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[1] Multibeam (1 m resolution) and side scan data collected from an autonomous underwater vehicle, and
lava samples, radiocarbon-dated sediment cores, and observations of flow contacts collected by remotely
operated vehicle were combined to reconstruct the geologic history and flow emplacement processes on
Axial Seamount’s summit and upper rift zones. The maps show 52 post-410 CE lava flows and 20
precaldera lava flows as old as 31.2 kyr, the inferred age of the caldera. Clastic deposits 1–2 m thick
accumulated on the rims postcaldera. Between 31 ka and 410 CE, there are no known lava flows near the
summit. The oldest postcaldera lava (410 CE) is a pillow cone SE of the caldera. Two flows erupted on
the W rim between �800 and 1000 CE. From 1220 to 1300 CE, generally small eruptions of plagioclase
phyric, depleted, mafic lava occurred in the central caldera and on the east rim. Larger post-1400 CE
eruptions produced inflated lobate flows of aphyric, less-depleted, and less mafic lava on the upper rift
zones and in the N and S caldera. All caldera floor lava flows, and most uppermost rift zone flows,
postdate 1220 CE. Activity shifted from the central caldera to the upper S rift outside the caldera, to the
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N rift and caldera floor, and then to the S caldera and uppermost S rift, where two historical eruptions
occurred in 1998 and 2011. The average recurrence interval deduced from the flows erupted over the last
800 years is statistically identical to the 13 year interval between historical eruptions.
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1. Introduction

[2] Submarine volcanoes are difficult to study
compared to more accessible subaerial volcanoes,
which has resulted in poor understanding of their
geologic histories. Two impediments to progress
have been technological limitations in obtaining
synoptic high-resolution mapping of volcanic
areas and the nearly complete lack of absolute
ages to constrain the timing of events. Studies to
conduct geologic mapping along young spreading
ridges using ship-based sonars, towed side scan
and cameras, and bottom observations from sub-
mersibles have been carried out since the late
1970s [e.g., Ballard and van Andel, 1977; Ballard
et al., 1979; Crane and Ballard, 1981]. Techni-
ques were applied for several decades, largely to
define flow boundaries of historical flows along
the spreading ridges [e.g., Embley et al., 1991,
1995, 1999, 2000; Fox et al., 1992; Haymon et
al., 1993; Chadwick et al., 1995, 1998, 2001,
2002; Chadwick and Embley, 1994; Embley and
Chadwick, 1994; Sinton et al., 2002; Soule et al.,
2005, 2007, 2009; Fundis et al., 2010; Goss et al.,
2010; Fornari et al., 2004, 2012; White et al.,
2000]. High-resolution bathymetric mapping tech-
niques, similar to those utilized in this study, com-
bined with submersible observations have recently
been done on small parts of the East Pacific Rise
[Cormier et al., 2003; Ferrini et al., 2007;
Yeorger et al., 2007] and along two portions of the
Galapagos Spreading Center [Colman et al., 2012;
White et al., 2008]. Such detailed mapping is
needed to determine fundamental characteristics

of lava flows, such as area, length, flow morpholo-
gies, structure, spatial distribution of the flow mor-
phologies, and location of eruptive fissures. These
basic observations [Perfit and Chadwick, 1998]
provide the framework to understand, for example,
eruption frequencies and dynamics, spatial and
temporal changes in magmatic processes and ac-
tivity, changes in magmatic plumbing systems and
magma sources, and the interplay of tectonism and
magmatism along ridges.

[3] The flows from the 2011 eruption at Axial Sea-
mount are the only ones mapped with both pre-
eruption and posteruption 1 m resolution bathy-
metric data. These data were used to map the
extent and thicknesses, and hence estimate the vol-
ume erupted for the flows nearest the summit
[Caress et al., 2011, 2012a]. Even our knowledge
of the 2011 eruption is limited by a lack of pre-
eruption high-resolution mapping where pillow
flows are inferred to have constructed a tall ridge
deep on the S rift zone. Prior efforts at determining
flow extents and volumes have been limited by the
low resolution of shipboard surveys used in the
comparisons, as well as poor, pre-Global-position-
ing system navigational control for most of the
pre-eruptive maps.

