6 × 107 to 1.5 × 
1010, and varies by nearly an order of magnitude within the olivines from each basalt. 
We postulate that this wide range of C/3He ratios is caused by grain-scale decoupling of 
C and 3He due to extensive He diffusion out of fluid inclusions through the olivine lattice 
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during magma ascent and cooling. If so, primary Ofu-Olosega magmas probably had 
C/3He of less than 4 × 108, which is lower than previous estimates for hotspot magmas.

INTRODUCTION

The isotopic composition of He carried in basaltic magmas is diagnostic of mantle 
origins. Chemically inert and scarce in Earth’s atmosphere, He is neither susceptible to 
significant isotopic fraction nor to atmospheric contamination during sample preparation 
and analysis. Nevertheless, the utility of He as a geochemical tracer is limited by the 
scarcity of He in geologic samples. Mantle magmas contain low concentrations of He, 
much of which is lost during open system degassing that occurs during eruption and 
emplacement (e.g., Gonnermann and Mukhopadhyay, 2007). Submarine glasses from 
mid ocean ridges retain enough He to characterize the isotopic composition of the 
depleted upper mantle (e.g., Javoy and Pineau, 1991; Graham et al., 1992; Marty and 
Zimmermann, 1999). In hotspot magmas commonly thought to derive from the deep 
mantle, however, olivines are the only viable He repository, except in rare instances 
when submarine glasses (e.g., Kurz et al., 1983; Graham et al., 1993; Kendrick et al., 
2015) or hydrothermal vents (e.g., Hilton et al., 1998; Botz et al., 1999) can be sampled. 
Noble gases are extremely incompatible in olivine (Marty and Lussiez, 1993; Heber et 
al., 2007), but can reside in olivine-hosted melt or fluid inclusions. On average, ocean 
island basalt (OIB) olivines have low He concentrations relative to analytical detection 
limits (e.g., Kurz et al., 1982; Farley et al., 1993; Jackson et al., 2007), necessitating the 
extraction of He from gram-sized mineral separates consisting of hundreds to 
thousands of individual crystals (Farley and Neroda, 1998). This bulk approach provides 
no information about the distribution of He among the crystals, so the mechanisms by 
which olivines entrain, retain, and exchange He during ascent and eruption are poorly 
understood.

To remedy this situation, we investigated individual OIB olivine crystals from picritic 
basalt dikes collected on Ofu and Olosega islands, American Samoa. Previous work 
established that bulk olivine separates from samples from this location have high and 
variable 3He/4He ratios (19.5–33.8 Ra; Jackson et al., 2007). The lavas have abundant 
large olivines that we consider ideal for characterizing intragrain He concentration and 
isotopic variability. Because He is thought to reside in fluid inclusions (e.g., Kurz et al., 
1983; Poreda and Farley, 1992; Burnard et al., 1994), we used X-ray computed 
tomography (microCT), a nondestructive imaging technique, to measure the inclusions 
in olivine grains prior to He isotopic analysis. The identification of inclusion-rich grains a 
priori by microCT (Fig. 1) enabled He and CO2 characterization of individual olivines. 
We discovered that olivines from each sample have homogeneous He isotopic 
compositions, but highly variable He concentrations, internal pressures, and C/3He 
ratios. Our findings suggest that volatiles trapped in OIB olivine generally do not 
correspond to the conditions of olivine growth.
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Figure 1. X-ray computed tomography (microCT) reveals fluid inclusions in olivines. (A) 
A 3-D reconstruction of an olivine section containing several inclusions. (B) A 
representative example of an inclusion-rich olivine. (C) An example of an olivine that 
contains both spinel (black) and fluid (dark green) inclusions.

METHODS

We analyzed eight picritic basalts collected near the Asaga Strait between Ofu and 
Olosega islands, the easternmost islands of the Samoan archipelago. All except two—a 
beach cobble (Ofu-05-23) and a landslide cobble (Ofu-05-28)—are from dikes exposed 
in road cuts and therefore were exposed to minimal cosmic ray irradiation that could 
contribute extraneous 3He to the samples. K-Ar dates of volcanic flows elsewhere on 
the islands are 240–440 ka (McDougall, 2010); the dikes cut these flows and are hence 
younger. After gently crushing the basalt samples by hand, we handpicked olivine 
crystals, cleaned them in ultrasonic ethanol baths, and dried them at room temperature. 
1065 of the largest phenocrysts (approximately 100 from each sample, except for the 
most He-rich sample, Ofu-05-23, from which we selected 279 grains) were mounted on 
adhesive tape and stacked into cylindrical plastic capsules 1 cm in diameter and 1 cm 
high. These volumes were scanned with a voxel resolution of 7.18 to 7.85 um on an 
Xradia microXCT instrument at the University of Texas high-resolution X-ray computed 
tomography facility.

