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[1] Axial Seamount, an active submarine volcano on the Juan de Fuca Ridge at 46 N, 130 W, erupted in
January 1998 along 11 km of its upper south rift zone. We use ship-based multibeam sonar, highresolution (1 m) bathymetry, sidescan sonar imagery, and submersible dive observations to map four
separate 1998 lava ﬂows that were fed from 11 eruptive ﬁssures. These new mapping results give an
eruption volume of 31  106 m3, 70% of which was in the northern-most ﬂow, 23% in the southern-most
ﬂow, and 7% in two smaller ﬂows in between. We introduce the concept of map-scale submarine lava
ﬂow morphology (observed at a scale of hundreds of meters, as revealed by the high-resolution
bathymetry), and an interpretive model in which two map-scale morphologies are produced by high
effusion-rate eruptions: ‘‘inﬂated lobate ﬂows’’ are formed near eruptive vents, and where they drain
downslope more than 0.5–1.0 km, they transition to ‘‘inﬂated pillow ﬂows.’’ These two morphologies are
observed on the 1998 lava ﬂows at Axial. A third map-scale ﬂow morphology that was not produced
during this eruption, ‘‘pillow mounds,’’ is formed by low effusion-rate eruptions in which pillow lava
piles up directly over the eruptive vents. Axial Seamount erupted again in April 2011 and there are
remarkable similarities between the 1998 and 2011 eruptions, particularly the locations of eruptive vents
and lava ﬂow morphologies. Because the 2011 eruption reused most of the same eruptive ﬁssures, 58% of
the area of the 1998 lava ﬂows is now covered by 2011 lava.
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1. Introduction
[2] Axial Seamount (Figure 1a) is an active submarine volcano located on the Juan de Fuca Ridge
(JdFR), a spreading center in the northeast Paciﬁc
Ocean [Johnson and Embley, 1990]. It is the current location of the Cobb hotspot, which provides
an enhanced magma supply, and gives it characteristics of both a mid-ocean ridge segment and a hotspot volcano [Desonie and Duncan, 1990; Rhodes
et al., 1990; Chadwick et al., 2005]. The youngest
volcanism at Axial has occurred in its summit caldera (8 km  3 km) and along its two rift zones
that extend to the north and south [Appelgate,
1990; Embley et al., 1990; Clague et al., 2013].
Of the two rift zones, the south rift has been the
most active since the caldera formed, because
south rift lavas bury the SE sector of the caldera
fault, which is up to 100 m high elsewhere (Figure
1b). Long-lived, high-temperature hydrothermal
vents (both metal-rich sulﬁde and metal-poor
anhydrite chimneys) are localized near the
caldera-bounding ring faults (Figure 1b). Lower
temperature diffuse vent sites are found in proximity to the high-T vents and also along the rift zones
where they are more prone to perturbation by
eruptions [Embley et al., 1990; Butterﬁeld et al.,
2004].
[3] Axial Seamount erupted in January 1998
[Embley et al., 1999] and most recently in April
2011 [Caress et al., 2012; Chadwick et al., 2012;
Dziak et al., 2012], and both eruptions were along
the south rift zone. As such, Axial is one of only
three locations on the global mid-ocean ridge
where historical submarine eruptions are known to
have recurred (the others being the CoAxial segment of the JdFR [Chadwick et al., 1995; Embley
et al., 2000] and the East Paciﬁc Rise at 9–10 N
[Haymon et al., 1993; Rubin et al., 1994; Soule
et al., 2009; Fundis et al., 2010]). This paper will

focus on the lava ﬂows produced in 1998 at Axial,
which have not previously been described in
detail. The earthquakes associated with the 1998
eruption were detected acoustically by the hydrophone arrays of the U.S. Navy’s SOund SUrvellance System (SOSUS) [Dziak and Fox, 1999].
What is unique about the 1998 Axial eruption is
that seaﬂoor-monitoring instruments were in place
during the event that shed light on the sequence of
events [Baker et al., 1999; Chadwick et al.,
1999b; Embley and Baker, 1999; Fox, 1999; Fox
et al., 2001; Chadwick, 2003]. These data sets,
combined with previously unpublished highresolution bathymetry and near-bottom observations from submersible and remotely operated vehicle (ROV) dives, give new insights into the
distribution, morphology, and emplacement processes of the 1998 lava ﬂows, and how they varied
with location, slope, and distance from the vents.

2. Methods
2.1. Ship-Based Multibeam Sonar Surveys
[4] One of the ﬁrst methods employed for mapping the 1998 lava ﬂows was a ship-based multibeam sonar resurvey of the summit and south rift
zone where the earthquake swarm had migrated
southward a distance of 50 km [Dziak and Fox,
1999]. Pre-eruption non-GPS navigated bathymetry collected in 1981, 1991, and 1996 (12 kHz Seabeam and Hydrosweep sonars) was compared to a
GPS-navigated post-eruption survey in May 1998
(30 kHz EM300 sonar) [Embley et al., 1999]. This
comparison found an area of barely detectable
depth change (13 m) at the southern end of the
northern-most 1998 ﬂow (near 45 54.70 N) and a
larger, more distinct anomaly of 26 m over the
southern-most 1998 ﬂow (near 45 52.10 N). These
depth changes were later conﬁrmed to be the two
3940
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Figure 1. Location maps of Axial Seamount in the NE Paciﬁc (inset). (a) The summit caldera and north and
south rift zones (black dashed lines) are prominent in regional bathymetry (25 m grid). (b) A more detailed
map of the summit shows that recent eruptions from the upper south rift zone have buried the caldera fault
(white dashed line) in the SE part of the caldera. High-temperature hydrothermal vent sites (white labeled
dots) are located near the caldera fault or its buried extension. MBARI AUV bathymetry (1 m grid) over shipbased bathymetry (25 m grid). Black boxes show locations of other ﬁgures.

main areas of eruption in 1998 by observations
made during submersible dives. Despite the earthquake evidence that a dike intruded as far south as
45 270 N [Dziak and Fox, 1999; Embley et al.,
1999], there was no indication that any lava
erupted south of 45 510 N from the repeat mapping
or from water column surveys during an eventresponse cruise in February 1998 [Baker et al.,
1999; Lupton et al., 1999; Resing et al., 1999].
There is admittedly some ambiguity here, since
the pre-eruption bathymetry was navigated less
precisely and lower in resolution, and the eventresponse CTD casts were sparse, but nevertheless
any eruption on the south rift zone in 1998 of signiﬁcant size (> 15 m thick) should have been
detected by these methods. In sum, the available
evidence suggests that 1998 dike apparently only
erupted along 1/5 of its seismically determined
length.

2.2. Sidescan Sonar Imagery
[5] The summit and rift zones of Axial Seamount
were surveyed with 30 kHz Sea MARC I deeptowed sidescan sonar in 1982 and 1985–1987
[Appelgate, 1990; Embley et al., 1990] and these
data provide key pre-eruption imagery of the seaﬂoor
that help to identify the extent of 1998 lava ﬂows in
some areas. The 1982 sidescan survey produced analog data output (hard copy only), whereas the 1985–
1987 surveys were digital. In this paper, we only
show the digital data, but all the features we refer to
in the 1985–1987 imagery are also visible in the
1982 survey. Sidescan data were collected with different swath-widths (500 m, 1 km, 2 km, and 5 km)
and resolutions (0.5 m, 1 m, 2 m, and 5 m, respectively). The original pre-GPS navigation of the sidescan data is relatively poor and is compounded by
uncertainty in the towﬁsh location [Appelgate, 1990;
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here have been shifted rigidly to match distinctive
features in more recent GPS-navigated bathymetry.
Nevertheless, there are still navigation errors of up to
50 m.

2.3. Alvin and ROV Dives

10.1002/ggge.20202

uable for geologic mapping purposes, because it
ﬁlls an observational gap between ROV video and
ship-based bathymetry, and allows near-bottom
geologic observations to be placed in a meaningful
spatial context. High-resolution mapping was
started at Axial using an Imagenex (675 kHz)
scanning sonar mounted on the ROVs ROPOS and
Jason, which collected bathymetry over part of the
1998 eruption site during 21 dives between 1998
and 2001, following the methods described in
Chadwick et al. [2001]. The scanning sonar data
were gridded at 2–5 m resolution and although the
density of the sonar soundings is variable they provided an adequate basemap for early stages of geologic mapping [Embley et al., 1999; Fox et al.,
2001; Chadwick et al., 2002; Chadwick, 2003].

[6] Our primary tools for making visual observations of the seaﬂoor were submersible and ROV
dives, which allowed us to delineate contacts
between 1998 ﬂows and the older surrounding
lavas, map the distribution of lava morphologies
and collapse areas, and track the evolution of
hydrothermal venting over time associated with
the new lavas. The ﬁrst dives after the January
1998 eruption were made in July 1998 with the
submersible Alvin and in August 1998 with the
ROV ROPOS [Embley and Baker, 1999; Embley
et al., 1999]. Subsequent ROV dives for geologic
mapping were made with ROPOS in the summers
of 1999–2004 and 2006, with Tiburon in 2005,
Doc Ricketts in 2009 and 2011, and with Jason in
2007, 2010, and 2011. These dives had multiple
purposes including studying biological succession
[Marcus and Hourdez, 2002; Marcus et al., 2009],
vent ﬂuid sampling [Butterﬁeld et al., 2004], and
geophysical monitoring [Chadwick et al., 2006;
Nooner and Chadwick, 2009], but having them
spread over a decade allowed us to expand the
geologic mapping incrementally and track agerelated changes over time. Such multiyear observations were made possible because Axial was the
location of NOAA’s NeMO seaﬂoor observatory
(http://www.pmel.noaa.gov/vents/nemo/) and has
been chosen to be a node on NSF’s regional cabled
observatory in the NE Paciﬁc as part of the Ocean
Observatories Initiative (http://www.interactiveoceans.washington.edu/). Acoustic navigation for
the earlier ROV dives was accomplished with networks of expendable long-baseline (LBL) transponders, one in place from 1998 to 2003 and
another between 2003 and 2007, and since 2007
by ultrashort baseline navigation (USBL). The
long-lived transponder networks kept navigation
consistent from year to year, but modern USBL
systems have better repeatability (640 m
versus 6 10 m).

