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ABSTRACT

Rigorous petrogenetic interpretation of data from melt inclusions (MI) and their host phe-
nocrysts commonly requires knowledge of the crystallization pressure. Pressures of trapping
of MI are commonly estimated based on the H,O and CO, concentrations of the inclusions,
but their original concentrations may be modified as a result of various post-entrapment pro-
cesses. Most studies of mafic magmas employ olivine- or pyroxene-hosted MI, largely based
on the assumption that plagioclase phenocrysts do not retain volatiles and/or are the product
of late-stage crystallization. We have investigated the effects of post-entrapment processes
on plagioclase-hosted MI in one plagioclase-ultraphyric basalt from the Blanco transform
fault (offshore Oregon, USA). Our results demonstrate that plagioclase-hosted MI do not
lose CO, even after being heated to the entrapment temperature for 4 d. The reconstructed
CO, (glass + vapor) concentration in the MI indicates that the plagioclase megacrysts crys-
tallized at depths equal to or below the local Moho, at minimum pressures of 230-910 MPa.
Our results confirm that the plagioclase crystallized in the mantle, and that reliable trapping
pressures can be obtained from MI in plagioclase following rehomogenization experiments.

INTRODUCTION

Plagioclase is a common phenocryst phase
in mid-ocean ridge basalts (MORBSs) and is
assumed to crystallize later than olivine in the
differentiation sequence (Bryan, 1983). There-
fore, most work on melt inclusions (MI) in
MORBS aimed at understanding the early crys-
tallization history has focused on olivine (e.g.,
Wanless and Shaw, 2012; Le Voyer et al., 2017).
In addition, it has been commonly assumed that
Ml in plagioclase are susceptible to leakage and
do not preserve the primary volatile concentra-
tion. However, little evidence exists to support
the contention that plagioclase-hosted MI are
more susceptible to CO, + H,O + S loss com-
pared to MI in olivine.

This study focuses on plagioclase-hosted
MI from a single plagioclase-ultraphyric basalt
(PUB) from the Blanco transform fault (off-
shore Oregon, USA). PUBs are characterized
by >15 modal% anorthitic plagioclase megac-
rysts (Lange et al., 2013). The megacrysts are
commonly xenocrystic, but their host glasses
usually show a chemistry that is similar to that
of the array of erupted lavas from their ridge
segment. The plagioclase megacrysts and their
MI are usually more primitive (more An and

Mg rich) and compositionally more diverse than
late-crystallizing plagioclase crystals that are in
equilibrium with their associated lavas near the
surface (Lange et al., 2013; Neave et al., 2014).
The H,0-CO, concentrations of MI can be
related to pressures of trapping through solu-
bility models, and therefore can give useful
information on the crystallization pressures of
the plagioclase megacrysts (Dixon et al., 1995;
Newman and Lowenstern, 2002). Most existing
pressure estimates are from olivine-hosted MI in
MORBS and are consistent with crystallization
within the oceanic crust, with a minority indica-
tive of deeper mantle crystallization (Wanless
and Shaw, 2012; Wallace et al., 2015; Le Voyer
et al. 2017., Wanless and Behn, 2017). Fewer
studies have utilized plagioclase-hosted MI to
determine the pressure of crystallization (Helo
etal., 2011; Coumans et al., 2015; Neave et al.,
2015, 2017). However, those studies reported
entrapment pressures as high as, or higher than,
those obtained from olivine-hosted MI.
Determining the pressure at which the melt
was trapped based on H,0-CO, concentrations
of MI is complicated by the fact that most MI
contain a vapor bubble at room temperature, and
some of the originally trapped CO, is contained

in the melt (glass) and some is in the vapor bub-
ble (Steele-Maclnnis et al., 2011; Hartley et al.,
2014; Moore et al., 2015). Calculations of pres-
sures of trapping of the MI thus requires knowl-
edge of the amounts of CO, and H,O in the melt
(glass) and in the vapor bubble. Our aim in this
study is to assess whether pressures calculated
from plagioclase-hosted MI are dependent on
the duration of heating experiments to homog-
enize the contents of the MI.