For volume-rendering purposes, we imported reconstructed stacks of greyscale TIFF 
images into Drishti software (available at <https://sf.anu.edu.au/Vizlab/drishti/>). The 
greyscale value of each voxel is a function of X-ray attenuation, which varies due to 
density and atomic number. Inclusions are distinguishable from olivine because they 
have contrasting densities—fluid and spinel inclusions have lower and higher densities, 
respectively, than olivine. Sparse melt inclusions tend to be heterogeneous and have 
greyscale values that overlap with those of the host olivine, inhibiting precise 
measurement. We carried out volume analysis with Blob3D software (available at 
<http://www.ctlab.geo.utexas.edu/software/blob3d/>) in this order: (1) removal of 
interstitial air volumes below the greyscale threshold of olivine, (2) separation of fluid 
inclusion volumes greater than six contiguous voxels below the greyscale threshold of 
olivine, and (3) separation of olivine volumes with intermediate greyscale values. The 
smallest inclusions distinguishable from signal noise are three voxels across, so the 
smallest detectible inclusions were 21–23 um in diameter.
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Using Blob3D software, we calculated the volume, location, and dimensions of each 
separated component (fluid inclusions and olivine). Selecting greyscale thresholds 
involves a degree of subjectivity. Misassignment of thresholds can occur because 
greyscale values smear across inclusion contacts and is referred to as the partial 
volume effect, or PVE (Ketcham, 2005). In our dataset, PVE smearing is generally 
limited to three voxels on either side of fluid inclusion contacts. To quantify the effects of 
PVE, we used Blob3D to calculate PVE-corrected volumes (Ketcham, 2005). The PVE-
corrected volumes are on average 7% smaller than uncorrected volumes, probably 
because smearing is most pronounced within the inclusions. We conservatively assign 
uncertainties equal to the difference between the PVE-corrected and uncorrected 
volumes for each inclusion.

By summing the tomography-based fluid inclusion volumes in each grain, we ranked 
olivines by total fluid inclusion volume and selected 157 grains with the greatest 
inclusion volumes for further analysis. We crushed individual grains under vacuum 
using a newly developed stainless-steel crushing apparatus attached to a capacitance 
manometer and the noble gas mass spectrometer. In this device, a 5 mm metal slug 
applies pressure via manual rotation of the handle of a repurposed Nupro valve 
assembly to an olivine crystal lying at the bottom of a stainless-steel well. The operator 
turns the valve handle until the olivine is heard to crush.

CO2 released during crushing rapidly adsorbs to fresh mineral surfaces created by 
crushing (e.g., Barker and Torkelson, 1975). To minimize this effect, we trapped the 
extracted CO2 on a stainless-steel finger held at liquid nitrogen temperature before 
isolating the finger from the crushing chamber and releasing the gas into a Baratron 
capacitance manometer at room temperature. More than 97% of gas released by 
crushing froze down on the finger during each extraction, suggesting that inclusions 
contained <3% noncondensable gases, such as N2, CH4, and light noble gases. Except 
in cases when crushing yielded negligible signal on the manometer, the extracted gases 
were sequentially exposed to SAES getters for purification and adsorbed at 14 K onto 
charcoal in a cryogenic cold trap before being released at 34 K into a MAP 215-50 mass 
spectrometer for analysis of 3He and 4He. Isotope ratios were determined by 
comparison to the 16.45 Ra MM standard from Yellowstone National Park following the 
usual procedures at Caltech (Patterson et al., 1997; Patterson and Farley, 1998; 
Mukhopadhyay et al., 2003). He concentrations were determined by peak-height 
comparison to a standard with manometrically determined He abundance. He crusher 
blanks were measured just prior to sample crushing and were <0.02 ncc. This amount 
was always negligible and no blank correction was required or made. Uncertainties 
were count-limited on 3He and calculated based on the reproducibility of standard splits 
similar in size to each unknown.

RESULTS

Inclusion and Gas Distributions
To our knowledge, no study characterizing the fluid inclusion distribution in a 

population of magmatic olivines has yet been published, so here we describe our results 
in some detail. The 1065 olivine crystals scanned with microCT have volumes ranging 
from 0.03 to 8 mcc (10-3 cm3) and a mean volume of 1.1 mcc (Fig. 2A), which 
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corresponds to a mean diameter of 1.3 mm assuming spherical geometry. Only 40% of 
these olivines have one or more identifiable fluid inclusions. The 1691 inclusions we 
detected have a mean aspect ratio of 1.55, and many of the larger inclusions appear 
nearly spherical in microCT projections (Fig. 1). Inclusion diameters range from the 
detection limit of ~20 µm (3 ncc) to 200 µm (4300 ncc) and have a mean diameter of 57 
µm (Fig. 2B). Inclusions are exponentially more abundant with decreasing size down to 
the detection limit. Half of the inclusions are <45 µm in diameter, but despite their 
abundance these smaller inclusions make up only 11% of the total inclusion volume. In 
contrast, inclusions 45–90 µm in diameter make up 52% of the total volume. On 
average, inclusions constitute 0.03% of olivine volume and up to ~0.5% in several cases 
(Fig. 2C). The mean number of inclusions per grain is four and 90% of the olivines have 
less than seven inclusions (Fig. 2D). The maximum number of fluid inclusions observed 
in a single olivine is 185. In general, inclusions tend to cluster towards the interior of 
grains and are not in planar arrays.

The mean CO2 contents of the 157 crushed olivines is 1.7 × 10-9 moles and ranges 
from below detection up to 2.6 × 10-8 moles (Fig. 2E). Of these olivines, 112 were 
analyzed on the mass spectrometer, yielding He contents ranging from our detection 
limit of 0.02 ncc up to 53 ncc and averaging 2.78 ncc (Fig. 2F). The most inclusion-rich 
olivine by volume and number of inclusions yielded 53 ncc of He, which corresponds to 
>4000 ncc/g. For comparison, typical OIB olivines have He concentrations in the range 
of a few to a few tens of ncc/g. Of the olivines analyzed by mass spectrometry, the 5% 
with highest inclusion volumes yielded half of the total He, while the top 20% yielded 
80% of the total He. These same olivines contained a smaller fraction of the CO2: the 
top 5% grains by inclusion volume yielded only ~20% of the total CO2 released.
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Figure 2. Histograms showing the size and distributions of olivines and their fluid 
inclusions. Note that, in each case, the x-axis range truncates the data.

