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Quantitative metrics for eruption rates at mid-ocean ridges (MORs) would improve our understanding of 
the structure and formation of the uppermost oceanic crust and would provide a means to link volcanic 
processes with the conditions of the underlying magmatic system. However, these metrics remain elusive 
because no MOR eruptions have been directly observed. The possibility of disequilibrium degassing in 
mid-ocean ridge basalts (MORB), due to high eruptive depressurization rates, makes the analysis of 
volatile concentrations in MORB glass a promising method for evaluating eruption rates. In this study, we 
estimate magma ascent and lava flow emplacement rates during the 2011 eruption of Axial Seamount 
based on numerical modeling of diffusion-controlled bubble growth and new measurements of dissolved 
volatiles, vesicularity, and vesicle size distributions in erupted basalts. This dataset provides a unique 
view of the variability in magma ascent (∼0.02–1.2 m/s) and lava flow rates (∼0.1–0.7 m/s) during a 
submarine MOR eruption based on 50 samples collected from a >10 km long fissure system and three 
individual lava flow lobes. Samples from the 2011 eruption display an unprecedented range in dissolved 
CO2 concentrations, nearly spanning the full range observed on the global MOR system. The variable 
vesicularity and dissolved CO2 concentrations in these samples can be explained by differences in the 
extent of degassing, dictated by flow lengths and velocities during both vertical ascent and horizontal 
flow along the seafloor. Our results document, for the first time, the variability in magma ascent rates 
during a submarine eruption (∼0.02–1.2 m/s), which spans the global range previously proposed based 
on CO2 degassing. The slowest ascent rates are associated with hummocky flows while faster ascent 
rates produce channelized sheet flows. This study corroborates degassing-based models for eruption 
rates using comparisons with independent methods and documents the relationship between eruption 
dynamics, magma ascent rates, and the morphology of eruptive products. Globally, this approach allows 
interrogation of the processes that govern mid-ocean ridge eruptions and influence the formation of the 
oceanic crust.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Magma ascent and effusion rates exert a strong control on 
basaltic eruption and emplacement styles, influencing the explo-
sive potential of an eruption, rates of lava flow advance, formation 
of distributary networks, and morphology of eruptive products. 
Although several recent mid-ocean ridge (MOR) eruptions have 
been identified from repeat, high-resolution bathymetric surveys, 
seafloor instrumentation, post-eruption observations, and radio-
metric dating (Caress et al., 2012; Chadwick et al., 2016, 1991; 
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Dziak et al., 2009; Fox et al., 2001; Rubin et al., 1994; Soule et 
al., 2007), no MOR eruption has been directly observed (Rubin et 
al., 2012). Thus, MOR eruption rates are typically estimated from 
indirect measures such as seismicity (Dziak et al., 2012, 2007; 
Tan et al., 2016) and lava flow morphology (Chadwick et al., 
2013; Fundis et al., 2010; Gregg and Fink, 1995; Perfit and Chad-
wick, 1998; Soule et al., 2007). Although seismicity-based meth-
ods provide quantitative information about ascent rates (Dziak 
et al., 2012, 2007) and emplacement rates (Tan et al., 2016), 
these methods require nearby seafloor instrumentation during the 
eruption, which is rarely available. Further, lava flow morphol-
ogy provides only rough estimates of effusion rates; for exam-
ple, sheet flows are thought to represent higher rates than pil-
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low lavas (e.g., Gregg and Fink, 1995). Dissolved CO2 concentra-
tions and vesicle characteristics in erupted basalts may provide a 
quantitative method for estimating magma ascent and lava flow 
rates in unobserved eruptions using samples that can be collected 
long after the eruption has concluded (e.g., Chavrit et al., 2012;
Gardner et al., 2016; Soule et al., 2012).

MOR lavas contain measurable dissolved CO2 at their eruption 
depth due to CO2 solubility in basaltic melts and the hydrostatic 
pressure at the seafloor. Further, high decompression rates com-
monly lead to incomplete degassing during magma ascent and CO2
supersaturation in mid-ocean ridge basalts (MORB) relative to ex-
pected equilibrium (Dixon et al., 1988; le Roux et al., 2006). The 
degree of supersaturation depends on the time available for CO2
diffusion into bubbles, relative to the diffusion time scale, which 
relates to ascent and flow rates and distances (Chavrit et al., 2012;
Dixon et al., 1988; Dixon and Stolper, 1995; Gardner et al., 2016; 
le Roux et al., 2006; Soule et al., 2012). Based on these princi-
ples, Chavrit et al. (2012) suggested that differences in the dis-
solved CO2 concentrations and vesicularity characteristics between 
Atlantic and Pacific MORB result from shorter vertical transport 
distances and higher ascent rates in Pacific samples. Soule et al.
(2012) and Gardner et al. (2016) further demonstrated that two 
lava flows produced during the 2005–06 East Pacific Rise (EPR) 
eruption experienced rapid ascent rates (>0.15 m/s) and lava flow 
rates (0.02–0.12 m/s). Here, we seek to improve methods for in-
terpreting submarine eruptions based on CO2 degassing by 1) cor-
roborating the model using comparisons with independent meth-
ods and 2) establishing the range of ascent rates experienced 
during a MOR eruption using dissolved CO2 concentrations and 
vesicularity, which has not been accessible through other meth-
ods.