[8] Between 2006 and 2009, the entire summit of
Axial Seamount was mapped at 1 m resolution by
the Autonomous Underwater Vehicle (AUV)
D. Allan B., operated by the Monterey Bay Aquarium Research Institute (MBARI) [MBARI, 2001;
Caress et al., 2007; Clague et al., 2007; Clague
et al., 2013]. These 200 kHz multibeam sonar data
were used as a pre-eruption surface and compared
with a post-eruption survey to reveal depth changes
due to the April 2011 lava ﬂows [Caress et al.,
2012]. The MBARI AUV was navigated by a combination of USBL positioning, inertial navigation,
Doppler velocity log, and feature matching during
data postprocessing, as described in Caress et al.
[2008]. The AUV bathymetry was also coregistered
with ship-based EM300/EM302 multibeam bathymetry which are lower resolution but GPSnavigated, improving the AUV navigation accuracy
in an absolute sense. The ﬁnal AUV navigation is
accurate in a relative sense to 1 m, in an absolute
sense to 35 m (the lateral resolution of the shipbased bathymetry) and has a vertical precision of
0.1 m [Caress et al., 2012]. Supporting information
Figure S11 in the auxiliary material compares maps
of ship-based EM300 multibeam data gridded at 25
m, Imagenex data gridded at 2 m, and MBARI
AUV data gridded at 1 m. The Imagenex data were
clearly a huge improvement from ship-based bathymetry, but the MBARI AUV data are far superior for geologic mapping because of their higher
data density, resolution, and improved navigation.

2.4. High-Resolution Bathymetry

2.5. Relation to Previous Studies

[7] The most important mapping tools were sonars
that collected high-resolution (1–2 m) bathymetry,
allowing the structure, topography, and morphology of the seaﬂoor to be visualized in ﬁne detail.
Such high-resolution bathymetry is extremely val-

[9] Many previous studies have used ship-based
multibeam sonar, sidescan sonar, camera tows,
1
Additional supporting information may be found in the online
version of this article.
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and/or submersible dive observations to conduct
geologic mapping of young lava ﬂows on the seaﬂoor [Ballard and van Andel, 1977; Ballard et al.,
1979; Crane and Ballard, 1981; Ballard et al.,
1984; Smith and Cann, 1992; Haymon et al.,
1993; Chadwick and Embley, 1994; Embley and
Chadwick, 1994; Chadwick et al., 1998; Embley
et al., 2000; White et al., 2000; Sinton et al.,
2002; Cormier et al., 2003; Fornari et al., 2004;
Soule et al., 2005, 2007; White et al., 2008; Soule
et al., 2009; Fundis et al., 2010]. However, Axial
Seamount was the ﬁrst place where the entire area
of historically erupted lavas was mapped with 1 m
resolution, AUV-based multibeam bathymetry.
This high-resolution view of the seaﬂoor, combined with in-situ monitoring instrument observations, provides new insights about how the lavas
were emplaced and the role of emplacement history on lava ﬂow morphology. The petrology and
geochemistry of the 1998 lava ﬂows are described
in Chadwick et al. [2005] and Clague et al.
[2013].

3. Results
3.1. Submarine Lava Flow Terminology
[10] Before presenting our mapping results, a
review of the terminology we will use to describe
submarine lava ﬂow morphology is needed. In this
paper, we distinguish between ‘‘photo-scale’’ lava
morphology (at a scale of a few meters, based on
observations from submersibles and imagery from
camera-tows or ROV video) and ‘‘map-scale’’
ﬂow morphology (at a scale of hundreds of meters
and discernable in the AUV bathymetry). At the
photo-scale, we follow previously used descriptive
terminology for lava morphology in a spectrum
Figure 2. Cartoon cross sections showing map-scale ﬂow
morphologies discussed in the text: (a) Inﬂated lobate ﬂow,
(b) inﬂated pillow ﬂow, and (c) pillow mound. Note horizontal scale at bottom is 200–500 m for all ﬂow types but their
thicknesses differ. Red shows areas of molten lava when ﬂows
are fully inﬂated; dark grey shows solidiﬁed lava after drain
out; black shows solid crusts on individual pillows (small
circles), inﬂated ﬂow interiors (in Figures 2a and 2b), and on
lava pillars (vertical lines in Figure 2a). Labeled arrows show
differing distributions of photo-scale lava morphologies (pillows, lobate, jumbled, etc). Supporting information Animation S1 shows the emplacement of an inﬂated lobate ﬂow.
The Axial 1998 lava ﬂows exhibit ‘‘inﬂated lobate ﬂow’’ morphology near the eruptive vents and ‘‘inﬂated pillow ﬂow’’
morphology at the distal ends of ﬂows, separated by a channelized transitional zone on slopes (see Figure 3a).
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from pillows, to lobate lava, to sheets (including
lineated, ropy, and jumbled or hackly, in order of
increasing surface crust disruption) [Fox et al.,
1988; Perﬁt and Chadwick, 1998; Fundis et al.,
2010]. At the map-scale, we use the terms,
‘‘inﬂated lobate ﬂows,’’ ‘‘inﬂated pillow ﬂows,’’
and ‘‘pillow mounds’’ to describe ﬂow morphologies with distinct characteristics, as shown in Figure 2. The key differences between them are ﬂow
thickness, existence and extent of molten lava
cores during emplacement as reﬂected by collapsed areas, and the spatial distribution and proportion of photo-scale lava morphologies. We
propose a conceptual model in which ‘‘pillow
mounds’’ are created by low effusion-rate eruptions, the other two inﬂated ﬂow types are produced by high effusion-rate eruptions, and
‘‘inﬂated lobate ﬂows’’ and ‘‘inﬂated pillow
ﬂows’’ are near-vent and distal morphologies,
respectively. We use the term ‘‘inﬂated’’ to refer
to sheet-like ﬂows that had a molten interior
beneath a solidiﬁed crust during emplacement,
analogous to the inﬂated pahoehoe ﬂows on land
described by Hon et al. [1994]. Inﬂated ﬂows are
initially thin and subsequently increase in thickness after they stop advancing laterally but while
molten lava is still being added to the ﬂuid interior
of the ﬂow from the eruptive vents [Hon et al.,
1994; Gregg and Chadwick, 1996]. After this
inﬂation phase, the still-molten interior of such
ﬂows may drain out downslope. Where drain out
occurs on submarine inﬂated ﬂows, it leads to collapse of the (now unsupported) upper solidiﬁed
crust [Engels et al., 2003], and the degree of collapse reﬂects the previous areal extent of the molten ﬂow core and the rate and amount of lava drain
out (Figure 2).
[11] At the photo-scale, pillow lavas extrude as
individual spherical or cylindrical tubes of lava
that cool and crust over on all sides, generally preventing coalescence with neighboring pillows
[Moore, 1975]. At the map-scale, ‘‘pillow
mounds’’ are produced by the piling up of individual pillows [e.g., Chadwick and Embley, 1994;
White et al., 2002; Yeo et al., 2012]; thus such
mounds do not have a molten core, are usually
thick and steep-sided, and form directly over their
eruptive vents (Figure 2c). In contrast, ‘‘inﬂated
lobate ﬂows’’ initially advance one lobe at a time,
but rapidly enough that the lobes quickly coalesce
into one hydraulically connected ﬂow beneath an
upper crust that preserves the original lobate surface morphology. These ﬂows commonly pond
and inﬂate, producing relatively ﬂat upper crusts

10.1002/ggge.20202

that may later collapse if the molten interior of the
ﬂow drains out (Figure 2a). Such ﬂows generally
have lava pillars in their collapsed interiors [Francheteau et al., 1979], which are typically ﬂoored
with a variety of sheet lava morphologies (at the
photo-scale) that form during drain-out. At Axial,
‘‘inﬂated lobate ﬂows’’ transition downslope to
‘‘inﬂated pillow ﬂows’’ at the distal ends of ﬂows,
sometimes with an area of channelized sheet ﬂows
in between (Figure 3a). Compared to ‘‘inﬂated
lobate ﬂows,’’ ‘‘inﬂated pillow ﬂows’’ are thicker,
have larger proportions of pillowed ﬂow fronts
and levees, and smaller collapse areas, reﬂecting
smaller molten cores during emplacement (Figure
2b). Below, we describe the 1998 lava ﬂows in
more detail in the context of this conceptual
model.

3.2. The Extent, Area, and Volume of 1998
Lavas
[12] Some of the primary results of this study are
the location of the 1998 eruptive ﬁssures and the
mapped area and extent of the 1998 lavas (Figure
3a), which can be used to calculate the volume of
the eruption. There were four separate lava ﬂows
erupted along Axial’s upper south rift zone in
1998, a larger ‘‘Northern’’ ﬂow that contains 70%
of the erupted volume, and three smaller ‘‘Southern’’ ﬂows, which contain, 6%, 1%, and 23% of
the volume, respectively from north to south. The
Northern ﬂow was 7 km long and extended from
45 53.80 –57.60 N, both inside and outside the caldera. The three Southern ﬂows were erupted over
a distance of 3.7 km and extended from 45 51.80 –
53.80 N, up to 10 km from the center of the caldera along the south rift zone (Figure 3a).
[13] Several preliminary versions of the 1998 lava
ﬂow outlines have been previously published,
based on the visual observations and Imagenex bathymetry that were available at the time [Baker
et al., 1999; Embley et al., 1999; Lupton et al.,
1999; Fox et al., 2001; Tolstoy et al., 2002; Chadwick, 2003; Baker et al., 2004; Butterﬁeld et al.,
2004; Sohn et al., 2004; Chadwick et al., 2006;
Huber et al., 2006; Gilbert et al., 2007; Marcus
et al., 2009; Nooner and Chadwick, 2009; Opatkiewicz et al., 2009]. However, the ﬂow outlines
we present here are signiﬁcantly different and
improved, because they are based on a new and
better data synthesis, and they should supersede all
previous versions. The earlier mapping was most
complete in the central parts of the Northern lava
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Figure 3. (a) Map showing the 1998 lava ﬂows (white outlines) and eruptive ﬁssures (red lines). Areas with
distinctive map-scale ﬂow morphologies are labeled as follows: ILF ¼ inﬂated lobate ﬂow; IPF ¼ inﬂated pillow ﬂow; CSF ¼ channelized sheet ﬂow (a transitional morphology between ILF and IPF). Extent of MBARI
AUV bathymetry (1 m grid) is shown by dashed black line, and overlies ship-based EM300 bathymetry (25 m
grid). Black boxes show locations of other ﬁgures. (b) Map showing submersible dive tracks (black lines) and
areas of Imagenex scanning sonar bathymetry (dark grey with dashed outlines) that were used to help map the
1998 lava ﬂow contacts (light grey with red outlines). Tracks include Alvin dives 3245 and 3247, ROPOS
dives 460, 461, 464, 465, 473, 474, 478, 488, 491, 492, 493, 494, 495, 496, 501, 546, 552, 554, 627, 630,
1010, 1011, 1012, Tiburon dive 874, Doc Ricketts dives 73, 74, 79, 270, and Jason dives 289, 291, 292.