[4] Even with high-resolution mapping data, the
frequency of eruptions, the timing of major events
such as caldera formation, and rates of change in
lava chemistry remain speculative without abso-
lute time constraints. Previous studies have
focused on Ar-Ar analyses [e.g., Clague et al.,
2009b], U-Th systematics [e.g., Rubin and
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Figure 1. (a) Summit of Axial Seamount showing area mapped at 1 m resolution using the MBARI autono-
mous underwater vehicle (AUV) D. Allan B. in 2006–2011. Background 20 m resolution shipboard bathyme-
try is shown using the same histogram-equalized �1825 m (blue) to �1367 m (orange) color ramp, but faded.
In all subsequent figures, depths shallower and deeper than the color ramp depth range are white and black,
respectively. Red dot in inset shows the location of Axial Seamount 460 km offshore the NW United States.
(b) Same map with contacts between flow units shown in black, except the 2011 flow [Caress et al., 2012a]
shown in blue (also used in subsequent figures to show areas that were covered by the 2011 flows), and the
1998 flows [Chadwick et al., 2013] shown in red. (c) Same map showing lava sample locations, symbolized
for glass MgO contents on a normalized volatile-free basis. New samples from this study are shown as trian-
gles and published analyses of samples from Chadwick et al. [2005] are shown as filled circles. (d) Same map
showing (1) the locations of cores that have been dated using accelerator mass spectrometry (AMS) radiocar-
bon dating of foraminifera and (2) the locations and extents of subsequent figures as labeled boxes. Ages are
color coded into five ranges as indicated in the key. The same symbols are used throughout the paper.
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Macdougall, 1990, 2012; Goldstein et al., 1992;
Volpe and Goldstein, 1993] that give 10–200 kyr
time constraints, or 226Ra, 210Pb or 210Po analyses
that provide detailed insight into eruptions in the
years to centuries timeframe [e.g., Rubin et al.,
2005; Bergmanis et al., 2007].

[5] On land, radiocarbon dating of charcoal col-
lected from beneath lava flows is a routine method
to determine the ages of lava flows [e.g., Rubin et
al., 1987]. On the seafloor, unfortunately, carbona-
ceous material from beneath the edges of lava
flows is nearly impossible to access. Sediment
containing foraminifera composed of calcite, how-
ever, accumulates on top of the flows if the site is
located shallower than the calcium carbonate com-
pensation depth [Broecker et al., 1990; Stuiver
and Braziunas, 1993; Clague et al., 2011b]. We
have collected this accumulated sediment in short
cores using ROVs.

[6] In this study, we have combined 1 m resolution
multibeam bathymetric data collected by an autono-
mous underwater vehicle (AUV) with radiocarbon
ages [e.g., Broecker et al., 1990] of foraminifera on
top of lava flows, chemistry of lava samples, and
visual observations collected by remotely operated
vehicles (ROV) to map the summit of Axial Sea-
mount on the Juan de Fuca Ridge. Lava flow boun-
daries were defined using the high-resolution
bathymetry, visual observations of flow contacts,
the mineralogy and major element compositions of
glasses from lava flows within the mapped area,
and to a lesser degree, side scan and backscatter
data. We utilize published glass compositions of
172 lava samples located within the mapped region
[Chadwick et al., 2005] and glass from 236 new
lava samples collected by ROVs using the high-
resolution maps to guide the sampling. A compan-
ion paper examines the 1998 eruption and flows in
detail [Chadwick et al., 2013]. Another companion
paper examines the petrologic evolution of
Axial summit lavas using isotopic and trace ele-
ment data of a subset of the samples from this study
(Dreyer, 2013) and places the lava compositions
into a time framework based on the age data pre-
sented here.

[7] The combination of high-resolution AUV
mapping data and observations from ROVs, rela-
tive and absolute age control, and flow composi-
tions enables us to reconstruct the geologic history
of the summit of Axial Seamount on the Juan de

Fuca Ridge, much like geologists routinely do on
subaerial volcanoes.