As the best-monitored submarine volcano in the world, Axial 
Seamount provides an ideal opportunity to explore the advan-
tages and limitations of degassing-based models for eruption and 
emplacement processes through comparisons with independent 
constraints from seismicity and ocean bottom pressure recorders. 
In this study, we reconstruct magma ascent and lava flow rates 
(i.e., emplacement rates or flow velocities) during the 2011 Axial 
Seamount eruption using high-resolution bathymetry (Caress et al., 
2012), numerical modeling of CO2 degassing, and the most com-
prehensive suite of samples from a single MOR eruption analyzed 
for volatiles and vesicularity.

2. Axial seamount

Axial Seamount is located ∼500 km off the Oregon coast (USA) 
at the intersection of the Cobb hotspot and the Juan de Fuca 
Ridge spreading center (Fig. 1). Robust magmatic production at 
Axial Seamount has resulted in one of the largest and most ac-
tive, on-axis submarine volcanoes on the global MOR system. 
This high level of activity has motivated numerous studies about 
its geology (Clague et al., 2013; Dreyer et al., 2013), morphol-
ogy (Caress et al., 2012; Chadwick et al., 2013), and associated 
magma storage (Arnulf et al., 2014; West et al., 2001). The com-
position of magmas erupted at the summit of Axial Seamount has 
been mostly bimodal during the last 1000 years, with Group 1 
lavas comprising nearly aphyric transitional (T)-MORB with MgO 
<7.9% and Group 2 lavas comprising plagioclase phyric normal 
(N)-MORB with MgO >7.9% (Clague et al., 2013; Dreyer et al., 
2013).

Axial Seamount has erupted three times during the past 20 
years; in 1998 (Chadwick et al., 2013; Fox et al., 2001), in 2011 
(Caress et al., 2012; Chadwick et al., 2012; Clague et al., 2017;
Dziak et al., 2012), and most recently in 2015 (Chadwick et al., 
2016; Nooner and Chadwick, 2016; Wilcock et al., 2016). Bot-
tom pressure recorders and ocean bottom hydrophones revealed 
Fig. 1. Map of lava flows emplaced during the 2011 eruption (black outlines, based 
on Caress et al., 2012 and updated in Clague et al., 2017) showing eruptive fissures 
(red lines) and lava samples collected from near eruptive fissures (circles) and from 
individual lava flow lobes extending away from the fissures (Flow Lobe A – triangles, 
Flow Lobe B – squares, and Flow Lobe C – stars; the flow lobe names are assigned 
from north to south and do not correspond to a known time progression). Sam-
ples are colored according to their MgO content. AUV high-resolution bathymetry is 
from Clague et al. (2017). Clague et al. (2017) present detailed morphological anal-
yses based on AUV bathymetry and seafloor observations and show that hummocky 
flows dominate on the upper south rift zone (∼45.87◦N) while channelized flows 
dominate from ∼45.90◦N–45.95◦N. Reflected light photomicrographs from two flow 
lobe C samples, outlined in bold, are shown in Fig. 2. Inset shows the location of 
Axial Seamount on the Juan de Fuca Ridge (JdF) offshore Oregon. Red box shows the 
region presented in the main map. (For interpretation of the colors in the figure(s), 
the reader is referred to the web version of this article.)

patterns in seafloor deformation and seismicity during the 2011 
eruption, which were interpreted to represent the onset of diking, 
followed by the dike breaching the seafloor, followed by lateral, 
southern dike propagation (Chadwick et al., 2012; Dziak et al., 
2012). Chadwick et al. (2016) and Nooner and Chadwick (2016)
suggested that diking during the three historic eruptions initiated 
near the same location, close to the centroid of a best-fit defor-
mation source for the 2015 eruption and near a high-melt con-
duit identified in multi-channel seismic results from Arnulf et al.
(2014).