ﬂow and the largest Southern ﬂow, where submersible dive tracks were densest and where
Imagenex bathymetry existed (Figure 3b). The

early ﬂow outlines were most uncertain where
dives and Imagenex data were sparse or nonexistent at the north and south ends of the Northern
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Table 1. Thicknesses, Areas, and Volumes of 1998 Lava Flows at Axial Seamount

Eruption Site
Northern 1998 ﬂow ‘‘A–F’’
Southern 1998 ﬂow ‘‘G–I’’
Southern 1998 ﬂow ‘‘J’’
Southern 1998 ﬂow ‘‘K’’
Total

Maximum Depth
Change From
Ship-Based
Multibeam
Comparison (m)

Area of Ship-Based
Multibeam
Depth Changes
Only (106 m2)a

Volume of
Ship-Based
Multibeam
Depth Changes
Only (106 m3)a

Total Mapped
Area of 1998
Lava (106 m2)b

Estimated
Total Volume
of 1998 Lava
Erupted (106 m3)c

13
n/a
n/a
26
26

0.52
n/a
n/a
0.49
1.1

3.4
n/a
n/a
6.2
9.6

5.8
0.54
0.09
0.72
7.1

21.8
1.9
0.3
7.0
31.0

a

The areas and volumes of multibeam depth changes were calculated from the depth difference grids. These numbers are minimums because
substantial parts of the 1998 lava ﬂows were below the detection threshold of this technique.
b
The total ﬂow areas are calculated from the mapped extent of the lava ﬂows using ArcGIS software.
c
The total volume of lava erupted is calculated by multiplying the ‘‘missing’’ area (the difference between the total ﬂow area and the area of the
ship-based multibeam depth changes) by a constant thickness of 3.5 m (the average thickness for the 2011 lava ﬂows erupted in and near the caldera from Caress et al. [2012]), and adding this ‘‘missing’’ volume to the volume of ship-based multibeam depth changes.

ﬂow. Most importantly, the new ﬂow outlines beneﬁt from the higher-resolution MBARI AUV
bathymetry and comparison with the pre-eruption
sidescan sonar imagery.
[14] The high-resolution of the MBARI AUV bathymetry also allowed mapping of 11 separate
eruptive ﬁssures that fed the 1998 lava ﬂows,
which we distinguish by letter designations A–K,
from north to south (Figure 3a). The eruptive ﬁssures were identiﬁed in the AUV bathymetry by
narrow linear collapses that coincide with local
highs in relatively uncollapsed areas, or by troughs
in areas where more extensive lava drain-out and
collapse had occurred. The eruptive ﬁssures
extended over a distance of 11 km, with a gap of
2.1 km between the northern (A–F) and southern
(G–K) ﬁssures. Their orientation rotated from
353 at the north end (parallel to the nearby caldera wall) to 015 at the south end (the trend of
the south rift zone outside the caldera).
[15] The new outline of the Northern lava ﬂow has
an area of 5.8  106 m2 and the areas of the three
Southern ﬂows are 5.4  105 m2, 0.9  105 m2,
and 7.2  105 m2, for a total combined area of 7.1
 106 m2 (Table 1). To calculate the volume of
the 1998 lava ﬂows, we used the following
method: (1) we started with the volumes of the
depth differences from the pre-eruption and posteruption ship-based multibeam comparison, and
(2) to that we added the product of an average
thickness times the area of the ﬂow outlines, minus
the area of the multibeam anomalies (which are already accounted for in step 1). In step 2, above,
we used an average lava ﬂow thickness of 3.5 m
for the lavas not detected by multibeam differencing (the average thicknesses calculated by Caress
et al. [2012] for the lava ﬂows produced by the

2011 eruption in the same area). Following this
method, we calculate a volume of 22  106 m3 for
the Northern ﬂow, and 1.9  106 m3, 3.1  105
m3, and 7.0  106 m3 for the three Southern ﬂows,
for a total 1998 lava ﬂow volume of 31  106 m3
(Table 1). This is within the range of 18–50  106
m3 previously estimated by Embley et al. [1999],
yet it is only 31% of the volume of lava erupted in
2011 [Caress et al., 2012].

3.3. The Northern 1998 Lava Flow
[16] The Northern 1998 lava ﬂow can be geographically divided into northern, middle, and
southern parts that have similar morphologies and
emplacement histories. The Northern 1998 lava
ﬂow was fed from 6 en echelon eruptive ﬁssures,
A–F from north to south.
3.3.1. North Part of the Northern 1998 Lava Flow

[17] The north end of the Northern 1998 lava ﬂow
(north of 45 56.40 N) was erupted from three ﬁssures that were located on the caldera ﬂoor close to
the caldera-bounding fault, and none extended up
onto the caldera rim (Figure 4a). The northernmost two eruptive ﬁssures (A–B; 1 km in combined length) fed inﬂated lobate ﬂows that
extended up to 600 m to the west, with sinuous collapses in the cores of the ﬂows that were apparently the axes of the lava distributary system,
analogous to skylights above lava tubes on land
[Fornari, 1986; Peterson et al., 1994]. The existence of 1998 lava ﬂows in this area was unknown
until the MBARI AUV bathymetry (Figure 4a)
was compared to SeaMARC I sidescan sonar data
(Figure 4b), which revealed that distinctive collapse features in the pre-eruption sidescan imagery
were buried by 1998 lava in the post-eruption bathymetry. In this paper, sidescan imagery is
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Figure 4. Map of the north end of the Northern 1998 lava ﬂow, outlined (a) in black and (b) in white. (a)
AUV bathymetry alone, and (b) overlain with pre-eruption sidescan sonar imagery (1 km swath) collected in
1985 (white is high backscatter; black is low backscatter). Channelized collapse feature (in Figure 4b), labeled 1, is clearly buried by 1998 lava in the post-eruption AUV bathymetry (in Figure 4a). In contrast, features labeled 2–4 are present in both maps and therefore were unburied by 1998 lava. Interpreted 1998
eruptive ﬁssures (A–C) are shown as red lines, and labeled in Figure 4b.

displayed such that features with high-reﬂectivity
(such as fault scarps) are white and those with lowreﬂectivity (such as acoustic shadows) are black.
[18] A small embayment of older unburied seaﬂoor separates the lava ﬂows that erupted from
ﬁssures B and C (Figures 4 and 5). Eruptive ﬁssure C was originally mapped as the northern
limit of the 1998 eruption [Embley et al., 1999],
but the distance that lava ﬂowed from this ﬁssure
to the west was unknown until we compared the
post-eruption AUV bathymetry (Figure 5a) and
the pre-eruption sidescan imagery (Figure 5b),
which revealed that 1998 lava extends 1.8 km
into the central caldera. In the pre-eruption sidescan imagery (Figure 5b), dark low-reﬂectivity
areas in the central caldera are interpreted to be
patches of ﬂat lineated sheet ﬂow in the ﬂoors of
lava channels (their ﬂat surfaces do not reﬂect
much acoustic energy back to the sidescan towﬁsh, in comparison to rougher jumbled or pillowed lava) [Embley et al., 1990; Chadwick
et al., 1999a; Soule et al., 2005]. One large (100
 500 m) and distinctively-shaped area of low-

reﬂectivity in the sidescan imagery (labeled ‘‘1’’
in Figure 5b, and ‘‘lava pond’’ in Figure 9b of
Embley et al. [1990]) is clearly buried by a large
inﬂated lobe of lava in the post-1998 AUV
bathymetry (Figure 5a). In Figures 4 and 5,
we have also labeled other distinctive features
that are visible in both the AUV bathymetry
and the sidescan imagery, and are therefore
unburied by 1998 lava, to help visually compare
the maps.
[19] The large western lava lobe in Figure 5a was
fed by a braided channel system from eruptive ﬁssure C near the caldera wall. The difference in
depth between the eruptive ﬁssures and the distal
edge of the large western lobe is 15–20 m, a slope
of 0.5 (supporting information Figure S2a).
Within 1 km of the eruptive ﬁssure, the lavas are
lobate and sheet ﬂows with a prominent central
channel and extensive areas of drain-out and collapse, 4–5 m deep (Figures 6a and 6b). Beyond
that distance the lavas transition into a single
inﬂated lobe of lava more than 5 m thick and without collapse features (supporting information
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Figure 5. Map of the northwest part of the Northern 1998 lava ﬂow (black outline). (a) AUV bathymetry
alone and (b) overlain with pre-eruption sidescan sonar imagery (2 km swath) collected in 1985. Note dark,
low-backscatter area labeled 1 in Figure 5b, interpreted to be ﬂat lineated sheet lava, that is clearly buried by
1998 lava in Figure 5a. In contrast, features labeled 2–6 are present in both maps and therefore were unburied
by 1998 lava. Interpreted 1998 eruptive ﬁssures (B–D) are shown as red lines, (labeled in Figure 5b). White
dots are snowblower vents Magnesia, Ouzo, Easy, Milky, Minisnow, and The Pit (labeled in Figure 5b).
Dashed line A–A0 in Figure 5a is depth proﬁle in supporting information Figure S2a. Circled numbers show
locations of images in Figure 6. (c) Detail of the western edge of the 1998 ﬂow (location shown by white box
in Figure 5a) with the track of ROPOS dive R1010 (white line), which crossed the ﬂow boundary in 2006.
Circled numbers show locations of images in Figures 5d–5f. (d) Older jumbled lava with sponges (white dots)
west of 1998 lava. (e) Contact of 1998 pillows over jumbled lava (foreground). (f) Lobate 1998 lava near top
of inﬂated pillow ﬂow. (g) Older ﬂat lineated sheet lava in the ﬂoor of a collapse area. White scale bars in Figures 5d–5f are 0.5 m; green lines in Figures 5d and 5g are lasers 10 cm apart.

Figure S2a). One ROPOS ROV dive (R1010)
crossed the western edge of this lava lobe in 2006,
although it was not recognized as 1998 lava at the
time (Figure 5c). Nevertheless, the ROV video
shows older lineated and jumbled lava with
sponges west of the contact and young uncolonized lavas east of it, consisting of a steep pillowed

ﬂow front rising to a gentler ﬂow interior of lobate
lavas (Figures 5d–5g). Therefore, we describe the
map-scale morphology in Figure 5 as inﬂated lobate ﬂows near the eruptive vents, and the western
end of this ﬂow as an inﬂated pillow ﬂow, with a
transition zone of channelized sheet ﬂows in
between (Figure 3a).
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Figure 6. Photographs in the north part of the Northern 1998 lava ﬂow (see Figure 5a for locations). (a and
b) Lobate sheet ﬂow with extensive collapse and remnant lava pillars near eruptive ﬁssure C (Jason dive J2–
291 in 2007). (c and d) Snowblower vents located within 50 m of the eruptive ﬁssures that were active after
the eruption (Milky vent and The Pit; ROPOS dives R460 and R464 in 1998). (e) Heavy orange hydrothermal
sediment found within 50 m of parts of eruptive ﬁssure C, (Jason dive J2–291 in 2007). (f) Marker N3 vent
characterized by extensive blue mat of colonial protozoan ciliate (Jason dive J2–291 in 2007).

