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Despite the influence of mantle carbon on melt formation and migration, global volatile budgets, and
volcanic eruption styles, the carbon concentration in Earth’s upper mantle remains highly debated,
with estimates varying by more than an order of magnitude. The relationship between carbon and
incompatible trace element (e.g., Nb, Ba) concentrations in rare, undegassed mid-ocean ridge basalts
and melt inclusions provide primary constraints on upper mantle carbon content. Here we investigate
whether the most volatile rich mid-ocean ridge basalts, termed ‘popping rocks’, represent undegassed

Keywords: magmas from the upper mantle and provide insight into upper mantle carbon inventory. We show
carbon that fourteen new popping rocks, collected in situ from the Mid-Atlantic Ridge rift valley near 14°N,
mid-ocean ridge basalts contain highly variable CO,/Nb and CO,/Ba ratios despite similar mantle sources and extents of
mantle melting. We revise the original model for popping rock formation using seafloor observations, high-
polplz‘ilng rocks resolution bathymetry, vesicle size distributions, major and trace element geochemistry, and noble gas
volatiles

geochemistry. Highly variable volatile concentrations despite relatively homogeneous trace element ratios
and low “He/*?Ar* suggest that bubble accumulation affected these popping rocks. These results provide
evidence for heterogeneity in the CO,/Ba ratio of the depleted mantle and indicate that mantle carbon
concentrations are lower and less heterogeneous than previously estimated, which influences models for
mantle melting and CO, flux at mid-ocean ridges.

vesicularity

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Volatiles in Earth’s mantle strongly impact melt formation and
migration (Dasgupta and Hirschmann, 2010), geophysical proper-
ties of the Earth’s interior (Hirth and Kohlstedt, 1996), the be-
havior of volcanic eruptions (Wallace et al, 2015), and long-
term atmospheric evolution (Huybers and Langmuir, 2009). Thus,
knowledge of volatile species in the upper mantle is crucial to
understanding Earth’s formation and evolution. However, shal-
low degassing makes estimating pre-eruptive magmatic volatile
concentrations notoriously difficult, resulting in several decades
of debate about the carbon concentration of the upper mantle
(Burnard et al., 2014; Cartigny et al., 2008; Chavrit et al., 2014;
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Dasgupta et al., 2013; Javoy and Pineau, 1991; Le Voyer et al.,
2017; Marty and Tolstikhin, 1998; Michael and Graham, 2015;
Rosenthal et al., 2015; Saal et al., 2002). The most common ap-
proach for estimating upper mantle carbon content and mid-ocean
ridge (MOR) CO» flux relies on incompatible elements that behave
in a similar manner to carbon during melting and crystallization,
such as Nb or Ba, and inferences about these ratios from rare,
undegassed melts. Volatile undersaturated olivine-hosted melt in-
clusions from the Siqueiros Transform Fault (Saal et al., 2002) and
global ultra-depleted MOR basalts (MORB) (Michael and Graham,
2015) yield average CO,/Nb ratios of 239-283 (Fig. 1), correspond-
ing to an average mantle source CO, concentration of 72-85 ppm.
In contrast, undegassed melt inclusions (Le Voyer et al., 2017) from
the Mid-Atlantic Ridge (MAR) yield much higher CO,/Nb ratios of
556-557 (Fig. 1). One recent study suggested that the difference
between these estimates for undegassed CO,/Nb reflects hetero-
geneity in upper mantle ratios, implying that mantle carbon con-
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Fig. 1. Variation in CO, concentration as a function of Nb and Ba concentration. Red diamonds represent the fourteen new popping rocks collected from the Mid-Atlantic
Ridge near 13°46'N while orange triangles represent proximal non-popping rocks with indistinguishable REE patterns and trace elements ratios. CO, concentrations presented
in this study were reconstructed from the dissolved concentrations, vesicularity, and measured CO; density within bubbles. Data sources: 27w D43 popping rock: Sarda and
Graham (1990), Bougault et al. (1988), and Cartigny et al. (2008); Equatorial Atlantic melt inclusions: Le Voyer et al. (2017); Siqueiros melt inclusions: Saal et al. (2002);
Undersaturated MORB glasses: Michael and Graham (2015); global MORB glass compilation from PetDB. (For interpretation of the colors in the figure(s), the reader is referred

to the web version of this article.)

tent varies by nearly two orders of magnitude when combined
with estimated depleted MORB mantle (DMM) Nb concentrations
(Le Voyer et al., 2017). Another study proposed that differences in
these ratios reflects partial degassing and magma mixing, imply-
ing constant CO;/incompatible trace element ratios and less het-
erogeneity in mantle carbon abundances (Matthews et al,, 2017).
Additional observational constraints are essential for establishing
the abundance and heterogeneity of carbon in Earth’s mantle.