GEOLOGICAL SETTING AND
METHODOLOGY

PUBs are found worldwide at slow- and
intermediate-spreading centers, as well as at
off-axis seamounts and transform faults where
the absence of a magma reservoir may inhibit
crystals from being filtered out of their host
magmas (Lange et al., 2013). We focus on the
Blanco transform fault, a right-lateral transform
fault zone that extends for >360 km and sepa-
rates the Juan de Fuca Ridge to the northwest
from the Gorda Ridge to the southeast (Embley
and Wilson, 1992). We examined megacrysts
from a single sample (A91-1R) collected at
44°12.55'N, 129°37.93’'W (Embley and Wilson,
1992) that is characterized by abundant (~20%)
euhedral, centimeter-scale (0.2-1 cm) plagio-
clase megacrysts. Plagioclase crystals from this
sample are unzoned and have a narrow range of
anorthite contents (An g+ ). PUB megacrysts
show Sr isotopic signatures that are similar to
those of their host lavas (Lange et al., 2013).
Experiments performed on high-An plagioclase
revealed that MI are trapped during an isother-
mal period of growth during which fast diffusion
prevented the development of boundary layers
(Kohut and Nielsen, 2004).

The naturally quenched MI in our samples
are fully or partially crystallized by post-entrap-
ment crystallization and contain one or multiple
vapor bubbles, making experimental homoge-
nization before analysis a necessity (Fig. DR1
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in the GSA Data Repository'). We performed
homogenization experiments at Oregon State
University (Corvallis, Oregon, USA) using a
0.1 MPa vertical furnace. Individual crystals
were suspended in the furnace at 1230 °C for
30 min or 4 d and quenched (see Appendix DR1
in the Data Repository for more information).
The crystals were then polished to expose the
MI for Raman and secondary ionization mass
spectrometry (SIMS) analyses. Raman analyses
were performed at Virginia Tech (Blacksburg,
Virginia, USA) to determine the density of CO,
within the vapor bubbles. Then, the same MI
were analyzed at Woods Hole Oceanographic
Institution (WHOI, Woods Hole, Massachusetts,
USA) by SIMS to determine the CO,, H,0, S,
Clc and F concentrations within the glass phase
of the MI. The total CO, concentration in each
MI was reconstructed by combining the CO,
from the vapor bubble and CO, from the glass
(Moore et al., 2015). We used VolatileCalc 2.0
software (Newman and Lowenstern, 2002) to
estimate the minimum trapping pressures based
on the H,0-CO, concentrations of the MI. We
computed H,0-CO, concentrations for 27 MI
from eight crystals that were homogenized for
30 min, and for 16 MI from eight crystals that
were homogenized for 4 d. Additional informa-
tion of the methodology used can be found in
Appendix DRI1.

RESULTS

The reconstructed CO, concentrations of
MI held at 1230 °C for 30 min average 2253
= 800 ppm CO, (10), and average 2714 = 1183
ppm CO, for the 4 d runs (Table 1). The melts
are anhydrous, with <0.1 wt% H,O detected in
MI from both runs. Calculated minimum crys-
tallization pressures yielded similar results for
both run times, with no systematic difference
between MI in different crystals. The 30 min
runs yield an average pressure of 409 + 118 MPa
(10), and the 4 d runs yield an average of 473
+ 152 MPa (Table 1; Fig. 1). The uncertainties on
these values reflect sample variability rather than
uncertainty in the solubility model. Our results
show that 71% * 14% (10) of the CO, is in the
vapor bubbles after the 30 min run, whereas 83%
= 10% of the CO, is in the vapor bubbles after
the 4 d runs (Table 1). It is important to note here
that >50% of the CO, is typically present within
the vapor bubbles for both run times (Table
DRI in the Data Repository), highlighting the
importance of analyzing vapor bubbles for CO,
to determine the original volatile content of the
trapped melt, as has been reported by Moore et al.
(2015). Unpaired #-test calculations for both the
total reconstructed CO, and the CO, distribution

TABLE 1: COMPARISON OF VOLATILE CONTENTS AND ENTRAPMENT
ESTIMATES OF MELT INCLUSIONS FOR TWO EXPERIMENTAL RUN TIMES

30 min 4d
CO, total (ppm) 2253 + 800 2714 + 1183
S glass (ppm) 821 + 100 671 + 179
Cl glass (ppm) 36 + 12 55 + 63
F glass (ppm) 20+ 15 0.73+0.28
Pressure (MPa) 409 + 118 473 + 152
Depth (km) 12+3 14+5
CO, in bubble (%) 71 +14 83+ 10
Number of analyses 27 16

Note: Averages with 16 errors (standard deviation) of the volatiles analyzed for
both experimental run times within the glass of the melt inclusions (MI) by secondary
ionization mass spectrometry: H,O in wt%; S, Cl, and F in ppm. Total CO, (ppm) rep-
resents the calculated CO, in the MI, combining the CO, concentrations of the glass
and vapor bubbles, together with volume estimates for both. The averaged pressures

and depths calculated using VolatileCalc2.0 (Newman and Lowenstern, 2002) are
also shown, as well as the percentage of total CO, present in the vapor bubbles of
the MI, and the number of MI analyzed for both run times.

revealed that: (1) the total reconstructed CO, is
not statistically different for the 30 min and 4 d
runs; and (2) the CO, distribution within vapor
bubbles is statistically different between the two
experimental run times, with a relatively larger
proportion of the total CO, contained in the vapor
bubble for the 4 d runs (Table DR2).