[20] The earliest ROV dives at the north end of the
ﬂow (August–September 1998) found several
‘‘snowblower’’ hydrothermal vents [Haymon
et al., 1993; Delaney et al., 1998; Embley and
Lupton, 2004], including vents named Magnesia,
Ouzo, Easy, Milky, and Minisnow, all located
within 50 m of the eruptive ﬁssures (Figures 5,
6c, and 6d). Almost all these snowblower vents
cooled and died out within 1–2 years of the eruption, while other vent sites on the 1998 ﬂow further south persisted [Butterﬁeld et al., 2004;
Huber et al., 2006; Marcus et al., 2009; Opatkiewicz et al., 2009]. Another distinctive feature of
this area is the locally heavy accumulations of orange hydrothermal sediment that are only found
within 50 m of eruptive ﬁssure C, but are not
observed south of 45 56.40 N (Figure 6e). Also unusual was the ‘‘Marker N3’’ diffuse vent site,
which hosted a ‘‘blue mat,’’ made up of a colonial
protozoan ciliate [Kouris et al., 2007; Kouris
et al., 2010] that covered most of the seaﬂoor over
an area of 300 m2 (Figure 6f).
3.3.2. Middle Part of the Northern 1998 Lava Flow

[21] In contrast to the north end, the middle section of the Northern 1998 lava ﬂow (45 55.40 56.50 N; erupted from ﬁssures D and E) was relatively well-mapped soon after the event by dive
observations of lava contacts and Imagenex bathymetry (Figure 3b). The middle section of the
ﬂow was much narrower in the E–W direction

(300–600 m) than the northern end, because the
seaﬂoor is relatively ﬂat in this area and the ﬂow
was restricted by topographic barriers (Figure 7).
In addition, this area is near the buried edge of the
caldera so the slope gradually increases in gradient
from north to south, and consequently lava drained
from the middle section southward (Figures 3a
and 7; supporting information Figure S2).
[22] The middle section of the 1998 ﬂow was an
inﬂated lobate ﬂow with collapse areas 2–3 m
deep along its central axis. The photo-scale lava
morphologies on this part of the 1998 ﬂow were
distributed in a very regular pattern. The thin (<1
m) margins of the ﬂow were pillow lava (Figure
8a). Where the ﬂow was thicker (> 1 m), the lava
morphology was lobate (Figure 8b); this was the
appearance of most uncollapsed parts of the ﬂow.
Near the edge of collapse areas, the lobate upper
crust was commonly hollow underneath where the
molten interior of the ﬂow had drained out, and
lava pillars were exposed (Figure 8c). In the ﬂoor
of the collapses, there were various sheet lava
morphologies including lineated (Figure 8d), ropy,
whorled, and jumbled (Figure 8e).
[23] We have unique information on the dynamics
of the 1998 eruption in this area from an instrument that was caught in the lava ﬂow (‘‘VSM2’’ in
Figure 7). It had a pressure sensor that showed that
the instrument was uplifted by 3 m in only one
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inﬂated, and ﬁnally it was set back down during
lava drain-out (see supporting information Animation S1). Only 1 m of lava remained in the ﬂoor of
the collapse after drain-out. This unique data set
gave new insights into the process of lava ﬂow
inﬂation on the seaﬂoor and the formation of lava
pillars during the emplacement of lobate ﬂows
[Gregg and Chadwick, 1996; Chadwick, 2003].
Depth proﬁles suggest the middle section of the
1998 lava ﬂow likely inﬂated up to a maximum
thickness of 5 m before it drained (supporting information Figure S2b). This is the only place
where we have a ﬁrm constraint on the duration of
lava emplacement, and although it may have been
longer elsewhere, we interpret from the ﬂow morphology that the eruption duration was probably
hours rather than days.

Figure 7. AUV bathymetric map of the middle section of
the Northern 1998 lava ﬂow (black outline; see Figure 3a for
location; red lines are eruptive ﬁssures C-F). Dashed line B–
B0 is depth proﬁle in supporting information Figure S2b. Bold
black arrows point to topographic constriction discussed in
the text. White dots are snowblower vents, including The Pit,
Cloud, Marker 108 (M108), and Snow (labeled). Marker 33
vent (M33) is located 80 m WSW of Cloud vent. International
District vent ﬁeld in lower right includes high-temperature
sulﬁde and anhydrite chimneys. Circled numbers show locations of images in Figures 6, 8, and S3. VSM2 is instrument
that was caught in lava ﬂow.

hour while the lava ﬂow inﬂated and then gradually lowered again as the lava ﬂow drained out
during the next hour and a half [Fox et al., 2001].
This showed that the emplacement of the 1998
lava ﬂow (at this location) was relatively rapid and
only lasted 2.5 h. The lava ﬁrst ﬂowed under the
instrument, which became embedded in the upper
crust of the ﬂow, then was lifted as the ﬂow

[24] Near 45 55.90 N, there was apparently a
topographic constriction (arrows in Figure 7) that
caused lava to pond to the north before it drained
to the south. The constriction was due in part to
the older, high-standing, fractured mound of pillow lava that lies to the east of the ﬂow (east of
the VSM2 instrument in Figure 7), possibly a
remnant of the older (mostly buried) caldera rim.
This probably explains why the ﬂow north of this
point is mostly intact with only 19% of its area
collapsed, whereas to the south the percentage
increases to >50%. The constriction limited how
quickly lava that was erupted to the north could
drain to the south, thus limiting the amount of
collapse, whereas there was no such check on the
rate of lava drain-out to the south. The N-S slope
also increases from 0 north of the constriction
to 0.5 south of it (supporting information Figure S2b). This also explains why the prominent
collapse area between eruptive ﬁssures D and E
north of the constriction is ﬂoored by ﬂat lineated
sheet ﬂows (evidence of ponded ﬂow conditions
during gradual lava drain-out; Chadwick et al.
[1999a]), whereas to the south the ﬂoor of the
collapses becomes dominated by jumbled lava
morphology with fewer lava pillars. Likewise,
the morphology of the eruptive ﬁssures changes
north and south of the constriction. To the north,
the eruptive ﬁssures are marked by narrow linear
collapses along their lengths; to the south, they
appear as deep linear clefts in the ﬂoors of the
collapse areas (Figure 7).
[25] Temporal changes in the surﬁcial appearance
of the lavas in the middle section of the ﬂow were
documented by submersible and ROV dives
between 1998 and 2011. Immediately after the
1998 eruption, where the 1998 lavas were thicker
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Figure 8. Photographs in the middle part of the Northern 1998 lava ﬂow (see Figure 7 for locations). (a) Pillows of 1998 lava over older seaﬂoor along the margin of the ﬂow (ROPOS dive R1012 in 2006). (b) Lobate
morphology is found on all uncollapsed parts of the ﬂow where it is >1–2 m thick (ROPOS dive R493 in
1999). (c) Edge of the central collapse area, looking back at the uncollapsed lobate crust supported by lava pillars (ROPOS dive R743 in 2003). (d) Lineated sheet ﬂow in the ﬂoor of the collapse area north of the constriction shown in Figure 7 (ROPOS dive R1010 in 2006). (e) Jumbled sheet ﬂow in the ﬂoor of the collapse area
south of the constriction (ROPOS dive R492 in 1999). (f) Cloud snowblower vent near eruptive ﬁssure E
(ROPOS dive R460 in 1998).

than 2 m, the lavas were almost completely covered with a fuzzy white to tan colored mat (supporting information Figure S3). This ‘‘eruption
mat’’ was most evident on areas of inﬂated lobate
lavas, but was also observed within adjacent collapse areas. The mat was white in areas that were
still actively cooling or venting (supporting information Figures S3a and S3b), and scaleworms and
limpets actively grazed the white mats [Marcus
and Hourdez, 2002; Marcus et al., 2009]. Where
cooling-related venting had waned, the mat was
tan and without grazers. Around some pointsource hydrothermal vents, a concentric pattern
was observed with white mat growing nearest the
oriﬁce, surrounded by tan mat (supporting information Figure S3c). Initially, the tan mat was confusing, because it looked like pelagic sediment
causing the newly erupted lavas to appear much
older. However, on close examination the mat was
clearly not sedimentary in origin because it covered vertical and even overhanging surfaces (supporting information Figure S3d) and had a
ﬁlamentous texture (supporting information Figures S3e and S3f). In contrast, the thin, pillowed
margins of the ﬂow were not covered with the
mat. We suggest that this ‘‘eruption mat’’ is microbial in origin and grows in place during the posteruption cooling phase of a newly emplaced lava
ﬂow, but only on inﬂated lobate lavas that are

thick enough to retain their heat and cool over an
extended period of time (perhaps weeks to
months). The mat gradually degraded and disappeared over the ﬁrst few years after the 1998 eruption. A similar ‘‘eruption mat’’ was observed again
on thick (>2 m), inﬂated lobate ﬂows erupted in
April 2011 at Axial Seamount [Meyer et al.,
2013]. This ‘‘eruption mat’’ is distinct from other
microbial mats that only form around active
hydrothermal vents [Juniper et al., 1995; Moyer
and Engebretson, 2002; Emerson and Moyer,
2010; Meyer et al., 2013], because it formed
directly on the new lava surface in the absence of
focused hydrothermal ﬂuids.
[26] Similar to what was observed at the north end
of the 1998 lava ﬂow, snowblower vents in the
middle section were located within 50 m of the
eruptive ﬁssures (and the underlying feeder dikes),
including vents named The Pit, Snow, Minisnow,
and Cloud vent (Figure 7). Cloud vent (Figure 8f)
was the largest and longest-lived snowblower vent
after the 1998 eruption, but declined in temperature and vigor between 1998 and 2010 [Baker
et al., 2004]. In contrast, Marker 33 vent, a nearby
diffuse low-temperature vent, also declined in
temperature after the eruption but reached a steady
state and continued to be active, supporting a
diverse vent biological community until the 2011
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Figure 9. AUV bathymetric map of the south part of the Northern 1998 lava ﬂow (black outline; see Figure
3a). 1998 lava morphology is mostly jumbled in the upper half of the area where lava drained southward from
the north, and mostly inﬂated pillow ﬂows at the distal end. White dots are hydrothermal vents, including
Marker 113 (named Axial Gardens in Embley et al. [1990]), Joystick, Bag City, and Crevice (all located along
the ‘‘pre-1982’’ eruptive ﬁssure, discussed in text and denoted by large black arrows). Coquille vent ﬁeld
(including Casper/Vixen vents) is located west of the ‘‘pre-1982’’ lava ﬂow on older lava. Dashed line C–C0 is
depth proﬁle in Figure S4a.