The only volatile saturated MORB that has been used to directly
constrain mantle volatile concentrations was dredged in 1985 near
14°N on the MAR by the R/V Akademik Boris Petrov (Bougault et al.,
1988). Upon recovery, the dredged ‘27t D43’ samples began popping
on the ship’s deck due to their removal from seafloor pressures
and the consequential release of trapped volatiles from vesicles.
Due to their high volatile abundances, simple vesicle size distri-
butions, and unique rare gas ratios, the 27 D43 popping rocks
have been interpreted as the most representative samples of un-
degassed magmas sourced from the upper mantle (Burnard, 1997;
Cartigny et al., 2008; Javoy and Pineau, 1991; Moreira et al., 1998;
Sarda and Graham, 1990). The CO, and incompatible trace ele-
ment concentrations in the 271 D43 samples are enriched relative to
undegassed, undersaturated MORB and melt inclusions, and thus
provide a unique constraint on these ratios and potentially mantle
carbon concentrations (Fig. 1). However, the lack of geologic con-
text for these samples, recovered by dredging on poorly mapped
seafloor, has prompted debate about their origins and the implica-
tions for mantle carbon (Cartigny et al., 2008; Chavrit et al., 2014;
Le Voyer et al.,, 2017; Sarda and Graham, 1990). Here, we report
the CO, concentrations, geochemistry, vesicle size distributions,
and geologic setting for fourteen new popping rock samples col-
lected from the same ridge segment as dredge 27 D43 during a
2016 R|V Atlantis cruise (AT33-03). Our results provide new con-
straints on the formation of popping rocks and yield insight into
heterogeneities in mantle carbon concentrations and eruptive pro-
cesses at magma-poor ridge segments.

2. Methods
2.1. Major and trace elements

Major element concentrations were measured using the Cameca
SXFive electron microprobe at Boise State University. Sample
preparation techniques are described in Schwartz et al. (2017).

Analyses were conducted using an accelerating voltage of 15 kV,
a beam current of 10 nA, and a beam diameter of 10 pm. Al K,
and Mg were measured for 50 s, Si and Ca were measured for
40 s, Ti, Na, Fe, and P were counted for 30 s, and Mn was counted
for 20 s. Five spots were measured on glass chips and averaged.
Basalt standard VG-2s and internal standard 2392-9 (Perfit et al,,
2012) were run approximately every 5 samples to account for in-
strument drift. Repeat analyses of standard glasses indicate that
the analytical precision of most major elements is <1% to 3%, with
the exception of MnO and P,0s5, which have higher relative errors
(5-25%) due to low concentrations.

Trace element concentrations were determined using a Thermo-
Electron X-Series Il Quadrupole Inductively Coupled Plasma Mass
Spectrometer (ICP-MS) at Boise State University. Samples were dis-
solved and analyzed following methods outlined in Schwartz et
al. (2017). Each solution was measured three times; averages and
standard deviations are provided in Supplementary Table 1. Stan-
dards were measured before and after each run and standard ]JB-3
was analyzed approximately every 10 samples to account for in-
strument drift.

2.2. Volatile elements

Volatile (H0, CO», S, F, and Cl) analyses were carried out at the
Northeast National Ion Microprobe Facility (NENIMF) at the Woods
Hole Oceanographic Institution (WHOI) using high mass resolution
secondary ion mass spectrometry (CAMECA IMS 1280), using sam-
ple preparation and measurement techniques developed by Hauri
et al. (2002) and described in Schwartz et al. (2017). Each sample
was measured multiple times; averages are provided in Supple-
mentary Table 2. Calibration curves were established using nine
standard glasses and drift was assessed using repeat measure-
ments on standard glass ALV519-4-1 (Hauri et al., 2002). Analyt-
ical uncertainty (20 ~10%) has been established for these proce-
dures at NENIMF based on repeat measurements on standard glass
519-4-1.

2.3. Noble gas abundances and ratios
Helium, neon, and argon abundances and isotope compo-

sitions were analyzed using a MAP 215-50 mass spectrome-
ter in the WHOI Isotope Geochemistry Facility, as described by
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Fig. 2. 1 m resolution bathymetric maps showing the distribution of newly recovered popping rocks (diamonds). The bathymetry reveals that popping rocks are primarily
restricted to a north-south trending pillow ridge and proximal pillow mounds. (A) Symbols are colored by [La/Sm]x. (B) Symbols are colored by vesicularity. Despite relatively
homogeneous trace element ratios, the vesicularity and total CO, concentrations in popping rocks varies dramatically (5-24 vol.% vesicles; 3,100-16,200 ppm CO;). Several
proximal, non-popping rocks (triangles) are geochemically similar to popping rocks but have notably lower vesicularities (<1-8 vol.% vesicles; 360-4,550 ppm CO; ). Inset

map shows the location of the popping rocks on the Mid-Atlantic Ridge as a red star.