Olivines with the highest total inclusion volumes tend to have moderate diameters of 
1–1.5 mm (Fig. 3A) and many fluid inclusions (Fig. 3B). For olivines with high inclusion 
volumes, inclusion volume generally corresponds with higher He content (Fig. 3C), but 
there are several olivines with exceptionally low He contents (<2 ncc) despite having 
high inclusion volumes (>1 µcc). No apparent correlation exists between CO2 and 
inclusion volume. For example, olivines that released >5 x 10-9 moles of CO2 upon 
crushing have inclusion volumes that vary from 0.1 to 152 µcc (Fig. 3D). 
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Figure 3. The total fluid inclusion volume vs. (A) olivine volume, (B) the number of 
inclusions per olivine, (C) 4He contents, and (D) CO2 contents. Dashed lines in (A) 
reflect volume percentages of olivines that are inclusions. Higher 4He content generally 
corresponds (dashed arrow) with higher total inclusion volume for the most 4He-rich 
olivines.

Helium Isotopic Compositions
In many cases, crushing of individual olivines yielded sufficient He to obtain 

reasonably precise He isotopic ratios (Fig. 4). The mean 2σ uncertainty of all single-
grain analyses is 4.6 Ra, but each basalt has at least one single-crystal analysis with an 
uncertainty less than 2.5 Ra. In some cases, we achieved even better precision. For 
example, the most He-rich grain in the entire population has an uncertainty of 0.9 Ra. 
For the most part, olivines from the same basalt have homogeneous He isotopic 
compositions to within 2σ uncertainty. Grain 67 in sample Ofu-05-18 is a notable 
exception with a ratio of 15 Ra, well below the rest of the olivines from that basalt that 
average about 35 Ra. The reason for this discrepancy is not known, although it is 
notable that this grain has the lowest He yield for this basalt. Several Ofu-05-23 
analyses also scatter a few Ra below the weighted mean for that basalt. Among basalts, 
He isotopic compositions vary by more than 10 Ra: the error-weighted means for two 
samples (Ofu-05-09 and Ofu-05-28) are 21 Ra, for five samples (Ofu-05-10, Ofu-05-13, 
Ofu-05-15, Ofu-05-16, Ofu-05-23) are ~30 Ra, and for a single sample (Ofu-05-18) is 35 
Ra. These ratios do not correlate with He content, CO2 content, average inclusion size, 
or total inclusion volume. Nor is there any indication that the two unshielded samples 
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(Ofu-5-23 and Ofu-5-28) have higher ratios associated with possible cosmic ray 
irradiation.

Figure 4. 3He/4He compositions of individual olivine crystals sorted by sample number 
and then in order of descending He content. Error bars are 2σ uncertainties for single-
grain analyses and the grey bars are the 2σ uncertainty of the error-weighted mean for 
each sample. Note that the Ofu-05-18 is a sample taken from the same dike as Ofu-04-
06 reported in Jackson et al. (2007), which yielded a 3He/4He of 33.8  0.4 Ra (2σ) in a 
crush experiment.

Barometry
Internal pressures in fluid inclusions potentially preserve information about the 

depths at which olivines entrained volatiles. To compute internal pressures, we need the 
molar volume of the fluid in the fluid inclusions. Based on the moles of gas released 
during crushing each olivine and the total fluid inclusion volume per olivine measured 
via microCT, we can estimate the molar volume at room temperature. Under magmatic 
conditions, CO2 behavior is non-ideal, so we use the CORK equation of state (Holland 
and Powell, 1991) to calculate pressures over a range of magmatic temperatures 
(1100–1400° C). This approach assumes that all the fluid inclusions observed with 
microCT ruptured during crushing and that the released gases resided exclusively in 
these inclusions. To estimate pressure, we assume that the gas released from 
inclusions is entirely CO2; although we cannot rule out the presence of H2O and observe 
up to 3% N2 or some other noncondensible gas, most fluid inclusions in OIB olivine are 
nearly pure CO2 (e.g., Roedder, 1983; Hansteen et al., 1998). We further assume that 
inclusions did not host carbonate minerals. Although no mineral precipitates on 
inclusion walls are detectible in the microCT data, the existence of carbonate 
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mineralization similar to that observed on the walls of melt inclusion bubbles (<2 µm 
thick and constituting 0.1–1% of bubble volume: Moore et al., 2015) cannot be ruled out.  

Two olivines we crushed yielded traces of CO2 (2–5 µcc) even though they lacked 
identifiable fluid inclusions. The other 155 crushed olivines have room temperature CO2 
densities of 6 x 10-4 to 1.4 g/cm3 and a mean density of 0.08 g/cm3. At 1300°C, these 
densities correspond to average internal pressures per grain of 0.01–22.5 kbar and a 
mean pressure for all analyzed olivines of 0.5 kbar (Fig. 4). Analytical uncertainties for 
these pressures are on average 11%. These pressure estimates are relatively 
insensitive to magmatic temperature: magmatic conditions that were higher or lower by 
100°C would correspond to internal pressures that lower or higher, respectively, by 4–
10%. In each basalt, ~60% of the grains have pressures <0.1 kbar, with the exception of 
Ofu-05-23 for which this majority is <0.2 kbar. Each sample except for Ofu-05-15 
contains high-pressure outliers. The most significant outliers in this regard are grains 63 
and 65 in sample Ofu-05-09, for which we calculate pressures of 12.6 ± 0.3 kbar and 
22.5 ± 0.8 kbar, respectively. Every sample except Ofu-05-15, however, has at least 
one olivine with pressure greater than or equal to 0.5 kbar.