eruption [Huber et al., 2003; Butterﬁeld et al.,
2004; Huber et al., 2006; Marcus et al., 2009].
[27] Submersible dives and camera tows before
the 1998 eruption documented diffuse hydrothermal vents in this area [Embley et al., 1990], some
with dense tubeworm communities. Many of these
pre-existing vent communities were buried during
the eruption, but remarkably, new diffuse vents
appeared on the new lava ﬂow in approximately

the same locations (e.g., Marker 33 vent). Thus,
the diffuse vents along the upper south rift zone at
Axial appear to be persistent features, apparently
controlled by deep rift structures that have a strong
inﬂuence on the subsurface hydrothermal circulation patterns, but which are not disrupted by individual dike intrusions [Butterﬁeld et al., 2004].
This is in strong contrast with the snowblower
vents, which seem to mine the available heat from
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Figure 10. Maps of the south part of the Northern 1998 lava ﬂow (black outline). Numbers and arrows
show corresponding features in Figures 10a and 10b. (a) Largest ship-based multibeam depth changes [from
Embley et al. 1999] correspond with distal lobes of the ﬂow. (b) Sidescan data (5 km swath) shows that eruptive ﬁssures, lava channels, and collapse features just to the west of the 1998 lava ﬂow were in place in 1986,
despite being almost indistinguishable in age. Unfortunately, there are no prominent features in the sidescan
imagery within the 1998 lava ﬂow outline that are clearly buried by 1998 lava, as in Figures 4 and 5.

the feeder dikes within a year or two following an
eruption and then expire [Crowell et al., 2008].
[28] A vent ﬁeld of high-temperature sulﬁde and
anhydrite chimneys called the International District is located east of the 1998 ﬂow at 45
55.570 N, 129 58.770 W (Figure 7). This ﬁeld was
discovered after the eruption, but almost certainly
predates it based on the number of large sulﬁde
chimneys. This vent ﬁeld was topographically
shielded from the 1998 lavas by a north-south row
of older pillow-lava mounds that may have
erupted along the (mostly-buried) calderabounding fault (Figure 7).
3.3.3. South Part of the Northern 1998 Lava Flow

[29] The south end of the Northern 1998 lava ﬂow
(south of 45 55.40 N) was fed from eruptive ﬁssure
F and from southward drain-out of lava erupted
from ﬁssures D and E in the middle section of the
ﬂow (Figure 9). This part of the ﬂow crosses the
presumed location of the buried caldera rim (Figure 1b) and follows an increase in slope from 1 to
5 to the south-southeast toward its distal end at
1640 m (supporting information Figure S4). The
south end of the ﬂow has much sparser dive cover-

age than the middle section. Consequently, the
ﬂow boundaries are mapped by visual observations where available (Figure 3b) and otherwise
are interpreted from the AUV bathymetry (particularly at the distal end where pre-1998 sidescan imagery is not useful for mapping the extent of 1998
lava; Figure 10).
[30] The lava morphology here is mostly channelized jumbled lava within broad areas of collapse
and lava drain-out, except near the distal end of
the ﬂow. The distal 300–500 m of the ﬂow is
mostly uncollapsed, inﬂated pillow ﬂows, typically 200–500 m wide and 5–10 m thick (Figure
9). Some of these inﬂated pillow ﬂows have narrow, branching, locally dendritic collapses in their
cores, exposing parts of their internal lava feeder
system, again similar to skylights over lava tubes
on land, or marking the extent of their molten
cores. Because of the regional slope to the southeast, the western contact of the 1998 lava is shallower than the eastern contact and laps up on preexisting topography. In contrast, the eastern edge
of the ﬂow appears more like a ﬂow front or levee
with a 100 m wide rim of intact uncollapsed pillow
lavas (Figure 9). From this distribution of lava
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Figure 11. Images on and near Southern 1998 lava ﬂows G-I and J. (a) Mature tubeworm bushes at Crevice
vent, evidence that the ‘‘pre-1982’’ eruptive ﬁssure shown in Figure 9 was not active during the 1998 eruption.
(b) Contact at NE edge of 1998 Flow G–I. (c) Jumbled lava in middle of Flow G–I on 4 slope. (d) Lava pouring into older collapse at edge of Flow G–I. (e) Close-up of 1998 lava at same location. (f) Pillow lava at
western contact of Flow J. Images from ROPOS dives R494 and R495 in 1999. Photo locations shown in Figures 9 and 12.

morphologies, we interpret that as the lava ﬂowed
downslope it initially inﬂated into broad lobes
with a solid upper crust and ﬂuid interior, but as
the ﬂuid lava continued to drain downslope, the
upper crusts on upslope parts of the ﬂow collapsed, either partially or extensively, depending
on the degree of drain-out. Because of this, a large
part of the interior of the ﬂow has jumbled lava
morphology (channelized, drained-out lava). The
distal ﬂow front was the last to form and inﬂate,
and so it is uncollapsed, because much of the lava
that drained from the upslope parts of the ﬂow
ended up there. The pre-eruption and post-eruption
ship-based multibeam comparison [Embley et al.,
1999], while sparse and noisy, is consistent with
our mapped ﬂow boundary because it shows the
greatest depth changes near the inﬂated pillow
ﬂows at the distal end (Figure 10a).
[31] No active hydrothermal venting was observed
on the south end of the Northern 1998 lava ﬂow,
but there were few dive observations there. The
(apparent) lack of venting may be because much
of the ﬂow was not underlain by a feeder dike and
was relatively thin (having drained downslope
from the north). In contrast, there were numerous
hydrothermal vents within 500 m west of the western contact of the 1998 lava ﬂow in this area.
These vents included Marker 113 vent (known
before the 1998 eruption as ‘‘Axial Gardens’’;

Embley et al. [1990]), Joystick, Bag City, and
Crevice vents, all aligned along a previous eruptive ﬁssure that is clear in the AUV bathymetry
(Figures 9 and 10). All of these vent sites had
mature tubeworm communities when visited by
ROV in 1998–1999, clear evidence that the 1998
eruption did not inundate this area (Figure 11a).
This older eruptive ﬁssure fed a lava ﬂow that
drained to the south-southwest with braided channels and collapses that parallel the ﬁssure on both
sides. This ﬂow (identiﬁed as Flow ‘‘Sa’’ in
Clague et al. [2013]) is ‘‘pre-1982’’ because the
earliest pre-eruption sidescan imagery shows that
it was already in place (Figure 10b), yet it had a
youthful appearance and was visually almost
indistinguishable from 1998 lava (glassy, with little sediment, and no sessile organisms). Though
not used in 1998, this ‘‘pre-1982’’ eruptive ﬁssure
was reactivated during the 2011 eruption [Caress
et al., 2012]. Another major hydrothermal vent
ﬁeld called Coquille (because of abundant clams)
is located 300 m west of Bag City vent (Figure 9)
on a lava surface that is older still (less glassy,
more sediment, and covered with sessile organisms). The Coquille vent ﬁeld is about 100 m
across, is characterized by diffuse venting with
numerous tubeworm bushes, and also hosts two
high-temperature anhydrite chimneys called Vixen
and Casper, both venting ﬂuid 300 C and
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located only 10 m apart. All the high-temperature
anhydrite chimneys known at Axial (Virgin,
Vixen, Casper, Castle, Diva, and Trevi) are
located near the exposed or presumed-buried caldera fault (Figure 1b). Their high-gas, low-metal
contents are thought to result from phase separation at depth as ﬂuids rise along the caldera fault
[Butterﬁeld et al., 1990].

3.4. The Southern 1998 Lava Flows
[32] As noted earlier, there were three separate but
closely spaced Southern 1998 lava ﬂows that we
distinguish by their eruptive ﬁssure names: Flow
G–I, Flow J, and Flow K (Figure 3a). The ﬁve
eruptive ﬁssures that fed them were all aligned and
are connected by open cracks (Figure 12). Fissure
G, the northern-most of the three eruptive ﬁssures
that fed Flow G–I, was located at the south end of
the ‘‘pre-1982’’ ﬁssure, discussed above, which
was reused during the 2011 eruption [Caress
et al., 2012]. Flow G–I has inﬂated lobate ﬂow
morphology near the eruptive vents (Figure 11b),
which transitions to channelized jumbled lava on
the steep (3.5 ) eastern ﬂank of the rift zone (Figure 11c), and turns into inﬂated pillow ﬂow morphology at the ﬂow terminus 1 km from the
vents (Figure 12). Near ﬁssure H, 1998 lava
poured into pre-existing collapse pits (Figures
11d, 11e, and 12). Flow J was the smallest and had
thin pillowed margins (Figure 11f) and a thicker
lobate interior with collapse areas (Figure 12).
Near its eastern margin, Flow J ﬂooded and ﬁlled
a 15 m wide pre-existing ﬁssure that subsequently
drained toward the SE while the lava was still molten, leaving bathtub ring structures coating the
sides of the ﬁssure. The south end of Flow G–I
partially ﬁlls the same ﬁssure. This shows that
young ﬂuid lava ﬂows do not always completely
bury pre-existing topography and in fact sometimes mimic it, as was shown by Axial’s 2011
eruption [Caress et al., 2012].
[33] Flow K, the largest and southern-most of the
three Southern 1998 lava ﬂows (Figure 13a) spans
depths between 1700 and 1800 m, considerably
deeper than the rest, was emplaced on the steepest
slope (4 ), and is also the thickest 1998 ﬂow (supporting information Figure S4b). It was discovered
soon after the 1998 eruption because it is 10 m
thick at its upslope end and 26 m thick at its eastern downslope end (Figure 13b), and consequently
produced a robust depth change in the ship-based
multibeam resurvey [Embley et al., 1999]. It was
mapped by a combination of ship-based multibeam, AUV multibeam, and dive observations
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(Figure 3b). The eruptive ﬁssure that fed Flow K
is 1.4 km long oriented at 015 , parallel to many
surrounding older ﬁssures that are visible in the
AUV bathymetry along the rift zone (Figure 13a).
[34] At the south end of eruptive ﬁssure K, 1998
lava can be seen coming directly out of an open
crack (the top of the dike). Where unburied, the
ﬁssure is 1.5 m wide, which presumably represents
the width of the 1998 dike and the amount of seaﬂoor spreading that occurred during this eruption
(at this location). From south to north, dive observations along the ﬁssure follow a progression from
1998 lava visible inside and ﬁlling the crack several meters below the rim (Figure 14a), further
north the level of 1998 lava gets higher in the
crack (Figure 14b), until it overﬂows the ﬁssure
(Figure 14c), and ﬁnally buries it completely under
pillow lava (Figure 14d). At the northern end of
eruptive ﬁssure K, the 1998 lavas form a low ridge
of pillow and lobate lavas, 100–200 m wide
(northern area labeled ‘‘1’’ on Figure 15). On the
eastern edge of this ridge, 1998 lobate lavas
ﬂowed downslope, partially ﬁlled an older eruptive ﬁssure, and subsequently formed drain-out
structures along its length (Figure 14e). Drain-out
structures were also observed in the walls of collapse pits within the main body of the ﬂow, evidence that it once had a molten core (Figure 14f).
[35] The majority of the lava in Flow K was fed
from the center of the eruptive ﬁssure. From there,
lava extended downslope to the east in a stair-step
morphology of alternating steep ﬂow fronts and
ﬂatter sections (Figure 13a; supporting information Figure S4b). The north-south width of the
ﬂow was 300–400 m, largely constrained by previous topography. Observations during ROPOS dive
R465 showed how the lava morphology changed
along an E-W transect (Figure 13c). The eastern
steep ﬂow front was all pillow lava (supporting information Figure S5a), and above that it transitioned to broad lobate ﬂows (supporting
information Figure S5b), and the pattern repeated
upslope (supporting information Figure S5d) with
steep pillowed ﬂow fronts alternating with ﬂatter
lobate sections, some with collapse areas 5–10 m
deep with lava drain-out bathtub rings on the walls
(supporting information Figure S5c). In the ﬂoor
of the upper collapse were jumbled (supporting information Figure S5e) to ropy lava (supporting information Figure S5f), with lobate lava again on
the edges of the largest collapse area (supporting
information Figure S5g), and ﬁnally pillow lava
once more at the western ﬂow margin (supporting
information Figure S5h). No active hydrothermal
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Figure 12. Map of Southern lava ﬂows G–I and J (black outlines; see Figure 3a). Eruptive ﬁssures G–K
(red lines) and locations of images in Figure 11 are shown.