The distribution of lava flows from the 2011 eruption was 
identified from pre- and post-eruption 1 m resolution bathymetry 
acquired using an autonomous underwater vehicle (AUV) (Caress 
et al., 2012; Clague et al., 2017). The 2011 eruption produced 
channelized sheet flows on the east rim of the caldera, hum-
mocky flows just south of the channelized flows on the up-
per south rift zone, and a large, hummocky flow on the lower 
south rift zone ∼30 km south of the caldera (Caress et al., 2012;
Clague et al., 2017). The summit lava flows erupted from a series 
of mostly north-south trending en echelon fissures (Caress et al., 
2012, Fig. 1).
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Fig. 2. Reflected-light photomicrographs collected at 10× magnification from samples (a) proximal to eruptive fissures and (b) distal near one flow front terminus from the 
2011 eruption. a) Vesicularity in sample AX13-RC04 is 0.51%. b) Vesicularity in sample AX13-RC02 is 1.64%. The outlines for these two samples, collected from flow lobe C, 
are shown in bold in Fig. 1.
3. Samples and methods

3.1. Sample descriptions

24 lava samples were collected during the VISIONS’11 cruise 
using the R/V Thompson and ROV ROPOS. 85 more samples were 
collected during MBARI’s 2011 and 2013 Northern Expeditions us-
ing the R/V Western Flyer, ROV Doc Ricketts, and wax-tipped gravity 
corers. We analyzed 19 glassy lava samples from VISIONS’11 and 
31 samples from the Northern Expeditions. The samples were col-
lected from three large lava flow lobes and along or near the 
>10 km long series of north-south trending en echelon eruptive 
fissures (Fig. 1). The samples are dominantly aphyric with glassy 
rinds that were analyzed for major elements, volatiles, vesicularity, 
and vesicle size distributions.

3.2. Analytical methods

Major elements were analyzed at the University of California at 
Davis on a 5-spectrometer Cameca SX-100 microprobe (full meth-
ods and data in supplementary material S.1). Dissolved volatile 
concentrations (CO2, H2O, F, Cl, S) within the glassy rinds were 
measured using the Cameca 1280 Secondary Ion Mass Spectrom-
eter at the Northeast National Ion Microprobe Facility (NENIMF) 
at the Woods Hole Oceanographic Institution using the methods 
described by Shaw et al. (2010), based on Hauri et al. (2002)
(Supplementary Table S.2). Analytical uncertainty (2σ∼10%) has 
been established at NENIMF for these procedures based on repeat 
measurements on standard glass 519-4-1, which agrees with re-
peat measurements from this study. Helium measurements were 
conducted on six glass samples using a magnetic sector mass 
spectrometer at the Isotope Geochemistry Facility at the Woods 
Hole Oceanographic Institution (Supplementary Table S.3), follow-
ing methods adapted from Kurz et al. (2005) and described in 
Soule et al. (2012).

Vesicularities and vesicle size distributions were measured on 
10× magnification reflected light photomicrographs of polished 
glass fragments from the outer quenched 1 cm of the lava samples 
(Fig. 2, full methods and data in supplementary material S.2). The 
vesicle number density (number of bubbles per unit volume; Nv ) 
and the vesicle size distributions were derived from the 2D mea-
surements using the stereological methods described in Cashman 
and Mangan (1994). The vesicle size distributions were interpreted 
using histograms of bubble density versus bubble size and cumu-
lative bubble volume versus bubble size (Supplementary Material 
S.4; Shea et al., 2010). The vesicularity, vesicle number density, and 
vesicle size distributions derived from reflected light photomicro-
graphs agree with those derived from 3D X-ray micro-tomography 
collected on a subset of the samples (Jones et al., unpublished 
data).

3.3. Bubble growth model

The numerical formulation used here was first presented for 
magmatic systems by Prousevitch et al. (1993) and closely fol-
lows Arefmanesh and Advani (1991). The model was adapted from 
single component (H2O) to multicomponent (H2O and CO2) de-
gassing by Gonnermann and Manga (2005). The model simulates 
gas diffusion within a melt shell, gas exsolution into a bubble, 
and the associated bubble growth. The model assumes that bub-
bles are uniformly distributed, such that each bubble can be ap-
proximated as a sphere surrounded by a spherical melt shell. 
The thickness of the melt shell is dictated by the bubble num-
ber density. Dissolved volatiles are initially at equilibrium with 
the exsolved phase and homogeneously distributed throughout the 
radially symmetrical melt shell. During depressurization, the re-
duced solubility of the volatile species induces diffusion of the 
gas from the surrounding melt towards the bubble–melt inter-
face. Bubble growth occurs as dissolved volatiles pass through 
the bubble–melt interface into the supercritical fluid state. Ini-
tial conditions for the model include the initial bubble radius, 
initial volatile content in the melt, initial pressure, and bubble 
number density, which are all derived from observations of Ax-
ial Seamount 2011 lava samples (Section 5.1). Known parameters 
include diffusivity (Zhang, 2010), solubility (Dixon et al., 1995;
Newman and Lowenstern, 2002), and viscosity (Hui and Zhang, 
2007). The unknown parameters are the decompression rate and 
the degassing timescale after decompression (i.e., while on the 
seafloor). We estimate decompression rates (Section 5.2) and de-
gassing timescales after decompression (Section 5.3) by comparing 
model predictions for the dissolved CO2 concentration and vesicu-
larity with observations from the 2011 Axial samples. Because CO2
concentrations were measured far from bubbles, we compare these 
to modeled concentrations at the midpoint between bubbles.