Figure 5. Fluid inclusion pressures in individual olivines at 1300 ± 100 °C based on 
inclusion volumes and the CO2 released during crushing. Analyses are ordered by 
sample number (Ofu-05-09 to Ofu-05-28 from left to right) and within each basalt by 
ascending mean internal pressure. Note that grains 63 and 65 in sample Ofu-05-09 
have pressures of 12.6 ± 0.3 kbar and 22.5 ± 0.8 kbar, respectively, and are outside the 
bounds of this plot.

Carbon-to-Helium Ratios
The 112 crushed olivines for which we measured both CO2 and He have a mean 

C/3He of 1.1 × 109 and a range of 3.6 × 107 to 1.5 × 1010 (Fig. 6A). The minima for the 
basalt dikes (1.2–3.5 × 108) are slightly higher than the lowest ratio measured in the 
non-dike sample Ofu-05-23 (3.6 × 107). Means for each basalt are between 6.1 × 108 
and 2.6 × 109. The C/3He of olivines within each basalt vary by approximately 0.5 to 2 



  

10

orders of magnitude, which is greater than the differences among basalt means. Most of 
the analyses in each basalt have a roughly normal distribution (Fig. 6B) around a mean 
of ~109, but Ofu-05-23 has a broader distribution between 108 and 109 and several 
outliers in both directions.

Figure 6. (A) C/3He ratios of individual olivines. Variability among olivines in individual 
basalt samples is comparable to the variability among global mid ocean ridge basalts 
(MORB, blue shading; Marty and Zimmermann, 1999) and ocean island basalt (OIB) 
seafloor vents (pink shading; Hilton et al., 1998). One data point from Ofu-05-18 
(orange) falls off the plot at 1.5 × 1010. (B) Histogram of C/3He results with sample Ofu-
05-23 plotted in red and the other Ofu samples plotted in grey.

DISCUSSION

Grain-scale Gas Distributions
Fluid inclusions are increasingly abundant with decreasing size (Fig. 2B) and trails of 

inclusions below our microCT detection limit are visible with an optical microscope (Fig. 
7A & 7B), suggesting that many small fluid inclusions went undetected. Nevertheless, 
intermediate sized inclusions constitute the majority of the total inclusion volume, 
indicating that we likely measured most of the inclusion volume in each basalt. We find 
that a small fraction of the olivines host the vast majority of the inclusions, while most 
olivines contain no detectable inclusions at all. The inclusion-rich olivines generally 
contain the highest He contents, confirming that fluid inclusions are the dominant 
repositories of He in OIB olivine. For these reasons, microCT analysis shows promise 
as a way of identifying olivines with high He contents a priori. Selecting these olivines 
for noble gas isotopic analysis can result in greater analytical precision for mantle-
derived gas measurements and can enable the analysis of individual grains. It could 
also, in principle, be used to reject fluid-inclusion-rich grains when seeking to measure 
matrix-hosted cosmogenic 3He.
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Figure 7. (A) Primary fluid inclusions and abundant secondary inclusion trails similar to 
those described by Roedder (1983) are visible under an optical microscope in inclusion-
rich olivines. Shown here is an example from Ofu-05-23. The inclusions in the trails 
were below the detection limit during microCT analysis. (B) Some primary inclusions 
(black arrows) have associated fractures and inclusion trails (red arrows) indicative of 
decrepitation. Several olivine crystals also contain melt-filled fractures (C and D), some 
of which reach the edge of the grain. These two olivines (C, Ofu-05-09 grain 63; D, Ofu-
05-18 grain 67 in D) have especially high CO2 contents and high C/3He, suggesting that 
melt fractures retain CO2 but not He, perhaps because He readily diffuses out through 
these melt channels.

Inclusion Pressures
The internal pressures calculated for individual olivines (Fig.5) are unlikely to be 

solely a function of entrapment depth. Olivine precipitation and fractionation in Réunion 
magmas probably occurred at ~4–8 kbar  (Albarède et al., 1997), and olivine growth 
probably occurs at similar pressures in most mantle magmas as they ascend (O’hara, 
1968). Therefore, the two exceptionally high internal pressures (12.6 and 22.5 kbar) 
calculated for Ofu-05-09 olivines are probably not entrapment pressures. Both grains 
contained anomalous melt-filled fractures (Fig. 7C & 7D), which may have hosted CO2 
that skewed pressure estimates upward. Another source of error is the CO2 hosted by 
undetectably small inclusions, but as noted above these probably constitute a minority 
of the inclusion volume. In contrast, more than 75% of the olivines have far lower 
pressures of <0.3 kbar, which could in part reflect inclusion entrapment at <1 km depth 
during olivine growth in the A’ofa caldera magma chamber (Stice and McCoy, 1968). 
However, the existence of abundant fluid inclusion trails leading away from larger 
inclusions (Fig. 7A & 7B) suggests that many inclusions lost CO2 after entrapment.