venting was observed on the Southern 1998 ﬂow,
even though the ﬁrst dive observations were made
in August 1998, probably because most of the ﬂow

is comprised of pillow lavas that are permeable
and were therefore quickly cooled. Being on the
rift zone, it is also south of the caldera and its
3956

CHADWICK ET AL.: THE

1998 ERUPTION OF AXIAL SEAMOUNT

10.1002/ggge.20202

Figure 13. Map of the Southern 1998 lava ﬂow K (see location on Figure 3a). (a) AUV high-resolution bathymetry with 1998 lava ﬂow (black outline) and eruptive ﬁssure K (red line). Dashed line D–D0 is depth proﬁle in supporting information Figure S4b. (b) Ship-based multibeam depth differences between 1981–1991
[from Embley et al. 1999] overlain on bathymetry. (c) Locations of images in Figure 14 and supporting information Figure S5 along ROV dive track R465 (white), and from dives R554 and J2–289 (not shown).

underlying magma reservoir [West et al., 2001;
Kent et al., 2003].
[36] We interpret a sequence of events during the
emplacement of Flow K as follows. Lava initially
erupted along all of eruptive ﬁssure K and formed
the low pillow ridges (labeled ‘‘1’’ in Figure 15a),
which partially dammed a large lobe of more ﬂuid
lava that ponded to the west of the ﬁssure (labeled
‘‘2’’ in Figure 15a) before lava drained through a
narrow outlet and ﬂowed 1.3 km downslope to the
east. To the east, lava lobes were emplaced that

were successively shorter as the eruption rate
waned, forming a shingled arrangement (labeled
‘‘3–6’’ in Figure 15b), as evidenced by the upslope
sides of collapse areas being partly buried from
above (Figures 15c and 15d). Simultaneously, the
lava drained out of the western inﬂated, ponded
lobe and created the large collapse area in its core.
This sequence of events produced a lava ﬂow with
characteristics of an inﬂated lobate ﬂow near the
eruptive vents and an inﬂated pillow ﬂow downslope (Figure 3a).
3957

CHADWICK ET AL.: THE

1998 ERUPTION OF AXIAL SEAMOUNT

10.1002/ggge.20202

Figure 14. Images from the Southern 1998 lava ﬂow K, (a–d) along the eruptive ﬁssure at the south end
(views facing NNE) and (e–f) inside collapses (see Figure 13 for image locations). (a) Dark 1998 pillow lava
ﬁlls the 1.5 m wide eruptive ﬁssure 2 m below ﬁssure rim. Light colored block at center has fallen into ﬁssure from western ﬁssure wall. (b) About 5 m further north, dark 1998 pillow lava rises up to the depth of the
ﬁssure rim (in the distance). (c) Another 5 m further north, dark 1998 pillow lava overﬂows the eruptive ﬁssure. (d) Dark 1998 pillow lava ﬂows out over the seaﬂoor on either side of the eruptive ﬁssure. (e) 1998 lava
coats the wall of a preexisting ﬁssure where it ﬁlled and then drained out. (f) View from inside a collapse pit
showing lava drain-out structures covering the walls, evidence that the ﬂow had a molten core. Figures 14a–
14d from Jason dive J2–289 in 2007, Figures 14e–14f from ROPOS dive R554 in 2000.

4. Discussion
4.1. Relationships Between Map-Scale
Submarine Lava Flow Morphologies
[37] The high-resolution AUV bathymetry of the
1998 lava ﬂows provides one of the ﬁrst comprehensive and detailed views of the map-scale ﬂow
morphology of newly erupted submarine lava
ﬂows. Such a view is difﬁcult to deduce from
photo-scale mapping alone. From this data set, we
interpret that there is a continuum in map-scale
ﬂow morphologies between ‘‘inﬂated lobate
ﬂows’’ and ‘‘inﬂated pillow ﬂows,’’ locally with
channelized sheet ﬂows in between (Figure 3a).
We interpret that ‘‘pillow mounds and ridges’’ are
a separate map-scale ﬂow morphology that are
produced by lower effusion-rate eruptions [Yeo
et al., 2013]. Below, we discuss these terms in the
context of the 1998 lava ﬂows and our interpretation of their emplacement.
[38] ‘‘Inﬂated lobate ﬂows’’ are exempliﬁed by the
middle section of the Northern 1998 lava ﬂow.
They are formed by lava erupted in relatively ﬂat
terrain or within enclosed basins. They have ﬂat
tops with a lobate morphology, and have thin pil-

lowed margins where they form their own ﬂow
fronts, or the lobate lava may extend to the edge of
the ﬂow where it laps up against previous topography (for example, the eastern contact, east of the
VSM2 instrument in Figure 7). They reﬂect a relatively high effusion rate when lava is being supplied faster than it can be carried away, and
consequently inﬂated lobate ﬂows are a near-vent
ﬂow morphology, meaning they form within a few
hundred meters of eruptive vents. A key characteristic of these ﬂows is that they have a molten,
hydraulically connected interior (Figure 2a). They
initially spread out as thin sheets, undergo ﬂow
inﬂation [Gregg and Chadwick, 1996], and then
may drain out, forming collapse areas in the central parts of the ﬂows that expose lava pillars supporting remnants of the upper lobate crust (Figure
2a and supporting information Animation S1).
Other sheet lava morphologies in the 1998 ﬂows,
such as lineated, ropy, and jumbled, formed during
drain-out and are exposed in the ﬂoors of collapse
areas, always channelized within the pillowed or
lobate margins of the ﬂow. At Axial, the inﬂated
lobate ﬂows are typically 5–10 m thick (when
fully inﬂated) and their collapse areas are 2–5 m
deep. On slopes, lobate sheet ﬂows inﬂate quickly
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ing the 1998 eruption at Axial at the distal ends of
‘‘inﬂated lobate ﬂows,’’ where lava ﬂowed downslope at least 0.5–1.0 km from the eruptive vents
(Figure 3a). They are typically 10–30 m thick, are
domed in proﬁle, and are mainly pillows on their
steep margins with lobate lava in their interiors.
These ﬂows also have molten cores that inﬂate and
may drain-out downslope to form ﬁnger-like or
dendritic collapse areas, but the cores are smaller
than in inﬂated lobate ﬂows, and lava pillars are
rare or absent (Figure 2b). The interiors of collapse
areas are coated with drain-out structures (horizontal bathtub-ring-like shelves) and the ﬂoors are
commonly covered with jumbled lava. On the
other hand, where they form at the downslope
ends of ﬂows, they inﬂate without subsequently
collapsing (like the distal ﬂow lobes at the north
and south ends of the Northern 1998 ﬂow, or
many parts of the 2011 lava ﬂows erupted within
Axial caldera [Caress et al., 2012]).

Figure 15. Maps showing interpretive sequence of events
during emplacement of the Southern 1998 lava ﬂow. (a) A
ridge of pillow and lobate lavas was constructed along the
ends of the eruptive ﬁssure (#1), which partially dammed a
lobe of lava that ﬂowed to the west, at the same time that
lavas ﬂowed downhill to the east from the central part of the
ﬁssure (#2). (b) Lobes #2–6 were emplaced in a shingled
sequence (from longest to shortest), as evidenced by the
upslope ﬂow fronts overlapping downslope drain-out features,
such as between lobes #3 and #4 (c and d).

and drain-out downslope just as quickly, leaving
areas of extensive collapse and channelized jumbled lava (like at the north and south ends of the
Northern 1998 ﬂow). Thus, the extent of collapse
depends strongly on the underlying slope and the
amount and rate of lava drain out.
[39] ‘‘Inﬂated pillow ﬂows’’ (Figure 2b) are a distinct map-scale ﬂow morphology that formed dur-

[40] ‘‘Inﬂated pillow ﬂows’’ have not been
described in detail before, probably because they
are best discernable with full-coverage, 1 m resolution bathymetry, and such data are still relatively
rare. Photo-scale observations alone do not provide a large enough ﬁeld of view nor a large
enough spatial context to visualize and understand
the topographic details of features that are hundreds of meters across. Nevertheless, highresolution mapping of the rest of Axial caldera
[Clague et al., 2013] and descriptions from other
recent eruption sites [Soule et al., 2007; Fundis
et al., 2010] suggest that inﬂated pillow ﬂows are
common features produced by high-effusion-rate
eruptions and play an important role in the construction of the ocean crust.
[41] In contrast, we interpret that a third map-scale
ﬂow morphology, ‘‘pillow mounds or ridges’’
(Figure 2c), forms only during low-effusion-rate
eruptions [Gregg and Fink, 1995]. This type is
exempliﬁed by the lavas erupted at 45 410 N on
the south rift zone during the 2011 eruption at
Axial [Caress et al., 2012], the mid-1980s eruption at the northern Cleft segment [Chadwick and
Embley, 1994; Yeo et al., 2013], or at various locations on the East Paciﬁc Rise [Perﬁt et al., 1994;
White et al., 2000; Sinton et al., 2002; Escartin
et al., 2007; White et al., 2009]. Such ﬂows are
composed almost exclusively of pillows that pile
up over the eruptive ﬁssure. They form thick and
steep-sided mounds and ridges, 20–200 m high,
because the lava is not able to ﬂow far from the
eruptive vent. Key characteristics are that these
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ﬂows do not have a large molten hydraulic core,
they do not inﬂate and drain-out, and they do not
have collapse areas. Pillow mounds and ridges can
be hummocky along their length if the eruption
became localized along the eruptive ﬁssure.