4. Results

4.1. Major elements

Lavas emplaced in the summit caldera during the 2011 erup-
tion are slightly enriched MORB with CaO/Al2O3 = 0.82–0.86 and 
K2O/Ti2O = 0.10–0.13 (Supplementary Table S.1). The samples ex-
hibit a narrow range in major elements (e.g., SiO2 = 49.67–49.99 
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Fig. 3. (a) Total 4He concentration (melting + crushing) versus vesicularity. The limits on the y-axis reflect the ranges typically observed in MORB (e.g., Sarda and Graham, 
1990). (b) Fraction of 4He released by crushing versus vesicularity. The correlation between crushed fraction of 4He and vesicularity and the relatively constant total 4He 
concentration suggests that closed system degassing occurred during the 2011 eruption.
wt.%, MgO = 7.26–7.56 wt.%, FeO = 10.93–11.30 wt.%, Al2O3 =
14.49–14.80 wt.%, CaO = 12.03–12.43 wt.%), and are similar to 
Group 1 lavas identified in recent eruptions at Axial Seamount 
(Dreyer et al., 2013).

4.2. Helium

Total helium concentrations (dissolved + exsolved) in the sam-
ples are relatively constant at 1.12 ± 0.16 × 10−5 cm3 4He/g at 
standard temperature and pressure (STP) (Fig. 3, Supplementary 
Material S.3). The fraction of exsolved helium, measured by crush-
ing, correlates positively with vesicularity and inversely with dis-
solved CO2 (Fig. 3). The fraction of helium released by crushing 
also increases with distance along the lava flows from 0.39 near 
the vent to 0.66 at the distal end of the flow. Accordingly, the con-
centration of 4He in the dissolved phase decreases with distance 
along the lava flows. The 3He/4He ratios derived from crushing and 
melting range from 8.12–8.33 and are consistent with the typical 
range of MORB values (Graham, 2002).

4.3. Dissolved volatile concentrations

The dissolved volatile concentrations are within the ranges typ-
ical of MORB (H2O = 0.17–0.26 wt.%, CO2 = 68–339 ppm where 
ppm is μg.g−1, F = 125–177 ppm, Cl = 119–196 ppm, and S =
0.096–0.137 wt.%) (Supplementary Table S.2; Wallace et al., 2015). 
The minor variability in H2O exceeds the analytical uncertainty, 
but does not correlate with vesicularity, distance along individual 
lava flows, or location along the rift zone.

Dissolved CO2 concentrations span nearly the range of values 
in lava samples from the global MOR system (Le Voyer et al., 
2017; Soule et al., 2012). Distinct variations in dissolved CO2 are 
observed in samples collected along the eruptive fissures, with 
concentrations in southern samples (i.e., 45.875–45.893◦N) ranging 
from ∼70 to ∼140 ppm, central samples (i.e., 45.894–45.953◦N) 
ranging from ∼120 to ∼325 ppm, and northern samples (i.e., 
45.954–45.961◦N) ranging from ∼130 to ∼180 ppm (Fig. 4c). Dis-
solved CO2 concentration decreases systematically with distance 
along lava flows from ∼325 ppm in samples proximal to the erup-
tive fissures to ∼100 ppm in distal samples near the flow terminus 
(Fig. 4d).

4.4. Vesicularities and vesicle size distributions

Vesicularity ranges from 0.07% to 1.64% (Supplementary Ta-
ble S.2). Vesicularity varies systematically with location along the 
eruptive fissures, with the lowest vesicularities observed in the 
central samples, in the vicinity of the flow lobes A, B, and C 
(Fig. 4a). Vesicularity also increases with distance from the erup-
tive fissures (Fig. 4b) and exhibits a negative, linear correlation 
with dissolved CO2 concentration and dissolved helium (e.g. Fig. 5), 
but does not correlate with other volatiles.