Kurz et al. (2005). The helium standard has a 3He/*He ratio of
8.35 times atmospheric (Ra) and is typically 5x10~2 cc STP “He.
Air was used as the neon and argon standard (~1.5 x 10710 cc
STP neon and 9 x 108 cc STP argon). Noble gases are purified
using three different SAES getters, operated between room tem-
perature and 600 °C, and separated with two cryogenic cold traps
(one charcoal and one stainless-steel “nude” trap). Crushing blanks
are typically 1 x 107" ¢cm3 STP 4He and 2 x 10~'2 cm® STP
20Ne and are insignificant relative to the gas quantities measured.
Argon isotopes were measured using a dedicated Quadrupole Mass
Spectrometer (Hiden). All measurements were made by crush-
ing in vacuo, using well established procedures (e.g. Kurz et al,
2009). The quantities of gas introduced into the extraction line
and mass spectrometers were controlled by capacitance manom-
etry, followed by a pre-measurement with a quadrupole mass
spectrometer and volumetric splitting prior to inlet to the mass
spectrometer.

2.4. Vesicularity, vesicle size distributions, and exsolved volatile
concentrations

X-ray computed microtomography (n-CT) scans were collected
using a table-top Bruker Skyscan 1272 at the Woods Hole Oceano-
graphic Institution. Transmitted radiographs were collected at steps
ranging from 0.15° to 0.35° over 180°. The source voltage ranged
between 80 and 100 kV with a current between 100 and 125 pA.
Filters and exposure times were selected based on the intensity
of the transmitted x-rays, which principally varied based on sam-
ple size. The pixel resolution ranged between 3.4 and 5.0 pm.
The scans were reconstructed using Bruker NRecon software with
corrections applied for beam hardening, ring artifacts, and ther-
mal misalignment. The 3D dataset was segmented using a global
threshold in Bruker CTAn software. Cracks and non-vesicles were
identified using Bruker visualization software and manually re-
moved using Image]. Vesicularity and individual vesicle parameters
were calculated using a combination of CTAn, Image], and MAT-
LAB image processing tools. Only vesicles larger than 15 pm in
radius (~3x the minimum pixel resolution) were considered. Ad-
ditional vesicularity measurements were acquired on 10x magnifi-
cation reflected light photomicrographs of polished glass fragments
from the outer quenched rind of the lava samples. The vesicularity

measurements based on 2D and 3D techniques are similar; small
differences likely reflect a combination of measurement uncertain-
ties and natural variability between fragments.

The exsolved CO, concentrations were calculated from the
vesicularity and average measured density of CO, in the vesi-
cles. The density of CO, in the vesicles was determined at the
Woods Hole Oceanographic Institution using a Horiba LabRam HR
Raman spectrometer with a focal length of 800 mm. The in-
strument is equipped with a thermoelectrically cooled (—70°C)
Synapse® 1024 x 256 pixel open electrode CCD detector. Measure-
ments were conducted following previously established protocols
(Aster et al., 2016; Esposito et al., 2011; Lamadrid et al., 2017;
Moore et al., 2015). All analyses were conducted with a 100x long
working distance objective with a numerical aperture (NA) of 0.8
and a confocal hole diameter set to 300 pm. We used a 632 nm
laser, a grating with 1800 grooves per mm, and a slit size of 30 pm.
Spectra were collected for five 30 s accumulations between 1160
and 1429 cm~!. The background for each sample was corrected for
noise in LabSpec6 and the peaks were fit using a Gaussian func-
tion in MATLAB. The CO, Fermi diad splits were calibrated using
the measured separation between the 1249.03 cm~! and 1388.25
cm~! bands for argon, using spectra collected at the beginning and
end of the session. The measured separations between argon bands
drifted by <0.05 cm~!. The density of CO; within the vesicles
was calculated based on the difference in wavenumber between
the two peaks of the Fermi diad (Wright and Wang, 1973) accord-
ing to the calibration developed by Lamadrid et al. (2017) at Vir-
ginia Tech for similar acquisition parameters (632 nm laser; 1800
grooves/mm grating). The variability between the density measure-
ments provides an estimate of the uncertainties associated with
this method of reconstructing total CO, concentrations (standard
error is 0.01 g/cm?).