2. Geologic Setting

[8] The tectonic setting of Axial Seamount on the
Juan de Fuca mid-ocean ridge has been described in
detail by Karsten and Delaney [1989] and Desonie
and Duncan [1990], and reviewed more recently by
Chadwick et al. [2005, 2010]. Likewise, the morphol-
ogy of the seamount has been described in detail in
Zonenshain et al. [1989] and Embley et al. [1990]
based on shipboard bathymetry, side scan data, and
observations from numerous submersible and
remotely operated vehicles (ROV) dives. Recent
work at Axial Seamount has focused on the eruptions
in 1998 [Chadwick et al., 2009b, 2013] and 2011
[Chadwick et al., 2012; Dziak et al., 2012; Caress et
al., 2012b] and on the fluids and biology of hydrother-
mal vents [summarized in Butterfield et al., 2004].

[9] The summit of Axial Seamount is located at
45�570N, 130�010W near the center of the Axial
segment of the Juan de Fuca Ridge. The summit
has an oval horseshoe-shaped �3 km � 8 km cal-
dera trending 170� that is deepest to the NW and
whose SE rim is buried by lava flows (Figure 1a).
Embley et al. [1990] compared it to other calderas
on basaltic volcanoes. The caldera floor gradually
shoals to the SSE. The spatial configuration of the
two rift zones and the caldera, including the rifts
curving toward each other in their overlap zone,
are similar to overlapping spreading ridges with
the caldera between the overlapping ridges, as dis-
cussed by Embley et al. [1990].

[10] The S rift zone plunges from about 1530 m
depth at the inferred (buried) location of the S rim
of the caldera (Figure 2) to a depth of about 2400 m
over a distance of �50 km, where it overlaps with
the Vance segment of the Juan de Fuca Ridge to the
E. Likewise, the N rift plunges from about 1505 m
near the N caldera rim to a depth of about 2200 m
over �50 km where it overlaps with the CoAxial
segment of the Juan de Fuca Ridge to the east (see
depth profile along entire Juan de Fuca Ridge in
Chadwick et al. [2005, Figure 1]).

3. Methods

3.1. Autonomous Underwater Vehicle
Mapping

[11] The MBARI AUV D. Allan B. mapped the
summit and upper S rift of Axial Seamount during
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five cruises between 2006 and 2011. The high-
resolution mapping was largely confined to the
summit, extending only 2.8 km down the N rift
and 6.7 km down the S rift. The final navigation is
accurate in a relative sense to 1 m, in an absolute

sense to 35 m (the lateral resolution of the EM302
bathymetry), and has a vertical precision of 0.1 m.
Early results of this mapping program were pre-
sented by Clague et al. [2007, 2011b] and Caress
et al. [2007].

[12] The AUV D. Allan B. is described in Caress
et al. [2008, 2012a] and Clague et al. [2011a] and
additional details about the vehicle and the post-
collection processing of the data are included in
supporting information11. The extent of the pre-
2011 AUV mapping coverage is shown in Figure
1, with outlines showing where subsequent map
figures are located. Legends for symbology used
in subsequent figures are also shown in Figure 1.

[13] The AUV bathymetry is the primary data
used to draw flow boundaries, as shown in Figure
1b. The side scan data collected during the map-
ping missions were also used to identify young
lava flows with minimal sediment on the caldera
rims by their brightness in the side scan imagery.
Young lava flows with thin sediment cover can
also be identified, at much lower resolution, using
backscatter derived from amplitude of shipboard
multibeam sonar data, as utilized beyond our AUV
coverage.

3.2. Sampling and Lava Analyses

[14] Bottom observations and sample collection
used four different ROVs during 2005–2007,
2009, and 2011, as explained in detail in support-
ing information 2.1 and shown on supporting in-
formation Figure S1. The samples include those
collected by ROV plus 19 wax-tip rock-corer sam-
ples and a sample recovered in the nosecone of the
mapping AUV when it accidentally impacted the
bottom during a survey in 2007. In total, 236 new
lava samples, first presented here, were recovered
and analyzed, and are well located on the underly-
ing 1 m bathymetry. These samples add to the al-
ready large collection of samples recovered with
the ROV ROPOS during NeMO cruises between
1998 and 2001, of samples collected by Pisces IV
and Alvin submersibles in 1987 and 1988, and
recovered using the German GTVG grab sampler
from the R/V Sonne in 1996 [Chadwick et al.,
2005]. Of those previously collected 309 samples,
172 are from within the AUV mapped region;
those outside will not be discussed further. The
previous sample collections were mainly from
flows near the hydrothermal vent fields, and thus
four lava flows are represented by 127 analyzed
samples [Chadwick et al., 2005], whereas our new
samples are more widely distributed over the