The inclusion trails we observe are indicative of decrepitation (i.e., fracturing of the 
host mineral) caused by the buildup of inclusion overpressure relative to the exterior of 
the grain during olivine ascent in a magma (Roedder, 1983; Maclennan, 2017). If 
decrepitation fractures reach the edge of the grain, inclusions presumably lose CO2 to 
the surrounding melt. Fractures can anneal rapidly under magmatic conditions 
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(Wanamaker et al., 1990), such that overpressures will begin increasing again in 
decrepitated inclusions if their host olivine continues to ascend. The overpressure 
necessary to cause decrepitation depends on a number of factors, including inclusion 
radius, inclusion distance from the grain edge, temperature, and ductile deformation 
rates within the olivine. Based on experimental stretching (Wanamaker and Evans, 
1989) and decrepitation (Wanamaker et al., 1990) constraints, we designed a forward 
model to predict the effects of decrepitation for several of the inclusion-rich olivines we 
analyzed (See supplementary material for model details). We calculate that inclusions 
>20 µm across (i.e., all inclusions detectable in this study) are unstable at 
overpressures above 2 kbar under magmatic conditions. Predicted maximum pressures 
for individual olivines in our suite are even lower—0.2 to 0.6 kbar—because they host 
larger inclusions able to withstand less overpressure. The observed pressure range in 
our measured fluid inclusions (Fig. 4) is much broader and extends to both higher and 
lower pressures than the decrepitation model predicts. Lower than expected pressures 
might reflect entrapment during shallow olivine growth. Alternatively or in addition, 
decrepitation might have compromised the tensile strength of the olivine along fracture 
planes, allowing for subsequent decrepitation at lower overpressures. We cannot 
distinguish between these potential causes of the pressure variations we observe. 
Nevertheless, our results highlight the fact that complex subgrain mineral mechanics 
control the CO2 retention—and thus filling pressure—in olivine-hosted fluid inclusions.

Helium Diffusion and C/3He ratios
Variability in C/3He ratio among individual fluid inclusions in a dunite xenolith 

(Burnard et al., 1994) and among magmatic olivine crystals (Fig. 6) indicates that He 
decouples from C at the grain scale. Closed system degassing of magmas produces 
limited C-He fractionation: although He is slightly more soluble in basaltic melts than C, 
the C/3He ratio in vesicles can vary at most by a factor of ~2.5 during closed system 
degassing (Bottinga and Javoy, 1990; Hilton et al., 1998). Open system degassing of 
magmas (Rayleigh distillation) can have a greater effect. For equilibrium Rayleigh 
distillation, the C/3He in a magma can be expressed as a function of the initial ratio, 
denoted by subscript 0, and fraction of C remaining, fC:

𝐶
3𝐻𝑒

= ( 𝐶
3𝐻𝑒)

0

× 𝑓𝐶
(1 ‒ 𝛼)

where α is the ratio of C-to-He solubility (~0.5) in the melt (Tucker et al., 2018). Thus, 
~99% CO2 loss from a degassing magma could fractionate C/3He by a factor of 10. 
Disequilibrium Rayleigh distillation (i.e., diffusion-limited gas loss from magma: 
Gonnermann and Mukhopadhyay, 2007) suppresses C/3He because CO2 has lower 
diffusivity in magmas than He (Tucker et al., 2018), so even greater CO2 loss is 
probably necessary to cause order-of-magnitude fractionation in natural systems. 
Although >99% C loss from OIB magmas is conceivable, the preservation of C/3He 
ratios from such a wide range of degassing stages seems unlikely, especially in olivines 
from individual samples. Thus, fluid inclusion entrapment (and/or reequilibration via 
decrepitation) during various stages of degassing can explain some—but probably not 
all—of the nearly two orders of magnitude C/3He variability observed in the Samoan 
olivines we studied.
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Here we consider an additional or alternative explanation that can simultaneously 
account for (a) the large C/3He variability among the olivines and (b) the observation 
that high inclusion volume often corresponds with 4He abundance (Fig. 3). In particular, 
we consider the possibility that diffusion allows He in the fluid inclusions to equilibrate 
with the evolving He partial pressure in the host magma as the magma ascends and 
experiences open system degassing.

Based on the He diffusivity data of Blard et al. (2008), at magmatic temperatures the 
time-scale  for He diffusion through the matrix of a 5 mm inclusion-free olivine (𝑡 = 𝑥2 𝐷)
is just 15 years. However, step-heating experiments indicate that He loss from olivines 
with fluid inclusions is impeded relative to matrix diffusion (Hart, 1984; Trull and Kurz, 
1993). This arises from the fact that the rate of He exchange between inclusions and 
grain exteriors depends on He diffusion rates and He solubility in olivine (Trull and Kurz, 
1993). Still, these experiments suggest that significant diffusive exchange between fluid 
inclusions and grain exteriors occurs at or near basalt solidus temperatures: the time-
scale of He diffusion out of a 5 mm inclusion-bearing olivine would slow from 50 to 600 
years as it cools from 1200° C to 1100° C. Diffusive exchange would equilibrate the 
partial pressure of He in fluid inclusions with the partial pressure of He in the enclosing 
magma as it outgasses. This offers an obvious explanation for the observation that 
greater inclusion volume corresponds with 4He abundance (Figure 3C): regardless of 
initial filling pressure or decrepitation, the He partial pressure in the inclusions remains 
in equilibrium with the exterior of the olivine at temperatures that cause rapid exchange. 
This line of reasoning implies that preserved internal He pressures reflect the partial 
pressure of He in the host magma when the system closed to He diffusion. Thus, 
greater inclusion volume means more He; a linear approximation of this trend in Figure 
3C has a positive slope of ~5.5 × 10-3. Based on this relationship and assuming Henry’s 
Law constants from Jambon et al. (1986) and Lux (1987), magma in equilibrium with the 
He-rich olivines at 1200° C would contain ~10-10 cc 3He/g. This is less than thought to 
exist in most mid-ocean ridge samples (~4 × 10-10 cc/g: Porcelli and Ballentine, 2002) 
and among the highest amounts found in submarine OIB glasses (approximately 10-11 
to 10-10 cc/g: Gonnermann and Mukhopadhyay, 2007).