The behavior of other volatile components
varied between the two runs, with 821 + 100 ppm
S (1o) for the 30 min runs, and 671 + 179 ppm S
for the 4 d runs (Table 1). According to Wallace
and Carmichael (1992), all MORB magmas are
sulfide saturated. As such, any MI that lie off of
the sulfide saturation line are assumed to have
been compromised and to have lost sulfur (and
other volatiles). Only MI that lie on the sul-
fide saturation line were included in this study.
Similarly, the F concentration in the 30 min runs
averages 20 = 15 ppm (10) but is below the
detection limit of 1.8 ppm for the 4 d runs (Table
1; Fig. 2). It is not clear if F diffused out of the
MI during the 4 d runs or if it exsolved from the
melt and into the vapor bubbles (Koleszar et al.,
2009). Unlike S and F, Cl concentrations are
identical within error for the two run times, with
36+ 12 ppm and 55 + 63 ppm (10), respectively,
for the 30 min and the 4 d runs.

DISCUSSION

Impact of Post-Entrapment Processes on
the Volatile Concentrations of MI

Diffusive Loss of Hydrogen

All of the MI studied exhibit low H,O con-
centrations, which may be attributed to diffu-
sive loss of H and/or a low initial H,O content
(Métrich and Wallace, 2008). Johnson and Ross-
man (2013) reported an increase in OH loss with
increasing run time and temperature in experi-
ments using An,, plagioclase. Assuming that the

Kernel Densities
0 0002 0004 0006 0008 001
. . . . 0

200 -6.0
BTF Moho
€
=
© s}
o 400 -12.0 3
2 ®
= Q
g 2]
2 8
%] o
Q 600 -18.0 _GQ)
o
<
Q.
[5]
Il 30 minutes (n=27) (=)
800 4 days (n=16) 2270
1000 -30.0

Figure 1. Kernel density plot of pressures
calculated for melt inclusions (MI) heated
for 30 min (black) and for 4 d (gray). Kernel
density plots represent probability density
functions for which distribution parameters
are unspecified. Pressures were calculated
using VolatileCalc 2.0 software (Newman and
Lowenstern, 2002) using measured H,O con-
centration from secondary ionization mass
spectrometry and total reconstructed CO,
for each MI (Newman and Lowenstern, 2002;
Moore et al., 2015). 2c errors were computed
with kernel density plots. Moho pressures in
gray are from McNutt (1979) and Christeson
et al. (2010). Number of Ml plotted (n = x) is
noted in legend. BTF—BIlanco transform fault
(offshore Oregon, USA).

MI originally contained little H,O (<~1 wt%),
loss of H,O from the MI would have little influ-
ence on the pressure estimates because the H,0-
CO, saturation pressure isobars are essentially
independent of H,O at concentrations of <0.5
wt% (Gaetani et al., 2012).

!GSA Data Repository item 2019010, Figure DR1 (BSE images of MI prior to and post-rehomogenization experiments), Figure DR2 (graph of Mg# versus %
crystallization for both run times), Table DR1 (details of the volatile content and pressure and depth of entrapment for each MI analyzed),Table DR2 (unpaired #-test
results), and Table DR3 (details of Mg#, MgO, FeO, F parameter, and % crystallization for each MI), is available online at http://www.geosociety.org/datarepository

/2019/ or upon request from editing @ geosociety.org.
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Figure 2. Volatile contents of glass phase in melt inclusions (MI). Open circles are MI held at
1230 °C for 30 min; solid black circles are Ml held at 1230 °C for 4 d. 1c error bars are calcu-
lated for each analysis. All data are plotted against CO, (ppm) in glass on y-axis. A: H,0 (wt%)
in glass phase in MI. B: Sulfur (ppm) in glass phase in MI. C: Chlorine (ppm) in glass phase in
MI. D: Fluorine (ppm) in glass phase in MI. Errors are consistent with those determined previ-
ously during rigorous assessment of uncertainties associated with analyses of volatiles in Mi
using same analytical methods and instrumentation (Esposito et al., 2014).