3. Results

Fourteen new popping rocks were recovered in situ from the
MAR axial valley at the 2 D43 dredge site, ~7 km west of the
hanging-wall cutoff for the 13°48’N oceanic core complex (Fig. 2).
These samples, as well as 43 non-popping rocks recovered within
the rift valley near 13°46’N, were analyzed for major and trace
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Fig. 3. Seafloor observations from Alvin dives AL4818 and AL4821, which traversed Popping Rock Ridge. (A) Popping rock AL4818-003, the first recovered in situ, collected
from a sedimented, collapsed pillow lava. (B) Elongated pillows from the northern edge of Popping Rock Ridge. (C) Popping rock AL4821-057, collected from the outer crust

of a collapsed pillow basalt.

elements and volatile concentrations (Supplementary Tables 1-2).
Three popping rocks and three proximal, non-popping samples
were analyzed for helium and argon abundances and isotopic com-
positions (Supplementary Table 3). AUV Sentry near-bottom multi-
beam bathymetry and HOV Alvin sampling and seafloor observa-
tions reveal that the popping rocks are primarily restricted to a
north-south trending, heavily sedimented pillow ridge and prox-
imal pillow mounds, which we refer to as ‘Popping Rock Ridge’
(Fig. 2; seafloor observations in Fig. 3). The popping rocks are re-
markably homogeneous in major and trace element concentrations
and ratios (e.g., [La/Sm]y = 1.76-1.84; Fig. 2; Fig. 4), indicating
similar mantle sources and extents of melting. The trace element
ratios and rare earth element (REE) patterns in popping rocks are
indistinguishable from eight proximal basalt samples that were
not identified as popping rocks on the ship, many of which have
notably lower vesicularities (Fig. 2; Fig. 4). The popping rocks (di-
amonds in Fig. 2) and eight proximal, non-popping rocks with
similar REE patterns (triangles in Fig. 2) are geochemically distinct
from all other lavas recovered from the region based on major and
trace element compositions (circles in Fig. 2; Fig. 4; Supplementary
Table 1).

The dissolved volatile concentrations (CO2, H;0, Cl, F, S) in the
popping and non-popping samples are within the range commonly
observed in MORB (Wallace et al., 2015; Supplementary Table 2).
In contrast, the exsolved volatile concentrations in these popping
rocks are amongst the highest ever recorded for submarine MORB,
especially those outside the influence of mantle plumes (Chavrit et
al., 2014; Supplementary Table 2). The vesicularity in the popping

rocks ranges from 5-24 vol.% based on reflected light photomi-
crographs and x-ray micro-computed tomography scans (Figs. 5-6,
Table 1). Based on the measured vesicularity, measured dissolved
CO, concentrations, and the average CO, density within vesicles
measured by Raman spectroscopy (Supplementary Table 4), the
CO, concentration in these popping rocks varies from 3,100-16,200
ppm, where ppm is pg/g (Fig. 1; Table 1; Supplementary Table 2).
The eight non-popping rocks that are geochemically similar over-
lap this range in vesicularity and total CO, concentration, but are
on average lower (0.18-8.24 vol.%; 360-4,550 ppm CO»; Figs. 1-2).
We rely on the CO, concentrations estimated from vesicularity
rather than measured by capacitance manometry during crushing
for helium and argon analyses because the latter method does not
account for gas loss through cracks prior to analysis.

The vesicle size distributions of moderate vesicularity samples
(Fig. 5a-c) are distinct relative to high vesicularity popping rocks
(Fig. 5d-f). Moderate vesicularity popping rocks (i.e., 5-7 vol.%)
display simple log-linear vesicle size distributions (Fig. 5; Fig. 6).
The vesicle size distributions of higher vesicularity samples deviate
from log-linear relationships, with more abundant large vesicles
(>1.5 mm diameter) than expected based on a simple continuous
bubble nucleation and growth model (Cashman and Mangan, 1994)
(Fig. 5; Fig. 6). The new popping rocks exhibit relatively homoge-
neous “He/4CAr* (1.05-1.09), where 40Ar* is the “°Ar concentra-
tion corrected for atmospheric contamination (“°Ar* = 36Argmpie
(“0Ar /28 Argampie—10Ar/*®Ary;; ); e.g., Sarda and Moreira, 2002). The
4He/40Ar* in three popping rocks and one geochemically simi-
lar, non-popping rock are slightly lower than the putative mantle
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Fig. 5. Polished section images (A), (D), X-ray micro-computed tomography scans (B), (E), and vesicle size distributions based on x-ray p-CT scans (C), (F) for an intermediate
vesicularity (AL4821-054; top) and high vesicularity (AL4821-059; bottom) popping rock. The high vesicularity popping rocks show deviations from a simple log-linear vesicle
size distribution at the largest size classes, likely due to bubble coalescence and/or accumulation.