Bubble number density (Nv ) also varies systematically along 
the eruptive fissure and individual lava flow units. Along the 
eruptive fissures, the most northern and southern samples have 
the lowest Nv (∼50–100 bubbles/mm3), whereas central samples 
are more variable and have on average higher Nv , ranging from 
50–325 bubbles/mm3 (Fig. 4e). Nv decreases with distance along 
individual lava flows from ∼250 bubbles/mm3 near the eruptive 
vents to ∼20 bubbles/mm3 near the flow terminus (Fig. 4f).

Rmax, defined as the mean radius of the largest bubbles com-
prising 80% of the total vesicularity, correlates with vesicularity. 
Rmax provides a means for evaluating bubble growth indepen-
dently of detection limits at small sizes. Rmax varies along the 
eruptive fissures with the largest Rmax (∼200 μm) at the north-
ern and southern ends and the smallest values (20–80 μm) in the 
central fissure section (Fig. 4g). Rmax also increases with distance 
along the individual lava flows from ∼20 μm in samples proximal 
to eruptive vents to ∼140 μm in distal samples (Fig. 4h).

4.5. Total volatile content

Based on empirical solubility models (Dixon and Stolper, 1995), 
we expect that the vesicles contain >98% CO2. Total CO2 concen-
trations (exsolved + dissolved) in the 2011 samples are relatively 
constant at 367 ± 30 ppm (uncertainty is 1σ ), based on measured 
dissolved concentrations and calculated exsolved concentrations 
using sample vesicularity, collection pressure, magmatic temper-
ature (∼1200 ◦C), and a modified Redlich–Kwong equation of state 
(Flowers, 1979).

5. Discussion

5.1. Degassing during the 2011 Axial Seamount eruption

The relative similarity in total (dissolved + exsolved) 4He and 
CO2 concentrations support the assumption that degassing oc-
curred within a closed system (Fig. 3), because progressive bub-
ble loss during open system degassing would produce a positive 
correlation between total volatile content and the degree of super-
saturation. In other words, gas did not escape from the lava during 
ascent or flow on the seafloor. The constant total volatile concen-
tration among the samples further suggests homogeneous volatile 
content in the magma prior to eruption.

Based on these observations, we model closed-system de-
gassing of CO2 into growing bubbles assuming a constant initial 
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Fig. 4. Vesicularity (a, b), dissolved CO2 concentrations (c, d), bubble number densities (Nv ) (e, f), and characteristic bubble radii (Rmax) (g, h) in samples from the 2011 
eruption of Axial Seamount. Samples collected <500 m from eruptive fissures are plotted versus latitude (left column). Samples collected from individual lava flow lobes are 
plotted versus distance from the eruptive fissures (right column). Samples from the central fissure section (i.e., 45.894–45.953◦N) display lower average vesicularities, higher 
average dissolved CO2, higher average Nv , and lower average Rmax than samples from the southern and northern fissure sections. Vesicularity and Rmax in samples collected 
from individual lava flow lobes increases linearly with distance from the fissures, while Nv and dissolved CO2 decreases linearly with distance from eruptive fissures.
volatile content in all cases. We infer that samples with nearly 0% 
vesicularity experienced rapid ascent and emplacement with insuf-
ficient time for CO2 diffusion into bubbles; therefore, the dissolved 
CO2 concentration in these samples should closely approximate the 
initial concentration in 2011 Axial Seamount lavas. Thus, we use 
the volatile concentrations of these samples (0.208 ± 0.008 wt.% 
H2O and 325 ± 9 ppm CO2; e.g. Fig. 5) as the initial condition for 
our degassing model. We assume that most of the initial CO2 was 
dissolved in the melt at the onset of the eruption. Therefore, we 
use the saturation pressure derived from the inferred initial dis-
solved CO2 and H2O contents (∼70 Pa) as an initial condition for 
the model (Newman and Lowenstern, 2002). Our estimated initial 
pressure corresponds to a depth of 2.0 km beneath the seafloor, 
assuming an average seawater density of 1.03 g/cm3 and an av-
erage crustal density of 2.8 g/cm3, which lies within the depth 
range of the magma reservoir inferred from multichannel seismic 
results (1.1–2.3 km between the seafloor and the top of the mag-
matic reservoir; 0.6–1 km maximum reservoir thickness; Arnulf et 
al., 2014).

