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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 olivine 
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 

Ṙ
𝑅𝑅

= 2𝐾𝐾/𝑅𝑅3   (Eq. 1) 
where R is the fluid inclusion radius and 
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   (Eq. 2) 

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 crystal, 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 

𝑃𝑃𝑖𝑖 − 𝑃𝑃𝑒𝑒 =  𝐾𝐾1𝑐𝑐
1.68√𝜋𝜋𝜋𝜋

   (Equation 3) 
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 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 olivine 
ascends in increments of ~100 m from 10 km or 20 km 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 
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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 olivines, 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 olivine. For 
simplicity, we assume the distance from each inclusion to the grain boundary, b, is half 
the crystal radius, which we estimated from the microCT volume assuming a spherical 
geometry. 

We modeled the behavior of inclusions in 19 inclusion-rich olivines 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 olivines 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 
olivine is <2 kbar for our samples. Decrepitation, and the thus gas 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 



3 
 

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 olivines. 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 
olivine (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 an olivine from sample Ofu-05-23 suggest that, although 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). 
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Figure S3. Pressures measured upon crushing versus modeled pressures for inclusion-
rich olivines. Most olivines contained less gas than predicted by decrepitation models, 
although several had much more. Ofu-05-23 olivines (red) have less variable pressures 
than olivines from 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 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑟𝑟𝑟𝑟𝑟𝑟𝑒𝑒 (
°𝐶𝐶
𝑦𝑦𝑟𝑟

) =
20,000

𝑑𝑑𝑐𝑐𝑑𝑑𝑒𝑒 𝑟𝑟ℎ𝑐𝑐𝑐𝑐𝑑𝑑𝑐𝑐𝑒𝑒𝑖𝑖𝑖𝑖2
 

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 
olivines, we model He loss from spherical olivines in terms of outgassing temperature and 
dike thickness (Fig. S2). 

 

 
Figure S2. Modeled He loss from olivines 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 
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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. 