production ratio of 3 + 1 (Marty and Tolstikhin, 1998), while prox-
imal, geochemically distinct non-popping samples exhibit elevated
4He/*CAr* consistent with estimates for degassed MORB (Tucker
et al., 2018) (Fig. 7). The popping rocks display >He/*He ratios of
8.07-8.30 R4 and CO;/3He ratios of 2.97 x 10°-3.11 x 10°. Prox-
imal, non-popping rocks have 3He/*He ratios of 7.63-8.33 R4 and
CO;/?He ratios of 1.79 x 10°-2.53 x 10°.

4. Discussion
4.1. Origin of the high volatile concentrations in popping rocks

The most striking and novel observation from this study is that
the new popping rock lavas display highly variable total CO, con-
centrations despite similar geochemistry and eruptive morphology
(Table 1; Figs. 1-4). The similar trace element ratios and REE pat-
terns in the fourteen newly recovered popping rocks and eight
proximal non-popping samples (Fig. 2; Fig. 4) indicate that these
lavas erupted from geochemically similar mantle sources, possibly
during a series of closely timed eruptions based on their restricted

Table 1

Nb, Ba, vesicularity (3D and 2D), and total CO, concentrations (based on dissolved
CO, concentrations, 2D vesicularity measurements, and the average CO, density in
bubbles) for newly recovered in situ popping rocks. Uncertainties are detailed in the
methods and supplementary material.

Sample Nb Ba Ves. (3D) Ves. (2D) Total CO;
(ppm) (ppm) (%) (%) (ppm)
AL4818-003 2434 149.61 13.6 133 7633
AL4820-035 24.05 141.06
AL4820-036 24.21 13943 13.2 133 7663
AL4820-037 2416 145.61 19.7 20.0 12368
AL4820-039 24.98 163.49 141 8178
AL4821-050 24.53 148.37 5.2 5.7 3112
AL4821-051 24.65 149.88 9.1 119 6731
AL4821-053 24.41 149.18 129 14.2 8270
AL4821-054 24.37 144.38 71 11.2 6345
AL4821-055 24.49 147.36 15.6 179 10823
AL4821-056 24.20 147.24 12.8 13.8 7993
AL4821-057 24.38 148.27 9.8 134 7731
AL4821-058 2421 143.32 113 117 6643
AL4821-059 24.80 146.70 20.1 24.8 16231




72 M.R. Jones et al. / Earth and Planetary Science Letters 511 (2019) 67-75

AL4821-050 AL4821-054
af% 5 vol. % af, 7 vol. %
L]
2 o 2N
of % of %
] @
-2 oo -2 i
]
-4 -4 -
") )
0 1000 2000 3000 0 1000 2000 3000
AL4821-058 AL4821-056
4l 11 vol. % 4 13 vol. %
< 2 .°. 2 ‘o.
A L 1
£V O\ o N
@'2 o -2 Y0
£4 \ -4 oo
-6 -6
0 1000 2000 3000 0 1000 2000 3000
AL4818-003 AL4821-055
4, 14 vol. % 4| 16 vol. %
2t % 2t ®
°
L]
0 ., 0 .,
2 . 2 "
-4 '... -4 S .
-6 -6 e
0 1000 2000 3000 0 1000 2000 3000

AL4821-051 AL4821-057
al, 9 vol. % al, 10 vol. %
PIN 2t %,

L ]
of e of %
-2 .00 =0 ..o
LN ] R L]

-4 o -4 L)
-6 -6

0 1000 2000 3000 0 1000 2000 3000

AL4821-053 AL4820-036

[

41 13 vol. % 4re 13 vol. %
L]
2 °. 2t o
L)
L]

0 .. 0 o..
<9 oo -2 o
-4 oo -4 (1]
-6 -6

0 1000 2000 3000 0 1000 2000 3000
4 20 vol. % af 20 vol. %

L]
24 21,
LX) L]

0 o... 0 ..
-2 o -2 L[]
-4 e -4 ®e_oo
-6 -8

0 1000 2000 3000 0 1000 2000 3000

Bin diameter (um)