Diffusive exchange of He may also maintain isotopic equilibrium between the fluid 
inclusions and the magma. It is interesting to speculate that this phenomenon allows He 
in olivine-hosted fluid inclusions to equilibrate with their host magma regardless of 
whether the olivines are cogenetic with that magma. This has obvious implications for 
the correlation of olivine-hosted He isotope ratios with lithophile isotope tracers (Sr, Nd, 
Pb, etc.) carried in the host magma; indeed, the lithophile tracers in Samoan magmas 
often do not reflect the compositions of their olivine cargo, which indicates He 
decoupling from Sr-Nd-Pb at the scale of melt inclusions (Reinhard et al., 2016). 
Diffusive exchange of He also raises the possibility of decoupling of He from the heavier 
noble gases if the diffusivity of Ne-Ar-Kr-Xe through olivine does not keep pace with He. 
Further work on noble gas diffusion through inclusion-bearing olivine is necessary to 
quantitatively assess this possibility.

When magmas fully outgas, the ambient He partial pressure plummets and He 
diffuses out of olivines unless they cool rapidly (e.g., Hart, 1984). Assuming the Ofu-
Olosega dike magmas remained vapor saturated until emplacement, the ambient He 
partial pressure in the magmas probably prevented substantial He diffusion out of 
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olivines until the dikes crystallized. The amount of post-crystallization He loss depends 
on the temperature at which the magma outgassed and the cooling rate. Based on 
cooling rates published by Jaeger (1957) and diffusion rates determined by Trull and 
Kurz (1993), we model He loss from spherical olivines in terms of outgassing 
temperature and dike thickness (See Supplementary Information). If the center of the 1-
meter-thick dike cools at 20,000° C/yr and the partial pressure of He drops to zero at 
<1200° C due to open-system outgassing, olivines throughout the dike retain >90% of 
their initial He contents (Fig. S2). Fluid inclusions near grain boundaries will theoretically 
lose He fastest, so variable He partial pressures in olivines might reflect variable 
degrees of He loss. This can account for deviations from the general trend in Figure 3C.

Subaerial flows can cool more slowly than dikes, depending on the flow rate, the 
extent of stirring, and the amount of rainfall. With low viscosities that allow for efficient 
stirring, open channel Hawaiian flows cool at ~150,000° C/yr (Cashman et al., 1999) 
until lavas crystallize. In contrast, Columbia River basalt flows that are tens of meters 
thick cool as slowly as 2° C/yr in the center of the flows and up to 20,000° C/yr near the 
top where rainwater speeds cooling (Long and Wood, 1986). Olivines near the middle of 
such flows may lose half or more of the He trapped in fluid inclusions. For comparison, 
submarine basalt flows can cool more than an order of magnitude faster than dikes and 
subaerial flows (Coish and Taylor, 1979; Bowles et al., 2005), so olivines in submarine 
basalts should be more He retentive.

He equilibration can also explain the extremely variable C/3He ratios we observe. 
The diffusivity of C through olivine at magmatic temperatures (Tingle et al., 1988) is at 
least 3 orders of magnitude slower than He. Thus, unlike He, CO2 in inclusions only 
exchanges during decrepitation events. He diffusion out of inclusions increases 
inclusion C/3He ratios. Because magmatic degassing will drive He diffusion out of 
olivines, we expect that magmas initially had C/3He ratios less than or equal to the 
lowest C/3He ratios observed in our olivines. For the dike samples, this implies an initial 
C/3He ratios no higher than 1–4 × 108, which is slightly less than the lowest ratios 
measured in Loihi seafloor vents (5.9 × 108: Hilton et al., 1998) and vesicles in Iceland 
volcanic glass (6.7 ± 0.5 × 108: Colin et al., 2015). This result implies primary magmatic 
C/3He ratios substantially lower than previous estimates for high 3He/4He hotspot 
magmas based on OIB xenoliths (1–20 × 109: Trull et al., 1993; Burnard et al., 1994), 
submarine glass (1010: Peterson et al., 2017), submarine glass vesicles (~2 × 109: 
Péron et al., 2016), and geothermal springs in Iceland (109 to 1010: Poreda et al., 1992). 
Thus, the C/3He ratio of OIB mantle material may be lower than previous studies 
suggest. 

 If the C/3He ratio in the depleted upper mantle increases over time due to 
preferential C retention during ridge spreading and preferential C recycling during 
subduction because 3He is lost to space, we might expect OIB sourced from the deep 
mantle to have lower C/3He than MORB (~2 × 109: Marty and Jambon, 1987; Tucker et 
al., 2018). Indeed, our results are consistent with this scenario. Complex explanations 
for the lack of C-He fractionation during melt extraction from—and subduction into—the 
upper mantle (e.g., Marty and Jambon, 1987; Trull et al., 1993) are unnecessary. 
Furthermore, this result lends credence to the existence of mantle reservoirs with C/3He 
compositions approaching that of enstatite chondrite (Marty and Zimmermann, 1999) 
that have not been replenished by recycled carbon (e.g., Colin et al., 2015). In these 
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respects, our results help reconcile global volatile flux estimates with the existence of a 
less degassed deep mantle reservoir.