4.2. Estimates of Eruption Rate for the
1998 Lava Flows
[42] We can only place crude constraints on the
eruption rate that fed the 1998 lava ﬂows at Axial.
The Northern 1998 lava ﬂow had a volume of 22 
106 m3 (Table 1). We also know from the VSM2
instrument that was stuck in lava that the ﬂow
inﬂated and drained out in 2.5 h at its location. This
provides a minimum eruption duration, but lava
effusion could have lasted longer from other parts
of eruptive ﬁssures A–F, yet probably not more
than 12 h, because no indications of ventlocalization are observed [Bruce and Huppert,
1989; Wylie et al., 1999]. The volume of the Northern 1998 ﬂow divided by these estimated minimum
and maximum eruption durations yield an average
lava discharge rate of 1.8–8.8  106 m3/h (0.5–2.4
 103 m3/s). We think the lower end of this range
is probably more realistic. For comparison, this is
the same order of magnitude as rates of 1–2  106
m3/h observed during the ﬁrst days of the 1975 and
1984 eruptions of Mauna Loa volcano, Hawaii
[Lockwood et al., 1987] or during the highfountaining episodes of the Pu’u O’o eruption at
Kilauea volcano, Hawaii [Heliker and Mattox,
2003], and is typical of other short-lived Hawaiian
eruptions [Wadge, 1981]. It is also similar to the
eruption rates calculated by Soule et al. [2005] for
the ﬂows that formed channel systems on the ﬂanks
of the East Paciﬁc Rise at 9–10 N. This qualitatively conﬁrms the impression from the lava ﬂow
morphology that this part of the 1998 Axial eruption was brief and intense. If we assume the same
range of possible eruption durations for the
southern-most 1998 lava ﬂow (Flow K) and the
lava volume in Table 1, the lava discharge rate
would be 0.6–2.8  106 m3/h, only a third of the
estimate for the Northern 1998 lava ﬂow. This is
consistent with Flow K having a higher proportion
of ‘‘inﬂated pillow ﬂow’’ morphology.

4.3. Relation Between Eruption Rate and
Lava Morphology
[43] Previous work has proposed a link between
lava effusion rate and submarine lava morphology
(generally referring to the photo-scale). Laboratory analog experiments have suggested that effu-
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sion rate is the most important control on
submarine lava morphology, with pillows produced by slow extrusion and sheets produced by
rapid effusion [Grifﬁths and Fink, 1992; Gregg
and Fink, 1995; Gregg et al., 1996; Gregg and
Fink, 2000]. Real-world conﬁrmation of these
results has been mixed. For example, Fundis et al.
[2010] interpreted that effusion rate was indeed
the dominant control on the morphology of lavas
produced by the 2005–2006 eruption on the East
Paciﬁc Rise at 9–10 N, whereas Gregg and Smith
[2003] showed that slope had a stronger inﬂuence
on lava morphology than predicted in the lab. Our
mapping results show that the sequence of events
during lava ﬂow emplacement is equally as important for understanding the initial formation and
ﬁnal distribution of lava morphologies on submarine lava ﬂows. For example, the full range of
photo-scale lava morphologies is present in the
1998 lava ﬂows, but their proportions vary spatially and with distance from the eruptive vents.
This study shows that map-scale ﬂow morphology
is critically important for interpreting submarine
lava ﬂow emplacement processes and estimating
eruption rate, because it provides a meaningful
context for observations of photo-scale lava
morphology.

4.4. Comparison With the East Pacific
Rise at 9–10 N
[44] The East Paciﬁc Rise (EPR) at 9–10 N is
another mid-ocean ridge study site that has been
the target of interdisciplinary research for more
than a decade [Fornari et al., 2012], has experienced recent eruptions [Haymon et al., 1993;
Soule et al., 2007], and has been mapped at highresolution [Fornari et al., 2004; Ferrini et al.,
2007]. The crest of the EPR has been surveyed
with Imagenex scanning-sonar on Alvin and the
ABE AUV, with the DSL-120 sidescan sonar, and
by visual observations from submersible dives and
camera tows [Kurras et al., 2000; Fornari et al.,
2004; Escartin et al., 2007; Fundis et al., 2010].
Both the EPR 9–10 N and Axial Seamount are in
a seaﬂoor spreading environment, but the physiographic settings are different. The EPR ridge crest
at 9–10 N has a relatively uniform depth along its
length (2520–2580 m) with slopes of 1–3 on the
ridge ﬂanks, whereas the setting at Axial includes
a relatively ﬂat-ﬂoored caldera and a rift zone with
a steeper depth gradient along its length (1520–
2300 m), reﬂecting that magma is centrally stored
beneath the caldera and intruded into the rift zone
by lateral dike injections [Dziak and Fox, 1999;
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West et al., 2001; Chadwick et al., 2012]. Most
lava ﬂows on the EPR at 9–10 N are erupted from
the axial summit trough at the ridge crest [Fornari
et al., 1998; Soule et al., 2007]. Smaller eruptions
ﬂood and overﬂow the axial trough with lobate
ﬂows that inﬂate and drain out [Gregg et al.,
1996]. Larger eruptions distribute lava 1–2 km
off-axis in well-developed channels [Soule et al.,
2005; Soule et al., 2007]. The larger ﬂows form
broad lobes with lobate morphology in their interiors and scalloped ﬂow fronts of pillow lava at their
terminal ends that are distinctive in sidescan imagery [Fornari et al., 2004; Soule et al., 2007;
Fundis et al., 2010].
[45] These downslope ﬂow fronts at the EPR at
9–10 N appear to be the equivalent of the distal
inﬂated pillow ﬂows that we have described at
Axial. They may be more recognizable as a distinctive map-scale ﬂow morphology at Axial because
we have before-and-after-eruption multibeam bathymetry (ship-based for the 1998 eruption and
AUV-based for the 2011 eruption [Caress et al.,
2012]). The high-resolution AUV bathymetry
reveals the morphology and thickness of the
inﬂated pillow ﬂows and makes it clear that they
have ﬂuid cores that thicken with lava from
upslope, and thus that they form in a different way
than other parts of the ﬂows. In addition, inﬂated
pillow ﬂows may be more prominent in the 1998
and 2011 eruptions at Axial because they are larger
in volume (>31  106 m3), compared to the
smaller historical eruptions at the EPR at 9–10 N
(4–22  106 m3) [Gregg et al., 1996; Soule et al.,
2007].

4.5. Comparison Between the 1998 and
2011 Eruptions at Axial
[46] The April 2011 eruption at Axial Seamount
reoccupied most of the same eruptive ﬁssures that
were active in 1998 [Caress et al., 2012], as well
as older ﬁssures between the Northern and Southern 1998 lava ﬂows (Figure 16), including the one
that fed the ‘‘pre-1982’’ ﬂow in the Bag City vent
area [Clague et al., 2013]. The northern limit of
the eruptive ﬁssures was about the same in 1998
and 2011, but the 2011 ﬁssures are slightly offset
to the east at their northern end so they extend up
onto the caldera rim whereas the 1998 ﬁssures
were conﬁned to the caldera ﬂoor. Between 45
53.80 N and 54.80 N, the 2011 eruptive ﬁssures
bridge the gap between the Northern and Southern
1998 lava ﬂows (Figures 16a and 16b). Because
their eruptive ﬁssures were so similar, the 2011
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lavas now cover 58% of the 1998 lava ﬂows, by
area (Figure 16c). The 2011 lava ﬂows erupted in
and near the caldera are similar in morphology to
the 1998 lavas, in that they are primarily inﬂated
lobate ﬂows, 3–5 m thick, near the eruptive vents
and inﬂated pillow ﬂows up to 15 m thick at their
distal ends [Caress et al., 2012]. Where 2011 lava
covers 1998 ﬂows on a slope (for example at the
north end of the Northern 1998 ﬂow) the 2011
lava mimics the ﬁne-scale bathymetry of the
underlying 1998 ﬂows to a remarkable degree
[Caress et al., 2012], suggesting that the 2011
lavas ﬂooded the entire area and drained out so
rapidly that they did not signiﬁcantly alter the terrain. The 2011 lava added an increment of lava
thickness everywhere, regardless of whether on
uncollapsed ﬂow tops or in the ﬂoors of collapse
areas and channels. In contrast, on ﬂat terrain, the
2011 lava ﬁlled in pre-existing collapses with lobate lava, such as north of the constriction in the
middle section of the 1998 ﬂow, in the Marker 33
vent area.
[47] The volume of lava erupted in and near the
caldera was similar in 1998 and 2011 (31  106
m3 in 1998 versus 33  106 m3 in 2011), but the
2011 eruption is interpreted to have also included
an eruption site located 30 km south of the caldera on the south rift zone where another 66 
106 m3 was erupted [Caress et al., 2012]. Depth
changes there between ship-based multibeam surveys collected in May 1998 and August 2011
were up to 138 m (with an average depth change
of 30 m), which we interpret to be a ‘‘pillow
ridge’’ with a length of 5 km and a width of 500
m. This pillow ridge is interpreted to be a product of the 2011 eruption because continuous
seismo-acoustic and deformation monitoring
between January 1998 and April 2011 detected
no other signals indicative of an eruption [Dziak
et al., 2011; Caress et al., 2012; Chadwick
et al., 2012; Dziak et al., 2012]. Again, we
acknowledge there is some ambiguity about
whether there could have been an undetected
eruption far down the south rift in 1998. If we
assume that there was not, then the volume of
lava erupted in 1998 was only 31% of the total
volume erupted in 2011, even though the volume
of magma removed from the summit reservoir in
1998 was more, based on deformation measurements [Chadwick et al., 2012]. This discrepancy
could be because the 1998 eruption had a signiﬁcantly higher ratio of dike-volume to eruptedvolume than was the case in 2011.
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Figure 16. Comparison between 1998 and 2011 lava ﬂow outlines along the upper south rift zone. (a) 1998
lava ﬂows shown in white, (b) 2011 lava ﬂows shown in black, (c) areas where 2011 lava buried 1998 lava
shown with diagonal stripes. Note 2011 lava was also erupted 30 km further south on the south rift [Caress
et al., 2012].