Fig. 6. Vesicle size distributions, shown as the natural log of the volumetric number density of bubbles normalized to the width of the bin as a function of the bin diameter,
for 12 newly recovered popping rocks based on x-ray microtomography scans. The vesicle size distributions from high vesicularity popping rocks (>10%) are often distinct
relative to low vesicularity (5-7%) popping rocks, including more large bubbles (>1.5 mm diameter) than expected based on a simple bubble nucleation and growth model.
Log-linear reference lines, based on least-squares regressions of In(n) on size classes <1 mm, are shown in order to highlight deviations at large size classes in some high

vesicularity samples.

locations along a pillow ridge. These geochemical similarities also
suggest that the variable CO, contents cannot be explained by di-
lution during progressive mantle melting, enrichment during frac-
tional crystallization, or magma mixing, because these processes
would produce comparable systematics in trace elements that be-
have similarly to carbon (e.g., Nb, Ba, Rb). Thus, a subset of these
samples must have experienced either gas accumulation or gas loss
in order to produce variable CO, concentrations despite homoge-
neous trace element ratios and REE patterns.

Vesicle size distributions and #He/*%Ar* are influenced by gas
accumulation and gas loss, and thus have the potential to pro-
vide insight into the processes controlling volatile concentrations
in popping rocks (Cashman and Mangan, 1994; Marty and Tol-
stikhin, 1998; Moreira and Kurz, 2013; Sarda and Graham, 1990;
Tucker et al., 2018). Progressive equilibrium degassing (i.e., gas
loss from the magma) would be expected to produce enriched
4He/*0Ar* ratios in the lowest vesicularity samples due to the
greater solubility of “He relative to “0Ar (Burnard et al., 2004;
Paonita and Martelli, 2007; Sarda and Moreira, 2002). However, the
newly recovered popping rocks display consistently low “He/0Ar*
ratios relative to the mantle production ratio (Marty and Tolstikhin,
1998) (Fig. 7), which indicates that the variable volatile concentra-
tions in these samples does not reflect open-system, equilibrium
(i.e., solubility controlled) degassing (Moreira and Kurz, 2013). Dis-
equilibrium (i.e., diffusion controlled) degassing can fractionate no-
ble gases in the opposite sense due to the lower diffusivity of “0Ar
relative to 4He, which counteracts the lower solubility of 49Ar.

In the case of instantaneous, continuous gas loss (i.e., Rayleigh
distillation), disequilibrium degassing would still produce slightly
elevated “He/*0Ar* ratios in samples with 20-50% of the initial
gas content retained based on the average degree of disequilib-
rium necessary to produce MORB noble gas systematics (Tucker
et al., 2018). Although discrete episodes of syn-eruptive, open-
system, disequilibrium gas loss could produce low “He/*Ar* ra-
tios in degassed samples (Gonnermann and Mukhopadhyay, 2007),
shallow disequilibrium degassing would also likely produce dis-
solved CO;, concentrations greater than experimentally determined
solubilities at the eruption depths based on similar C and Ar dif-
fusivities (Paonita and Martelli, 2006), which is not observed in
the newly recovered popping rocks. There are uncertainties in the
mantle “He/4CAr* production ratio, related to K, U, and Th abun-
dances and mantle residence time, which hinders interpretation
of the small difference between the new popping rocks data pre-
sented here and the putative mantle production ratio of 3 + 1
(Marty and Tolstikhin, 1998). Our results show that the popping
rocks have consistently low “He/*0Ar* despite highly variable total
volatile concentrations. These results are consistent with a bubble
accumulation model, but could potentially reflect more complex
degassing, such as discrete multi-stage episodes of gas loss and
addition at various pressures.

Vesicle size distributions in erupted basalts also provide in-
sight into magma storage and transport histories because volatile
exsolution (i.e., bubble formation and growth) depends on depres-
surization rates and timescales (Cashman and Mangan, 1994). Dur-
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Fig. 7. C/*He vs. “He/*°Ar* for three popping rock samples (diamonds), one geo-
chemically similar, non-popping sample (AL4820-041), and two geochemically dis-
tinct samples (AL4818-005 and AL4819-029) relative to typical MORB (Marty and
Tolstikhin, 1998). The popping rocks and proximal, geochemically similar non-
popping rock (AL4820-041) display *He/*CAr ratios similar to the mantle production
ratio of 3 + 1 (grey bar; Marty and Tolstikhin, 1998), demonstrating that gas loss
did not produce the variable volatile concentrations in these samples. Data sources:
2 D43 popping rock: Moreira et al. (1998); MORB glasses: Marty and Tolstikhin
(1998).