The vesicle volume distributions (supplementary material S.4) 
demonstrate that small bubbles (<10 μm radius) contain only a 
minor fraction of the exsolved gas, implying that bubble nucle-
ation had a negligible impact on degassing. Instead, the positive 
correlation between Rmax and vesicularity (Fig. 4a, g) indicates 
that degassing instead occurred primarily through gas exsolution 
into growing bubbles. The predominantly linear vesicle size distri-
butions (supplementary material S.4) suggest that the correlation 
between Rmax and vesicularity results from bubble growth rather 
than coalescence. Therefore, we neglect bubble nucleation in our 
model and use measured bubble number densities as an initial 
condition for our model. We assume initial bubble radii of ∼5 μm, 
based on the smallest resolvable bubble size in these samples. The 
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Fig. 5. Dissolved CO2 concentration versus vesicularity. The inverse correlation sug-
gests that progressive CO2 degassing due to diffusion leads to the observed variabil-
ity in dissolved CO2 concentration and vesicularity. The initial CO2 concentration for 
our model was determined as the y-intercept of a linear least-squares regression of 
the dissolved CO2 concentration on vesicularity.

assumed sphericity and uniform spacing between vesicles in our 
model conforms to observations of vesicles in the samples (e.g. 
Fig. 2).

Solubility models for H2O and CO2 (Dixon et al., 1995), and 
the lack of correlation between vesicularity and H2O or S suggest 
that CO2 was the primary exsolving species. We interpret that the 
minor variability in H2O may instead be related to pre-eruption 
assimilation of seawater derived brines (e.g. le Roux et al., 2006; 
Soule et al., 2012). Although included in the model, H2O degassing 
was negligible.

The variable degree of CO2 supersaturation, relative to ∼65 ppm 
dissolved CO2 expected at Axial Seamount seafloor pressures 
(Dixon and Stolper, 1995), in fissure samples and the progressive 
decrease in CO2 supersaturation with distance from the eruptive 
fissures (Fig. 4c, d) indicate that degassing occurred during both 
vertical magma ascent and horizontal lava flow across the seafloor. 
In order to evaluate magma ascent rates for near-fissure samples, 
we model degassing at various decompression rates and bubble 
number densities (Section 5.2, Fig. 6). The decompression rate that 
most closely reproduces the measured dissolved CO2 concentra-
tions and vesicularity, given the measured bubble number density, 
provides an estimate for the average ascent rate between the onset 
of decompression and the lava quenching on the seafloor.
As lava lobe samples proximal to the eruptive vents con-
tain high dissolved CO2 concentrations and low vesicularities 
(Fig. 4b, d), we infer that the lavas producing the flows experienced 
minimal degassing during vertical ascent. In order to evaluate lava 
flow rates for samples collected from flow lobes A–C, we therefore 
model degassing at a constant pressure of 15 MPa (equivalent to 
the hydrostatic pressure at the seafloor) from initial dissolved con-
centrations of 325 ppm CO2 and 0.208 wt.% H2O for the range 
of measured bubble number densities (Fig. 7). The amount of 
time available for degassing was estimated by comparing mea-
sured dissolved CO2 concentrations and vesicularity with model 
results using the observed bubble number densities. The average 
lava flow rates were calculated from the modeled timescale for 
degassing and measured flow distance (Section 5.3).

5.2. Degassing during magma ascent

The ascent rates that produce the observed vesicularities and 
dissolved CO2 range from ∼0.02–1.2 m/s (Fig. 8a), which spans 
the global range previously proposed based on CO2 degassing 
(Chavrit et al., 2012). These ascent rates represent minimum val-
ues because the samples probably experienced some degassing 
while on the seafloor. The high vesicularities, low dissolved CO2
concentrations, and large bubble radii in samples from the most 
northern and southern parts of the fissure (Fig. 4b, d, h) sug-
gest that they ascended slower (<0.2 m/s) than samples erupted 
along the central parts (<1.2 m/s) (Fig. 8a). The greater variabil-
ity in vesicularity and dissolved CO2 concentrations in samples 
from the central parts of the fissure system could reflect complex-
ities in the emplacement dynamics (e.g., pooling in lava ponds) or 
changes in eruption rate over time, perhaps due to changing pres-
sure conditions within the storage reservoir (Harris et al., 2000;
Rivalta, 2010).

Seismicity- and deformation-based methods provide an esti-
mate for initial magma ascent rates during dike propagation, based 
on the time difference between the initiation of magma ascent, 
inferred from a pre-eruption earthquake swarm, and the dike 
breaching the seafloor, inferred from the onset of seafloor deflation 
(∼0.16–0.21 m/s, Dziak et al., 2012). Those estimates are within 
the range of our modeled ascent rates (∼0.02–1.2 m/s); our es-
timates are slightly more variable because CO2 degassing records 
the variability in ascent rates throughout the eruption.