CONCLUSIONS
This study provides insight about the distribution and mobility of volatiles in olivines. 

Most fluid inclusions—the primary hosts of CO2 and He in olivine—are concentrated in a 
small fraction of the olivines. We find evidence for ubiquitous fluid inclusion 
decrepitation, suggesting that inclusion-hosted volatiles generally do not correspond to 
the conditions of olivine growth. We also observe grain-scale decoupling of C and He, 
which we attribute to He diffusion through the olivine lattice. Based on our analysis, the 
conditions that favor high He concentrations in olivine include (i) voluminous cavities in 
the crystals, (ii) high He partial pressures sustained in host magmas until eruption or 
emplacement, and (iii) rapid cooling. Because all three conditions are seldom met in 
nature, the C/3He and He concentrations measured in OIB olivines are generally not 
representative of their host magmas.
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SUPPLEMENTARY MATERIAL

Inclusion Pressure Model
Modification of fluid inclusions commonly occurs after entrapment. During ascent in 

a magma, the differential pressure between an inclusion and the exterior of the 
phenocryst grows, exerting enough force on the olivine crystal to cause plastic 
deformation. Wanamaker and Evans (1989) describe fluid inclusion stretching due to 
overpressure in terms of power-law creep in the surrounding crystal. In their model, the 
rate of change of the radius of the fluid inclusion, Ṙ, is equal to the radial component of 
the strain rate at the inclusion surface, such that

   (Eq. 1)
Ṙ
𝑅 = 2𝐾/𝑅3

where R is the fluid inclusion radius and

(Eq. 2)𝐾 = 𝑆 𝐴𝑒 ‒
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b is the distance from the center of the inclusion to the grain boundary, T is the 
temperature in Kelvin, ʀ is the gas constant, and Q is the activation energy for 
dislocation motions, approximately 520 kJ/mol. Pi is the pressure inside the inclusion, Pe 
is the external pressure outside the phenocryst, and S is the sign of the difference 
between the two (when the internal pressure is greater, Pe < Pi and S is positive so the 
inclusion will expand). A and n are material constants that have been determined 
experimentally to be 7.0 x 104 and 3.0, respectively.

If the overpressure inside an inclusion becomes high enough, the crystal can 
fracture (referred to as decrepitation). According to Wanamaker et al. (1990), the 
differential pressure at the time of decrepitation depends on the initial flaw length, a, at 
the edge of the inclusion and the fracture toughness, K1c, such that

(Equation 3)𝑃𝑖 ‒ 𝑃𝑒 =  
𝐾1𝑐

1.68 𝜋𝑎   
K1c is a material property that Wanamaker et al. (1990) determined based on 
experiments on San Carlos olivine to be 0.73 MPa m1/2 for the (001) face and 0.58 MPa 
m1/2 for the (010) face. They also observed that the initial flaw length is roughly 
proportional to the inclusion radius such that a/R ranges from 0.1 to 0.3.

Assuming an initial fluid inclusion radius, an entrapment pressure, and an ascent 
rate, the above models can predict the extent of fluid inclusion stretching and the rate of 
decrepitation. To model the modification of many fluid inclusions over a variety of 
conditions, we created a forward model that combines the stretching and decrepitation 
models above. We assume pure CO2 inclusions and that their host olivine phenocryst 
ascends isothermally to the surface at a constant rate and experiences lithostatic 
pressure beneath a column of material with a density of 2.7 g/cm3. In the model, the 
inclusion-bearing phenocryst ascends in increments of ~100 m from 10 km or 20 km 



  

21

depth. Initially the inclusion pressure equals the external pressure (Pe = Pi) and the 
moles of CO2 in the inclusion correspond to the volume of the inclusion and the CORK-
based molar volume under the initial conditions. At each step of the ascent, as external 
pressure decreases and overpressure in the inclusion increases, we assess whether 
decrepitation occurs using Equation 3. If so, we assume that the fracture reaches the 
edge of the grain and that the decrepitated inclusion contents equilibrate with the 
surrounding melt such that Pe = Pi. This is a reasonable assumption because fracture 
lengths are typically orders of magnitude longer than the radius of large decrepitated 
inclusions (Wanamaker et al., 1990) and this study deals primarily with large inclusions 
due to the spatial resolution of the microCT analyses. When decrepitation occurs, 
inclusions retain the amount of CO2 necessary to satisfy the CORK equation of state 
based on their new internal pressures and inclusion radii. Then we calculate the 
stretching rate using Eq. 1 & 2 and integrate this over the step duration to obtain 
updated inclusion radii, which we then use to recalculate the internal pressures. The 
model repeats this process until the grain reaches the surface. Because we assume 
complete and instantaneous annealing of decrepitated inclusions, an individual inclusion 
can undergo multiple decrepitation events.