ing steady ascent from depth, magmas are expected to experience
continuous vesicle nucleation and growth, leading to linear rela-
tionships between the natural log of the number of vesicles per
unit volume (N,) and the binned vesicle size (Sarda and Graham,
1990). The non-linear vesicle size distributions in high vesicular-
ity popping rocks, marked by increased vesicle densities in the
largest size classes, are likely caused by coalescence and/or accu-
mulation (Chavrit et al., 2014; Sarda and Graham, 1990; Shea et al.,
2010) (Fig. 5; Fig. 6). Although the x-ray p-CT scans and reflected
light photomicrographs show active bubble coalescence in the high
vesicularity popping rocks (e.g., Fig. 5), coalescence alone cannot
explain both the vesicle size distributions and the highly variable
volatile concentrations (Fig. 1; Figs. 5-6; Table 1). Therefore, we
suggest that bubble accumulation also influenced a subset of the
popping rocks. Bubble accumulation was previously suggested for
popping rock 271 D43 based on an empirical model for primary CO;
concentrations derived from K,O/TiO, ratios, axial valley depths,
and spreading rates (Chavrit et al., 2014). Although some amount
of degassing may still have affected the lowest vesicularity sam-
ples, the “He/*CAr* ratios, vesicle size distributions, and variable
total volatile concentrations in these samples are consistent with
gas accumulation as the mechanism to produce high vesicularity
popping rocks at 13°46’N on the MAR. Our interpretation that
gas accumulation influences the volatile concentrations in popping
rocks implies that these samples may not reflect primary mantle-
derived carbon concentrations.

4.2. Mechanisms for popping rock formation

Degassing during magma storage and transport affects volatile
concentrations in most MORB based on total glass CO, con-
centrations consistent with equilibration at pressures associated
with known magma storage reservoirs (e.g., Jones et al, 2018;
Soule et al., 2012), greater CO, abundances in phenocryst hosted
melt inclusions than in the carrier magmas (e.g., Helo et al., 2011),
and higher 4He/%°Ar* in vesicles than predicted from the man-

tle production ratio (e.g., Marty and Tolstikhin, 1998). Only a
few high-vesicularity popping rocks have been recovered from the
global MOR system (e.g., 36°N MAR (Hekinian et al., 1973), Equa-
torial MAR (Le Voyer et al, 2015), Mathematician Ridge on the
East Pacific Rise (Batiza and Vanko, 1985)), which shows that pro-
cesses leading to gas accumulation are atypical. We hypothesize
that the Popping Rock Ridge samples experienced gas accumula-
tion during storage at crustal depths (Fig. 8). Magma storage within
a compressional regime associated with bending of the 13°48'N
OCC subsurface footwall (e.g., Parnell-Turner et al., 2017) may have
prevented gas loss through the top of the magma reservoir and
facilitated the accumulation of volatiles contained within the reser-
voir. Other mechanisms to decrease the permeability of the magma
reservoir boundaries are also possible, including increasing litho-
spheric pressure with greater depths of storage (Fig. 8).

4.3. Implications for undegassed MORB and mantle carbon estimates

Volatile accumulation increases CO, concentrations relative to
similarly incompatible elements. Based on the interpretation that
the unusually high volatile concentrations in popping rocks re-
flects bubble accumulation, the highest CO,/Nb or CO,/Ba ratio
from the Popping Rock Ridge samples does not represent a prim-
itive, undegassed magma. Although it is difficult to constrain the
pre-accumulation volatile concentration, we suggest that interme-
diate vesicularity samples from Popping Rock Ridge (5-7 vol.%;
2,450-3,450 ppm CO;) provide the closest approximation based
on their simple, log-linear vesicle size distributions (Fig. 5; Fig. 6)
and “He/*CAr* ratios near the production ratio (e.g., 1.31 % 0.06;
Fig. 7). Our estimated pre-accumulation vesicularity and CO, con-
centration agrees with predictions from an empirical model de-
rived from global K;O/TiO, ratios, spreading rates, and axial valley
depths (Chavrit et al., 2014). Popping rocks with 5-7% vesicular-
ity have lower CO,/Nb (98-137) and CO,/Ba (16-22) ratios than
all previous estimates for undegassed melts (Le Voyer et al., 2015;
Michael and Graham, 2015; Saal et al., 2002) except three under-
saturated MORB glasses from Gakkel Ridge in the Arctic Ocean
(Michael and Graham, 2015). While it is possible that complex de-
gassing processes influenced the intermediate vesicularity popping
rocks without affecting “He/*CAr* ratios or vesicle size distribu-
tions, we explore the implications of the simple bubble accumula-
tion model, in which popping rocks with 5-7% vesicularity reflect
primary volatile concentrations, for carbon concentrations in the
upper mantle and ridge CO, flux.