[48] Another comparison that can be made
between the 1998 and 2011 events is the timing of
eruption related thermal and geophysical signals
recorded by in situ and remote monitoring instruments (Table 2). Two bottom pressure recorders
(BPRs) were in place in the caldera during both
events [Fox, 1999; Fox et al., 2001; Chadwick
et al., 2012]. Seismicity was monitored remotely
by SOSUS hydrophone arrays in 1998 [Dziak and
Fox, 1999] and by two in situ ocean-bottom hydrophones (OBHs) in 2011 [Dziak et al., 2012]. Additionally, miniature temperature recorders (MTRs)
moored 15–115 m above the seaﬂoor were in place
near the eruption zone in 1998 [Baker et al.,
1999]. The BPRs measured vertical movements of
the seaﬂoor related to magmatic inﬂation and deﬂation, and in both events we interpret that the
eruption onset coincides with the start of deﬂation
in the BPR records, based on abrupt temperature
increases recorded by the BPRs and MTR arrays
(Table 2), presumably due to molten lava on the
seaﬂoor nearby [Baker et al., 1999; Fox et al.,
2001; Chadwick et al., 2012]. In both cases, an

intense seismic swarm began 2–3 h before the
eruption onset (3.3 h in 1998, and 2.6 h in 2011;
Table 2), which Dziak et al. [2012] interpreted as
caused by the vertical intrusion of a dike from the
subcaldera magma reservoir to the surface. As the
dike neared the seaﬂoor, 7–34 cm of vertical uplift
was recorded by the BPRs <1 h before the eruption onset (6–66 min in 1998, and 40 min in 2011;
Table 2). The amount of dike-induced uplift was
greatest and the duration of the uplift was shortest
for BPRs closest to the eruptive ﬁssures, consistent
with models of surface deformation during dike
intrusion [Pollard et al., 1983]. During both
events, one BPR was located near the center of the
caldera, 750–1750 m west of the northern-most
eruptive ﬁssures, and a second BPR was located in
the SE caldera, 155–1100 m west of the eruptive
ﬁssures. In both eruptions, the onset of lava effusion (deﬂation) began 15–19 min earlier at the
northern BPR than the southern BPR, consistent
with the dike reaching the surface and opening
ﬁrst at the northern end of the eruptive ﬁssures and
then propagating southward. Thus, the eruption
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Table 2. Comparison of the Timing of Instrumentally Recorded Events During the 1998 and 2011 Eruptions at Axial
Event
Start of seismicity
Start of dike-induced uplift at caldera center

b

Start of dike-induced uplift in SE calderab
Start of deﬂation at caldera centerb
Start of deﬂation in SE calderab
Start of temperature increase on MTR mooring T41d

Year

Date/Time, GMT

Time Relative to
Eruption Onset (hh:mm)a

Reference

1998
2011
1998
2011
1998
2011
1998
2011
1998
2011
1998

25 Jan, 11:33
6 Apr, 00:35
25 Jan, 13:45
6 Apr, 02:30
25 Jan, 14:45c
6 Apr, 02:30
25 Jan, 14:51
6 Apr, 03:10
25 Jan, 15:10c
6 Apr, 03:25
25 Jan, 15:00–15:30c

03:18
02:35
01:06
00:40
00:06
00:40
00:00
00:00
þ 00:19
þ 00:15
þ 00:09–00:39

Dziak and Fox [1999]
Dziak et al. [2012]
Fox [1999]; this study
Chadwick et al. [2012]
Fox et al. [2001]; this study
Chadwick et al. [2012]
Fox [1999]; this study
Chadwick et al. [2012]
Fox et al. [2001]; this study
Chadwick et al. [2012]
Baker et al. [1999]; this study

a

Eruption onset is assumed to coincide with the start of deﬂation recorded at the center of the caldera.
Start of dike-induced uplift and start of deﬂation are from bottom pressure recorder (BPR) data.
c
Dike-induced deformation in the SE caldera in 1998 is interpreted to start with subsidence of 10 cm from 14:45–14:55, followed by uplift of
34 cm from 14:55–15:10, as measured by the VSM2 instrument. We assume that the end of dike-induced deformation at 15:10 marks the opening
of the eruptive ﬁssures. The VSM2 instrument then recorded rapid uplift at 15:16 and a temperature increase at 15:17 due to lava reaching the
instrument.
d
The ﬁrst large and unmistakable temperature increase (1.1 C) on the T41 MTR mooring was at 15:30 (or between 15:00 and 15:30, since the
sensors record every 30 min) and was measured on the lowest MTR (at 1505 m, only 15 m above the bottom). This timing is consistent with the
VSM2 data showing an apparent eruption start at 15:10 and lava reaching the instrument at 15:16.
b

onsets were remarkably similar in 1998 and 2011.
Also, the behavior of Axial Seamount appears to
be analogous to other basaltic volcanoes with centralized magma reservoirs and radiating rift zones
in that its eruptions are sourced beneath the summit caldera and are fed by blade-like dikes that
propagate laterally down the rift zones [Wright
et al., 2012]. The duration of the deﬂation
recorded by the BPRs was 6 days in both 1998 and
2011 [Fox, 1999; Chadwick et al., 2012], placing
an upper limit on the duration of any possible surface eruption, because it reﬂects the time during
which magma was leaving the summit reservoir
and entering the rift zone.

5. Conclusions
[49] 1. The 1998 eruption at Axial Seamount produced four lava ﬂows that we mapped using shipbased multibeam sonar, 1 m resolution AUV bathymetry, sidescan imagery, and dive observations. We estimate the total erupted volume to be
31  106 m3, and of that volume 70% was in the
northern-most ﬂow, 23% was in the southern-most
ﬂow, and 7% was in the two smaller ﬂows in
between.
[50] 2. The 1998 eruption was fed from 11 en echelon eruptive ﬁssures, spanning a distance of 11
km in the SE caldera and the upper south rift zone.
Snowblower vents were observed with 50 m of
the eruptive ﬁssures on the Northern 1998 lava
ﬂow. Despite hydroacoustic evidence that a dike
intruded 50 km down the south rift zone, there is

no evidence that 1998 lava erupted south of the
extent we have mapped.
[51] 3. Based on the nearly complete coverage of
the 1998 ﬂows with high-resolution bathymetry
we distinguish two map-scale ﬂow morphologies
and propose a conceptual model for their formation. On the 1998 lavas, ‘‘inﬂated lobate ﬂow’’
morphology with intricate drained channels generally formed near the eruptive vents. Where those
ﬂows subsequently drained more than 0.5–1 km
downslope, the ﬂow morphology transitioned to
‘‘inﬂated pillow ﬂows.’’ Inﬂated pillow ﬂows
locally display collapses in their cores from drainout that reveal their internal lava distribution system, but at the downslope ends of ﬂows they generally do not drain and so remain intact. ‘‘Pillow
mounds or ridges’’ are a third distinct map-scale
ﬂow morphology that is characteristic of some
other historical eruptions (including parts of the
2011 Axial ﬂows), but did not form in the 1998
Axial ﬂows. The main differences between these
three morphologies are ﬂow thickness, the relative
size of molten lava cores during ﬂow emplacement, the pattern and extent of collapse features,
and distribution of photo-scale lava morphologies.
We interpret that ‘‘pillow mounds’’ are produced
by a low effusion rate, whereas ‘‘inﬂated lobate
ﬂows’’ and ‘‘inﬂated pillow ﬂows’’ form during
high effusion-rate eruptions.
[52] 4. The 1998 lava ﬂows were probably
emplaced rapidly (<12 h). The degree of drain-out
and transformations in ﬂow morphologies was a
function of the underlying slope, the existence or
absence of ﬂow constrictions, and the distance
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from the eruptive vents. On nearly ﬂat seaﬂoor,
the amount of collapse was low (19%), whereas on
slopes up to a few degrees the area of collapse
increased to >50% as the ﬂow transformed from
inﬂated lobate ﬂows to channelized sheet ﬂows,
and eventually to thick inﬂated pillow ﬂows at the
distal ends.
[53] 5. This eruption shows that the notion that
photo-scale lava ﬂow morphology is controlled
primarily by eruption rate is oversimpliﬁed,
because the 1998 lava ﬂows contain the full range
of photo-scale lava morphologies. In addition, the
eruption rate at a vent almost certainly varies with
time, and the local lava supply rate at an active
ﬂow front probably also varies with distance from
the vent. Nevertheless, it is likely true that eruption rate controls at least the initial morphology of
submarine lava ﬂows as they ﬁrst spread out from
eruptive vents, such that slow extrusion forms pillows and rapid effusion forms lobate lava or
sheets. However, the ﬁnal morphology of a lava
ﬂow is also strongly inﬂuenced by local slope,
eruption duration, and the sequence of events during emplacement, including inﬂation, drain-out,
and collapse. The concept of map-scale morphology may be more meaningful for interpreting submarine lava ﬂow emplacement and constraining
eruption rate.
[54] 6. There are remarkable similarities between
the 1998 and 2011 eruptions at Axial. These similarities include the timing of precursory geophysical signals during intrusion of magma to the
surface, the location and extent of eruptive ﬁssures
in and near the caldera, the volume of lava erupted
in the caldera and on the upper south rift, the
inferred short duration of eruption, the map-scale
morphology of the lava ﬂows, the creation of
snowblower vents within 50 m of eruptive ﬁssures, and the formation of a microbial-produced
‘‘eruption mat’’ on the surface of the new lava
where it was thick (>2 m) and cooled slowly. Despite all these similarities, the 2011 eruption produced a pillow ridge 30 km down the south rift
with twice the volume erupted in and near the caldera that the 1998 eruption did not.
[55] 7. This study shows the value of archival seaﬂoor mapping data sets for documenting subsequent changes due to historical eruptions; in our
case, the mid-1980s sidescan imagery at Axial
were critical to deﬁning the full extent of the 1998
lava ﬂows, even though the data’s resolution and
navigational accuracy are lower than modern systems. Finally, this study demonstrates that visual

10.1002/ggge.20202

observations and high-resolution bathymetry are a
powerful combination for geologic mapping on
the seaﬂoor and the interpretation of submarine
eruptive processes during lava ﬂow emplacement.
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