To evaluate the effects of inclusion modification on individual phenocrysts, this 
model runs simultaneously for multiple inclusions. If we assume that the number and 
size of inclusions measured with microCT approximates the distribution of primary 
inclusions (initially inclusions were somewhat smaller prior to stretching, of course), this 
model can predict final inclusion volumes, residual CO2 contents, and the depths of 
decrepitation during which gases exchanged with the surrounding melt for a given 
phenocryst. For simplicity, we assume the distance from each inclusion to the grain 
boundary, b, is half the phenocryst radius, which we estimated from the microCT 
volume assuming a spherical geometry.

We modeled the behavior of inclusions in 19 inclusion-rich phenocrysts and 
performed sensitivity tests to determine the range of possible results (Fig. S1). We 
assume inclusions are trapped at 30 km depth (the capture depth has minimal effects 
on the outcome if deep enough to cause at least one decrepitation of each inclusion). 
Increasing the initial flaw length (a/R) from 0.1 to 0.3 generally decreases the predicted 
pressures by up to 0.4 kbar, whereas increasing the fracture toughness (K1c) from 0.59 
to 0.73 MPa m1/2 increases pressures by ~0.2 kbar. Ascent rate affects the amount of 
stretching: negligible stretching occurs if phenocrysts ascend quickly (<0.1 m/s), 
whereas slower ascent can decrease pressure by ~0.2 kbar in some instances. At 
ascent rates slower than 10-6 m/s, stretching keeps overpressures below the 
decrepitation threshold, which seems unlikely considering the abundant annealed 
fractures observed optically. Taken together, these tests demonstrate that model 
pressures are most sensitive to initial flaw length and range from ~0.2–0.6 kbar using 
the input parameters suggested by Wanamaker et al. (1990).

Smaller inclusions are expected to decrepitate at higher differential pressures, so 
larger inclusions decrepitate first and more frequently during ascent. The model predicts 
that inclusions above our microCT size detection limit of 20 um are not expected to 
withstand pressures much greater than 2 kbar at mantle temperatures. Larger 
inclusions withstand less pressure, so the maximum combined internal pressure 
estimates per phenocryst is <2 kbar for our samples. Decrepitation, and the thus gas 
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loss, occurs in the models almost exclusively at less than 1.5 kbar differential pressure. 
In Ofu-05-23 grain #269, for example, all inclusions decrepitate at less than 0.8 kbar 
(Fig. S2). Although sensitive to initial conditions, these models consistently predict that 
decrepitation caused gas release over a range of pressures. Inclusions smaller than our 
detection likely retain CO2 from greater depths.

The range of combined internal pressures predicted by the model is relatively 
narrow, especially compared to the pressures measured upon crushing (Fig. S3). None 
of the theoretical pressures exceeds 0.7 kbar or is less than 0.1 kbar, whereas most 
manometry-based pressures are either higher or lower than these predictions.

Figure SI. Fluid inclusion model sensitivity tests for 19 phenocrysts. In the model, as 
each grain ascends from 30 km depth, overpressure in the inclusions causes inclusion 
stretching and decrepitation. The resulting predicted pressure at the surface for each 
phenocryst (black lines) at 1300° C varies depending on the material constants used 
and the ascent rate. The shaded regions represent the natural ranges for San Carlos 
olivine (Wanamaker et al., 1990).

Figure S2. (A) Mechanical models predict that decrepitation pressure decreases with 
increasing inclusion diameter. Even assuming short initial fracture lengths (a/R of 0.1) 
and high fracture toughness (K1c of 0.73 MPa m1/2), internal pressures in fluid inclusions 
detectible with microCT are not expected to exceed ~2 kbar at mantle temperatures. (B) 
Inclusion decrepitation causes gas loss and reequilibration with the surrounding melt. 
Model runs for olivine phenocryst from samples Ofu-05-23 suggest that, although 



  

23

sensitive to initial conditions (in this case depths ranging from 20–40 km), all inclusions 
decrepitated at < 1 kbar (a/R of 0.3 and K1c of 0.59 MPa m1/2).

Figure S3. Pressures measured upon crushing versus modeled pressures for inclusion-
rich phenocrysts. Most phenocrysts contained less gas than predicted by decrepitation 
models, although several had much more. Ofu-05-23 phenocrysts (red) have less 
variable pressures than other samples (grey). All pressures are calculated for 1300° C 
and the model pressures assume a capture depth of 30 km, a/R of 0.1–0.4, K1c of 0.59 
MPa m1/2, and an ascent rate of 0.01 km/s.

Helium Diffusion Model
The cooling rate of the middle of a mafic dike emplaced into cool country rock from 

1100° C to 700° C (Jaeger, 1957) can be approximated by

𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 (
°𝐶
𝑦𝑟) =

20,000

𝑑𝑖𝑘𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠2

where dike thickness is in meters. Assuming constant cooling rates and using the He 
diffusivity parameters published by Trull and Kurz (1993) for fluid inclusion-bearing 
olivine phenocrysts, we model He loss from spherical olivines in terms of outgassing 
temperature and dike thickness (Fig. S2).
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Figure S2. Modeled He loss from olivine phenocrysts in the center of cooling dikes. 
The curves correspond to the temperatures of instantaneous and complete magmatic 
outgassing (i.e., the boundary condition equals zero). The constant cooling rate in the 
model corresponds to the square of dike thickness (Jaeger, 1957). We assume an initial 
uniform distribution of He in a spherical olivine 1.2 mm in diameter. We use 
experimental diffusion data collected from fluid inclusion-bearing olivines (a pre-
exponential factor (D0) of 1.26 m2/s and an activation 420 kJ/mol: Trull and Kurz, 1993) 
to take into account the effects of He solubility and diffusivity.