Bottom pressure inflation/deflation records suggest that the 
dike breached the surface near the north end of the eruptive vents 
and propagated southward (Chadwick et al., 2012). Based on our 
study, the lavas emplaced near where the dike first reached the 
Fig. 6. Results from numerical modeling of diffusive bubble growth during depressurization. (a) Modeled vesicularity and (b) modeled dissolved CO2 concentration for various 
bubble number densities (Nv ) and depressurization rates. The circles show modeled ascent rates (x-axis), measured Nv (y-axis), measured vesicularity (symbol color on left 
panel), and measured dissolved CO2 content (symbol color on right panel) for samples collected <500 m from the fissures. The ascent rates were estimated from the average 
of the best-fit results for measured dissolved CO2 concentration and vesicularity.
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Fig. 7. Results from numerical modeling of diffusive bubble growth during lava flow emplacement. (a) Modeled vesicularity and (b) dissolved CO2 concentration for various 
bubble number densities (Nv) and emplacement times. The circles show modeled flow emplacement times (x-axis), measured Nv (y-axis), measured vesicularity (symbol 
color on left panel), and measured dissolved CO2 content (symbol color on right panel) for samples collected >500 m from the fissures. The flow emplacement times were 
estimated from the average of the best-fit results for measured dissolved CO2 concentration and vesicularity. The flow emplacement rates are estimated from the distance 
traveled along the seafloor and the amount of time necessary to produce the observed vesicularities and dissolved CO2 concentrations.

Fig. 8. (a) Magma ascent rates for samples <500 m from eruptive fissures and (b) lava flow emplacement rates for samples >500 m from eruptive fissures based on 
comparisons between measured CO2 concentrations, vesicularities and model results.
surface (∼45.94◦N) experienced the fastest ascent rates, possibly 
due to high driving overpressures early in the eruption. Slower 
ascent rates for the northern and southern samples are consis-
tent with lateral dike propagation resulting in longer paths to the 
seafloor and decreased driving pressure (Fig. 9). The fastest as-
cent rates also occur near the summit channelized sheet flows 
while slower ascent rates occur near hummocky flows on the up-
per south rift zone, supporting a link between effusion rate and 
lava flow morphology (e.g., Gregg and Fink, 1995).

The agreement between degassing-based and seismicity- and 
deformation-based models of magma ascent at Axial Seamount 
provides confidence in applying these methods more broadly to 
MOR eruptions. The results from these two methods are similarly 
consistent for the 2005–06 East Pacific Rise (EPR) eruption (Dziak 
et al., 2009; Gardner et al., 2016; Tolstoy et al., 2006).

5.3. Degassing during lava flow emplacement

The time required to produce the observed vesicularities and 
dissolved CO2 concentrations during degassing at seafloor pres-
sures of 15.1 MPa ranges from 0.5 to 4.5 h (Fig. 7). The flow 
rates, calculated from the ratio of the distance between the fis-
sure and sample location and modeled degassing time, range from 
∼0.1 to 0.7 m/s for samples greater than 500 meters from the 
eruptive vents (Fig. 8b). We do not consider samples within 500 
meters from the eruptive vents due to potential complexities in the 
transport pathways and emplacement dynamics (e.g., lava ponding) 
relative to the total distance flowed. The flow rates do not vary 
systematically with distance, which contrasts with results from the 
2005–2006 EPR eruption where flow rates were inferred to peak at 
3 times the average rate early in the eruption (Gardner et al., 2016;
Soule et al., 2012). During the 2011 Axial Seamount eruption, sam-
ples from the distal ends of the lava flows may have not recorded 
the period of waning effusion rates.

The volume of the channelized flows near the summit along the 
upper south rift is 28.7 × 106 m3 (3.5 × 106 m3 per km of fissure) 
based on pre- and post-eruption high-resolution AUV bathymetry 
(Caress et al., 2012; updated in Clague et al., 2017). The modeled 
emplacement times (4.5 h for samples near flow lobe C terminus; 
Fig. 7b) and calculated summit channelized flow volumes yield an 
average volumetric effusion rate of 0.22 m3/s per 1-m length of 
eruptive fissure. This average effusion rate is similar to the average 
effusion rate of 0.21 m3/s per 1-m length of eruptive fissure esti-
mated from data recorded by a trapped bottom pressure recorder 
(BPR) during the 1998 Axial Seamount eruption in the same area 
of the summit (Fox et al., 2001).