Figure 2. The AUV bathymetry is shown in grayscale with
identified fissures indicated in black, 1998 fissures in red
[Chadwick et al., 2013], and 2011 fissures in blue [Caress et
al., 2012a]. The cluster of fissures north of the caldera at
about 130�1.60W marks the North Rift Zone with an orienta-
tion of about 005�. Fissures of similar orientation occur on the
NW caldera floor and cut the west rim. Fissures at the south
end of the caldera occupy a much wider zone and have an ori-
entation of about 020�. These fissures wrap around the SE cal-
dera, where not buried by young flows, to become nearly N-S
on the E rim and splay to similar NE-SW trends of the south
rift on the lower E flank. Fault A is discussed in the text. Gray
and white dashed line indicates the inferred location of the
buried south caldera wall [Chadwick et al., 2013]. Fissures in
all subsequent figures are shown in red.
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caldera floor and caldera rims (Figure 1c), with
some samples from the near-vertical caldera walls.

[15] Lava samples were collected using the manip-
ulators on the ROVs and stowed in partitions on
each vehicle. For Tiburon and Doc Ricketts dives,
up to 31 rock samples were collected per dive.
Care was taken to photo-document each sample
before stowing it and these photographs were then
used as samples were removed from the vehicles
to minimize sample misidentification.

[16] Glass rinds on all lava samples were analyzed
by electron microprobe as outlined in supporting in-
formation 2.2 and the results are presented in sup-
porting information Table S1 for new samples and
for four glass standards. The International Geologic
Sample Numbers (IGSN) are listed in supporting
information Table S1 and the data have been sub-
mitted to the Earthchem.org Petrological Database
(PetDB). Supporting information Table S2 lists
sample numbers and their locations for published
glass analyses of samples that are within our AUV
mapped region [Chadwick et al., 1995]. In both
these tables, each sample is assigned to a flow unit,
based on its location on the high-resolution map as
described in the results section below.

[17] Critical dive observations consist of identify-
ing flow morphology, locations of flow contacts,
sediment cover, and relative flow ages at contacts.
Dive tracks for submersible and ROV dives that
collected samples and observations used in this
study are shown on supporting information Figure
S1, which excludes dives exclusively at the hydro-
thermal vent fields.

3.3. Sediment Coring and Radiocarbon
Dating

[18] Most flows on the rim of the caldera and
some flows on the caldera floor underlie sediment
deposits thick enough to collect in cores (<1 m
long) from ROVs. These clastic sediments are pre-
dominantly composed of glass shards produced
during pyroclastic eruptions [Clague et al., 2003,
2009; Sohn et al., 2008], but include planktic
(e.g., radiolaria, diatoms, and foraminifera tests),
benthic (e.g., foraminifera tests and sponge spi-
cules), and hydrothermal components; they are
referred to here as clastic deposits. The clastic
deposits on the rim, first recognized and sampled
by Zonenshain et al. [1989], are thicker and com-
monly contain more hydrothermal material than
the deposits on the caldera floor. Flow ages were
determined from foraminifera hand picked from

the basal cm of 30 cm or 1 m cores collected by
the ROVs Tiburon and Doc Ricketts, as explained
in supporting information 2.3. Chronological con-
trol was based on radiocarbon analysis via acceler-
ator mass spectrometry. Conventional radiocarbon
ages were calibrated in calendar years for samples
more recent than 400 CE or, for older samples, to
calibrated (cal) years (yr) before present (BP),
where present is 1950. The radiocarbon data and
marine calibrations made using Calib 6.1.0
[Stuiver and Reimer, 1993] are presented in Table
1. Applied DR-factors used in the calibrations are
listed in the table and explained in supporting in-
formation 2.4. Radiocarbon analyses of the car-
bonate skeletons or shells of a dozen living
benthic animals were analyzed to confirm the age
of the bottom water in which benthic foraminifera
lived (supporting information Table S3). These
results are plotted with hydrocast data as a func-
tion of depth (supporting information Figure S2).
Comparison of calibrated ages determined from
planktic/benthic foraminifera pairs from Juan de
Fuca Ridge were compared (supporting informa-
tion Figure S3) to verify that reservoir DR-factors
utilized in the radiocarbon calibrations are consist-
ent. Radiocarbon analyses from 32 cores provide
minimum ages of eight flows on the caldera floor
and 10 on the rim (Table 1, Figure 1d). The 6 -
cited are 2� errors determined from the median
probability age of the 14C analysis and do not
include any estimate of geologic uncertainty.