Leakage

Leakage of volatiles such as CO, results in
lower CO, concentrations in the MI, and this, in
turn, could lead to a possible incorrect interpre-
tation that the MI trapped a volatile-undersatu-
rated melt (Maclennan, 2017). Leakage is more
likely for volatile-rich MI with high internal
pressure (Bodnar, 2003; Maclennan, 2017; Wan-
less and Behn, 2017). In CO,-rich and H,O-poor
systems, the formation of vapor bubbles induces
an internal pressure decrease, thus minimizing
the probability that the MI will leak.

Vapor Bubbles

Vapor bubbles can form as a result of cooling
of MI and post-entrapment crystallization, lead-
ing to volatile exsolution from the melt (Kent,
2008). All of the MI studied here contained one
or more vapor bubbles. As noted above, >50%
of the CO, is present in vapor bubbles for both
experimental run times. In addition, the MI
heated for 4 d likely experienced compositional
changes that could impact the solubility of CO,
because the solubility of CO, decreases with
decreasing CaO, MgO, and alkaline contents
(Brey, 1976; Moore, 2008).

Crystal Relaxation

Schiavi et al. (2016) demonstrated that crys-
tal relaxation occurs when a crystal is main-
tained at elevated temperature for long times

at 1 atm confining pressure. Crystal relaxation
occurs because at high temperature, the inter-
nal pressure in volatile-rich MI is much greater
than the 0.1 MPa confining pressure on the
crystal host, leading to a large pressure differ-
ential. When the MI in this study are heated to
1230 °C, the pressure in the MI reaches several
hundreds of megapascals, and the plagioclase
host surrounding the MI relaxes over a period of
days to eliminate the pressure gradient between
the MI and surrounding plagioclase host. Dur-
ing relaxation the MI volume increases and the
internal pressure in the MI decreases, inducing
further CO, exsolution into the vapor bubbles.
This interpretation is supported by the increased
density of CO, in the vapor bubbles after the
4 d runs compared to the 30 min runs (Fig. 3).

CO, density in the vapor bubbles (g/cm?®)

On the Mantle Origin of Sample A91-1R
The oceanic crust under the Blanco transform
fault is ~6.7-10.0 km thick based on seismic
imaging (McNutt, 1979; Christeson et al., 2010).
The samples analyzed in this study yield a range
of CO, concentrations that indicate minimum
pressures ranging from 230 to 910 MPa, cor-
responding to depths of 6-27 km, all of which
are at or below the local Moho (Fig. 1; Table
DR1). In contrast, most pressures calculated
based on MORB glasses and olivine-hosted MI
compositions indicate that the olivine pheno-
crysts formed in the mid-crust, with a minor-
ity at deeper levels (e.g., Wanless and Shaw,
2012; Wallace et al., 2015; Wanless and Behn,
2017). Previous studies of plagioclase-hosted
MI in MORBS recorded both crustal (Neave et
al., 2015, 2017) and mantle depths (Helo et al.,
2011; Coumans et al., 2015). Current models
for the formation of PUBs involve plagioclase
crystallization in the upper mantle and inter-
action of melts with troctolitic cumulates dur-
ing magma ascent (Kohut and Nielsen, 2003;
Lange et al., 2013). MORB melts can entrain
high-anorthite plagioclase in the upper mantle
due to their similar density (~2.7 g/cm?). Dur-
ing ascent, the melts become less dense than the
plagioclase crystals, which can only be erupted
if the ascent rate is greater than the settling rate.
The density contrast between olivine (3.2 g/cm?)
and plagioclase would result in crystal sorting
and the eruption of PUBs containing little or
no olivine. Therefore, our mantle pressure esti-
mates are consistent with the model of PUB for-
mation conceptualized by Kohut and Nielsen
(2003) and Lange et al. (2013). In addition, the
mantle origin of our sample is supported by the
near-primary compositions of the MI (Mg# of
67.53 + 2.48 [26]; Michael and Graham, 2015;
Appendix DR2; Fig. DR2; Table DR3).

CONCLUSIONS

We have documented that plagioclase-hosted
MI retain their original CO, concentrations,
even after being held at 1230 °C for 4 d. How-
ever, during these experiments conducted at 1
atm pressure, crystals underwent time-depen-
dent relaxation, resulting in expansion of the
plagioclase hosts and an increase in the volume
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0 ‘
Figure 3. CO, in glass phase
determined by secondary
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g ) etry versus density of CO,
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of their contained MI. The resulting pressure
decrease within the MI and the concomitant
decrease in CO, solubility led to the exsolution
of CO, from the melt and into the vapor bubbles.
However, the total CO, concentrations in the
M1, and therefore the estimated minimum pres-
sures of entrapment, do not change. Pressure
estimates obtained from the MI indicate that
plagioclase megacrysts from the Blanco trans-
form fault are the product of crystallization in
the upper mantle.
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