The inferred pre-accumulation volatile concentration in popping
rocks implies that there are large heterogeneities in the CO;/in-
compatible trace element ratio of the depleted MORB mantle
(DMM). Further, CO,/Ba and CO,/Nb ratios from pre-accumulation
popping rocks are less than ratios in most undegassed ultra-
depleted and depleted MORB (Fig. 1; Le Voyer et al., 2017; Michael
and Graham, 2015; Saal et al,, 2002), and indicate that these ra-
tios do not scale with trace element enrichment. The lack of a
positive correlation between incompatible trace element and CO;
enrichment in DMM implies that mantle carbon concentrations
are lower and less heterogeneous than inferred from the post-
accumulation CO;/Nb ratio (556) of popping rock 27 D43, which
has been used to suggest that mantle carbon concentrations vary
by almost two orders of magnitude globally (Le Voyer et al., 2017).
In addition, heterogeneities in primary CO;/incompatible trace ele-
ment ratios indicate that annual ridge CO, flux cannot necessarily
be accurately calculated using a single CO,/Nb or CO,/Ba ratio, the
estimated DMM Nb or Ba concentration, and the estimated an-
nual volume of basaltic magma produced along the MOR system.
These implications are based on the interpretation that gas accu-
mulation produced the high-vesicularity popping rocks and that
intermediate vesicularity samples reflect primary volatile concen-



74 M.R. Jones et al. / Earth and Planetary Science Letters 511 (2019) 67-75

volcanic

ridges
fault scarps

lavas and
dykes ——»

RN

popping rock

ridge 13'48°N oceanic

core complex

| __detachment
Y/ fault

accumulated
volatiles

\ magma

reservoir

Fig. 8. Schematic representation showing the geologic setting and a possible formation mechanism for popping rocks near 13°46’'N. Seafloor features are based on bathymetry
presented in Smith et al. (2008) and the ridge structure is adapted from Escartin and Canales (2011). The popping rocks were found ~7 km west of the 13°48’'N OCC, near
the boundary between ‘tectonic’ and ‘magmatic’ ridge segments. The volatile concentrations, major and trace element geochemistry, and noble gas geochemistry in these
samples are consistent with bubble accumulation as a formation mechanism. In contrast to ‘typical’ MORB, popping rocks may have experienced volatile accumulation rather
than loss due to storage within a compressional regime associated with the 13°48'N OCC (e.g., Parnell-Turner et al., 2017) or the sealing of cracks that would typically allow

gas loss due to storage at high-pressures.

trations. If the vesicle size distributions, low He/*CAr* ratios, and
highly variable volatile concentrations instead reflect extreme de-
grees of disequilibrium during degassing, the highest vesicularity
samples could reflect primary volatile concentrations, indicating
primary CO,/Nb = 500-650 for popping rocks (Table 1) and large
variability in mantle carbon concentrations (e.g., Le Voyer et al.,
2017). Multiple discrete episodes of gas loss and addition could po-
tentially produce these observations, which would complicate the
interpretation of mantle volatile concentrations based on popping
rocks because the primary concentration would likely not corre-
spond with either the highest or lowest vesicularity.

5. Conclusions

Carbon strongly influences the viscosity and oxidation state of
the mantle, melt formation and migration, long-term climate cy-
cling, and volcanic processes. Rare, undegassed MORB and melt
inclusions provide important constraints on the carbon content
of the upper mantle. A suite of newly recovered in situ popping
rocks from the Mid-Atlantic Ridge near 14°N contain highly vari-
able vesicularities (5-24 vol.%) and total volatile concentrations
(3,100-16,200 ppm CO;) despite relatively homogeneous major
and trace element geochemistry (e.g., [La/Sm]y = 1.76-1.84) and
consistently low 4He/*CAr* ratios (1.05-1.09). Vesicle size distri-
butions are log-linear with slight deviations in large size classes
in the highest vesicularity samples, possibly reflecting coalescence
or accumulation. Bubble accumulation is consistent with all of our
observations, whereas coalescence can explain the deviations ob-
served in the vesicle size distributions but not the variable total
volatile concentrations. We suggest that popping rocks, which are
the only volatile-saturated MORB previously inferred to represent
‘undegassed’ magmas, are not representative of primary mantle
volatile concentrations and are instead influenced by gas accumu-
lation. The results imply lower CO2/Nb or CO,/Ba than previously
inferred based on undegassed MORB and lower and less heteroge-
neous mantle carbon concentrations.
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