[19] The calibrated ages in Table 1 are minimum
ages for the underlying lava flows for a number of
reasons. The primary one is that the oldest sedi-
ment on top of the flow may not have been
sampled depending on whether the deepest pocket
of sediment was cored and recovered. The forami-
nifera were also extracted from a 1 to 2 cm portion
of the core, and so their age must be younger than
the age at the basalt/clastic deposit interface. In
addition, bioturbation or other physical mixing of
the clastic deposits can reduce the apparent age of
the basal portion of the core. For short cores, this
may become a significant effect, but for all cores,
some mixing takes place and younger introduced
components are included in the basal slice, reduc-
ing the age of the bulk sample. The mixed layer at
Axial Seamount is apparently thinner than at other
mid-ocean ridge sites we have similarly sampled
and analyzed, perhaps because the abundant sharp
glass shards in the sediment discourages benthic
animal burrowing. The generally subdued topogra-
phy minimizes the likelihood of transport by grav-
ity flows [Van Andel and Komar, 1969].
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4. Results: Structure

[20] The gross structure of the summit has been
known for many years [Zonenshain et al., 1989;
Embley et al., 1990; Johnson and Embley, 1990],
but the AUV bathymetry adds rich detail. The dis-
tribution and orientation of small fissures, cracks,
and faults (commonly extracted from side scan
data) have been identified entirely from the high-
resolution bathymetric data (Figure 2). These
faults and fissures define the loci of eruptive activ-
ity and the width of the two active rift zones. For
example, the eruptive fissures for many of the
flows to be described in later sections can be iden-
tified in the high-resolution data.

4.1. Caldera

[21] The most striking structural feature of Axial
Seamount is the 3.3 by 8.6 km caldera at the sum-
mit (Figure 1). The NE part of the caldera floor
reaches depths of 1583 m and the floor generally
slopes up toward the SSE where the S rim is bur-
ied by postcaldera lava flows erupted on the upper-
most S rift zone where it extends into the SE part
of the caldera (Figure 3). This sloping floor results
in general northwestward flow paths for all but
one small flow, described below. The shallowest
portions of the rim are 1367 m depth to the SE and
1461 m to the NE. The height of the caldera wall
is greatest at �160 m in the W central part of the
caldera where a combination of greatest depth of
the caldera floor is juxtaposed against the shallow-
est rim. Figure 3 shows a series of cross sections
across the upper rift zones and caldera. For most
of the caldera wall, the boundary appears in the
mapping data as a single fault with a narrow talus
ramp at the base. However, dive observations
show a series of near-vertical outcrops of truncated
flows offset by talus ramps such that a traverse up
the wall from the caldera floor switches back and
forth multiple times from near-vertical outcrop to
talus. This alternating near-vertical outcrop and ta-
lus ramp creates a stairstep pattern that is similar
to the observed interior walls in Halema’uma’u
crater in Kilauea’s summit caldera [Macdonald,
1965]. The base of the wall can consist of either a
talus ramp or a near-vertical outcrop of truncated
flows where subsequent flows on the floor lap
against the wall and have buried presumed talus,
but the upper wall is near-vertical truncated flows,
commonly draped by clastic deposits. In the NW
portion of the caldera, the caldera wall is more
complex and includes a 1.8 km long section with
two arcuate slivers that have slumped downward

�14 and �7 m (Figure 4a). The faults bounding
these slivers transition to fissures with minimal ver-
tical offsets N and S of the down-dropped section.