6. Conclusions

Magma ascent and eruption rates reflect the conditions in 
the underlying magmatic system (e.g., Rivalta, 2010) and in-
fluence the style and mechanisms of volcanic deposition (e.g., 
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Fig. 9. Schematic representation of the summit portion of the 2011 Axial Seamount eruption based on CO2 degassing, caldera deformation (Chadwick et al., 2012; Chadwick 
et al., 2016) and seismicity (Dziak et al., 2012). Lava flow boundaries (black outlines) are based on Caress et al. (2012) and Clague et al. (2017). The subsurface structure 
is based on Arnulf et al. (2014). High driving overpressures caused rapid decompression rates and minimal degassing in samples from the central portion of the eruption, 
located above site of dike nucleation for the 2011 and 2015 eruptions (Chadwick et al., 2016), the centroid of the best-fit deformation source for the 2015 eruption (Nooner 
and Chadwick, 2016), and a high-melt region based on multichannel seismic data (Arnulf et al., 2014). Lateral dike propagation and reduced overpressures produced slower 
decompression rates, longer ascent paths, and more degassing at the northern and southern ends of the eruptive fissures. Samples collected from lava flows proximal to the 
vents experienced minimal degassing, based on high dissolved CO2 concentrations and low vesicularity, indicating the channelized flows are produced by rapid ascent rates. 
Degassing during flow along the seafloor produced much (∼200 ppm) lower dissolved CO2 concentration in lava flow samples collected near the distal ends of lava flow 
lobes.
Harris et al., 2000; Gregg and Fink, 1995). In this study, we pro-
vide the first quantitative estimates of the variability in magma 
ascent rates during a single MOR eruption. These ascent rates 
are sensitive to assumptions regarding the pre-eruptive volatile 
content and the size distribution of bubbles; however, the result 
that some samples ascended slow enough for near-equilibrium 
degassing while others ascended fast enough for minimal vesicu-
lation does not depend on model parameters and holds important 
implications for our understanding of mid-ocean ridge eruptions. 
For example, these results, combined with the observation that 
the fastest ascent rates occur where the dike is thought to have 
first breached the seafloor, provide the first direct evidence for 
time-dependent effusion rates during submarine eruptions, simi-
lar to that observed during subaerial eruptions (e.g. Harris et al., 
2000). In addition, the correspondence between the fastest as-
cent rates for the 2011 eruption, site of dike nucleation for the 
2011 and 2015 eruptions (Chadwick et al., 2016), centroid of the 
best-fit deformation source for the 2015 eruption (Nooner and 
Chadwick, 2016), and location of a high-melt nearly vertical con-
duit in multi-channel seismic data (Arnulf et al., 2014) supports 
the interpretation that historic, and likely future, eruptions at Ax-
ial Seamount initiate near 45.94◦N on the east caldera rim (Clague 
et al., 2017).

This study further supports the relationship between eruption 
rate and lava flow morphology. The fastest ascent rates (∼1.2 m/s), 
associated with the greatest CO2 supersaturation, produced chan-
nelized flows with sheet morphology from the central fissure sec-
tion while slower ascent rates are estimated for the southern fis-
sure sections, near hummocky flows and pillow ridges. The abil-
ity to evaluate conduit processes in MOR eruptions also holds 
promise for understanding mechanisms leading to MOR pyroclas-
tic deposits, such as those produced during some Axial Seamount 
eruptions (Chadwick et al., 2016; Helo et al., 2011).

Our study corroborates degassing-based models for magma as-
cent and lava flow rates using comparisons with independent es-
timates from seismicity and caldera deformation. We suggest that 
degassing-based methods can be applied elsewhere on the MOR 
system in order to determine global variability in ascent and flow 
rates and evaluate the processes that control them. Importantly, 
this method for tracking magma ascent rates relies only on CO2
supersaturation, which occurs in most MORB (Chavrit et al., 2012), 
and provides a complementary approach to other diffusion-based 
chronometers of eruptive processes developed for terrestrial vol-
canoes (e.g. Lloyd et al., 2014). The observed variability in CO2
supersaturation within a single eruption demonstrates that sample 
locations (e.g., relative to eruptive vents) must be well constrained 
in order to effectively quantify eruption rates using volatile con-
centrations. With limited direct observations of active eruptions in 
the deep sea, degassing-based chronometers provide an ideal op-
portunity to evaluate the archive of eruption dynamics recorded in 
seafloor volcanic deposits. Our study demonstrates how CO2 de-
gassing records the physical processes involved in mid-ocean ridge 
volcanism, including melt storage in the shallow crust, melt extrac-
tion during eruptions, and volcanic deposition on the seafloor.
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