4.2. Rift Zones

[22] The N rift zone extends NNE at 020�, intersects
the caldera near the center of the N rim, and extends
into the caldera floor (Figure 5) at the CASM (Cana-
dian_American Seamount (Expedition)) hydrother-
mal field [Chase et al., 1985; Embley et al., 1990]
where chimneys are located near a fissure that is up
to 28 m wide and up to 16 m deep. Despite the
width and depth of the CASM fissure, there are no
traces of it more than 350 m S of the caldera wall
(Figure 2). To the N of the caldera wall, numerous
discontinuous, narrow extensional fissures trending
005� in a zone nearly 300 m wide define the N rift
zone and cut a pillow ridge (Flow Wf2 on Figure 5)
aligned with the CASM fissure. A few, possibly
eruptive, fissures also occur about 1 km E of the
main fissure zone where they are oriented about
010� near the W edge of another volcanic ridge. A
few other wider 350-000� fissures are located about
the same distance W of the main fissure zone.

[23] The S rift zone also is oriented at about 020�

and intersects the SE caldera wall. The upper S rift
zone is largely defined by open fissures that fed
part of the 2011 flows [Caress et al., 2012a] and
an earlier flow (Flow Sa on Figure 6). Numerous
other eruptive fissures roughly coincide with the
inferred location of the buried S and SE caldera
wall (drawn approximately on Figure 2). Fissures
down the S rift near the 1998G–K rift flows
[Chadwick et al., 2013] crosscut a zone just less
than 1 km wide and are offset SE of the Flow Sa
fissure (see Figures 2 and 6).

4.3. Other Fissures and Faults on Caldera
Floor

[24] Open fissures are rare on the caldera floor and
are largely limited to the N and W-central caldera
floor where they are aligned with the N rift zone
(Figure 2). These fissures are commonly the erup-
tive fissures for the flows that surround them, and
collapsed lava ponds and channel systems emanate
from them. A fault oriented 070� (labeled Fault A
on Figure 2) and with the SSE side dropped down
occurs just S of the only cone on the caldera floor,
located in the NW portion of the caldera. This is
the only fault or fissure with an orientation dissim-
ilar to the rift zones or caldera walls. It may mark
the west-northwest rim of a crater within the cal-
dera that is largely filled by later lava flows.
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4.4. Fissures and Faults on Flanks Outside
the Caldera

[25] Fissures are common on the E and W flanks
(Figure 2). Two types are present: (1) common
ones that roughly align with the rift zones and (2)
rare ring faults on the rims. Faults on the W flank

align roughly with the N rift zone. Faults on the
SE and E flank align with the S rift zone, curving
to become parallel with the N rift zone to the E of
the caldera. The many fissures that align with the
rift zones appear to be either spreading or exten-
sional fractures, where they crosscut flow channel

Figure 3. Profiles illustrating the variable depths of the caldera rims and floor. The map has been rotated
17� clockwise and profile G along the long axis is shown to the right. The north caldera floor is nearly flat and
then irregularly rises to the south. Cross sections A–F are profiles across the short axis of the elongate caldera
and are stacked in a single illustration, centered on profile G. Profiles E, F, and G illustrate that the SE and S
caldera walls are buried beneath young flows. Color ramp as in Figure 1.
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systems, or eruptive fissures that fed flows. Some
have vertical offsets of several meters as well as
horizontal displacements, creating subtle horst/
graben terrain, especially on the E flank (Figure
4b). Rare circumferential faults around the caldera
bound blocks that have subsided adjacent to the
caldera (see section 4.1., Figure 4a), and are most
prominent on the NW and SW sectors of the
caldera.

5. Results: Hydrothermal Vent Fields

[26] The AUV mapped all the known hydrother-
mal vent fields. The International District, ASHES
(Axial Seamount Hydrothermal Emissions Study),
and CASM vent fields [Chase et al., 1985; Embley
et al., 1990; Butterfield et al., 2004] are illustrated

in supporting information Figure S4. The Interna-
tional District, and to a lesser degree ASHES, con-
tains chimneys large enough to be readily detected
in the 1 m resolution bathymetry. The AUV data
revealed several previously unknown chimneys,
including El Guapo in the International District,
that were then confirmed as active during subse-
quent ROV dives in 2006. The hydrothermal vents
are included here mainly because we can now
identify the flows underlying them and infer their
ages and a probable maximum time these vent
fields could have been active.

6. Results: Lava Flows

[27] The high-resolution AUV maps reveal the
progression of lava flow morphologies within flow

Figure 4. Vertical displacement on caldera rims. Hatchures are on the young side of the flow contacts.
Flows are labeled as discussed in the text in this and all subsequent figures; only flows that have been sampled
or are distinctive in the side scan data have been assigned flow unit labels. (a) Close-up view of slump blocks
on northwest caldera wall. Two blocks are dropped downward into the caldera by �7 and �14 m and appear
to be rotated with their north ends slumped more than their southern ends. Color ramp is �1496 m (blue) to
�1416 m (orange). The gray area to the east is the �1570 m deep caldera floor and is too deep to be included
in the 80 m color ramp used. (b) Close-up view of a small area on the east rim of the caldera showing vertical
displacements along the fissures, creating a subtle horst-graben terrain. The gray area in the SW corner is the
caldera floor. Channels in flow Ei1 originate to the west at the caldera boundary and flow east-northeast indi-
cating emplacement prior to caldera formation. Flow Eg erupted �1260 CE from fissures on the east rim of
the caldera. Most of the Eg fissures are filled by late lavas during the eruption, but a string of small depres-
sions near the SE corner of the map mark the fissure. Color ramp is �1476 m (blue) to �1461 m (orange),
with the gray areas deeper than the 15 m color ramp.
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Figure 5. Close-up view of AUV bathymetry of the north rift zone. Only flows that have been sampled or
are distinctive in the side scan data have been assigned flow unit identity. Color ramp is �1595 m (blue) to
�1505m (orange). (a) The data alone and (b) flow contacts, flow labels as described in the text, hatchures on
the young side of contacts, locations of lava samples (colored triangles and dots) coded by MgO content of
the glass (as in Figure 1c), radiocarbon-dated cores (colored squares) coded by age (as in Figure 1d), and fis-
sures (from Figure 2, but in red) superposed on faded version of the bathymetry. The same (Figure 5a) bathy-
metric data and (Figure 5b) interpreted images will be used for most of the detailed maps as well as the line
and point symbology.

Figure 6. Close-up view of AUV bathymetry of the upper south rift zone. The white region labeled 2011 is
an area not surveyed prior to the 2011 eruption that was covered by 2011 lava so is unavailable for this analy-
sis. The area to the SW of that region of the 2011 flow was combined with the pre-2011 surveys to expand
coverage. Histogram-equalized color ramp is �1806 m (blue) to �1504 m (orange).
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units from the eruptive fissures and flow channels
to the pillowed margins. Recognition of the archi-
tecture of the flows defines the flow boundaries
and also reveals the relative stratigraphic relations
where younger flows have buried the channel sys-
tems of older flows or ponded against older fea-
tures. Many flow boundaries identified from the
mapping data were also observed and confirmed
during subsequent ROV dives or by reviewing
video from earlier ROV dives. Numerous prehis-
toric lava flows within the caldera have sediment
cover too thin to collect with cores (<�5 cm), and
we infer that they erupted more recently than 1650
CE based on the youngest calibrated radiocarbon
ages from cores. Finally, the MgO content of glass
rinds on lava samples and relative crystal contents
helped distinguish between flows. We have used
flow morphology nomenclature as in Chadwick
et al. [2013].

[28] The stratigraphically youngest prehistoric
flows are labeled with ‘‘a’’ following a regional
designation (N, S, E, and W, explained below),
and increasingly older flows are labeled b, c, d,
etc. Thus the stratigraphically youngest flow in the
north caldera (the flow underlying the CASM
hydrothermal field) is identified as Flow Na. In
some cases, a single flow is predated by several
other flows with unknown stratigraphic relation to
one another because they share no contact ; they
are given designations like Flow Nb1 and Flow
Nb2 if they appear to be of similar age. The 1998
lava flows are labeled with their year of eruption
and the flows from different eruptive fissures are
designated as 1998A–K [Chadwick et al., 2013].
To make the map units more manageable, we di-
vided the mapped area into four regions with
regions north (N) and south (S) mainly within the
caldera and separated from one another by a key
dated flow (Flow Ne). The other two regions are
the east (E) and west (W) rims of the caldera and
their flow sequences are not directly tied to the
first two regions, either due to separation by the
caldera wall, or separation by the two historical
flows. Figure 7 shows a summary of the flow units,
subdivided and separately colored by relative ages
for each of the four regions with the youngest flow
in each region in red and older flows in increas-
ingly cooler colors. We emphasize that the relative
ages of the flow units are based almost entirely on
relative stratigraphic positions rather than on the
radiocarbon ages.

[29] Table 2 presents the glass chemistry for each
flow unit organized by region (including average,
range, and standard deviation for MgO and the av-

erage concentration for the remaining elements on
a volatile-free normalized basis) and crystal con-
tent as aphyric (<1% crystals), sparsely plagioclase
phyric (3–5%), or plagioclase phyric (>10%) based
on data for each sample (supporting information
Tables S1 and S2). The compositions of the flows
fall into two types. Type 1 lava is consistently
aphyric, slightly less depleted (higher K2O/TiO2,
for example), and has more fractionated glass with
MgO <7.9 wt%. Type 2 lava is more depleted
(lower K2O/TiO2) and has more primitive glass
with MgO >7.9 wt%. Type 2 includes all the plagi-
oclase phyric lavas, although not all Type 2 lavas
are phyric (see Table 2 and flow descriptions). The
two groups are classified as Type 1 and 2 in sup-
porting information Table S1 and the origin of their
differences is the central topic of a companion pa-
per by Dreyer et al. [2013].

[30] Four flows are listed as both plagioclase phy-
ric and aphyric, as samples of both types are pres-
ent in what we have mapped as single flows. A
flow on the east flank, designated Flow Eg is an
example, with eight of nine samples plagioclase
phyric, but one sample, with similar sediment
cover and glass chemistry, is aphyric. As this is
the only young flow on the east flank, these sam-
ples must all be part of the same flow, despite their
varied mineralogy. This result demonstrates that
crystal content in generally phyric lava flows can
be highly variable due to either eruption dynamics
or flow segregation. The phenocryst content of the
flows is included in section headings where possi-
ble. All younger and older flows that are in contact
with each flow unit are indicated in Table 2; those
relations will be described in the text for only a
few flows that are key to establishing the
stratigraphy.

[31] The ages of some of the oldest flows, from the
W caldera rim, are constrained by ages of cores
collected in 1 m tubes of the thick clastic section
on the caldera rim. None of the recovered cores is
as long as the core tube penetration as discussed in
supporting information 2.3, so all yielded mini-
mum ages, perhaps by substantial amounts. The
flows are lobate sheet flows with complex channel
systems, and are directed outward from the sum-
mit from fissure systems that are missing and
whose upstream channel ends are truncated by the
caldera wall. We have sketched in some potential
flow contacts on the rim (Figures 7c and 7d), but
these are poorly constrained due to a paucity of
lava samples and because the bathymetry is
smoothed and subdued by the overlying 1–2 m
thick clastic section.
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Figure 7. Maps of the four regions discussed in the text showing the relative ages of flows in each area with
youngest in red and oldest in dark blue. Flow units are labeled according to relative age and spatial identity as
discussed in the text. The four regions are (a) N: the north caldera; (b) S: the south caldera and upper south
rift ; (c) E: the east caldera rim; and (d) W: the west caldera rim.
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[32] Our reconstruction of the summit history is
based on the mapping and sampling completed
before the 2011 eruption, except for a small area
mapped in 2011 but that lies outside the 2011
flows on the upper S rift zone and had not been
mapped previously. However, we first describe the
inflated lobate flows at the summit and upper S rift
that erupted in 2011 and 1998. For reference, the
2011 flow contacts from Caress et al. [2012a] and
1998 flow contacts from Chadwick et al. [2013]
are shown on Figure 1b. Characteristics of these
two flows as revealed in the AUV mapping data
[Caress et al., 2012a; Chadwick et al., 2013] are
used to interpret contacts and the distribution of
lava morphologies in older flows, but they also
subdivide regions S from E. We then describe the
flows in the N, S, E, and finally W regions starting
with the youngest flows and ending with the old-
est. Finally, we combine the four regions into a
unified geologic history of the summit region. Cor-
relation among the four regions, because the his-
toric flows separate several of the regions, depends
heavily on a few key radiocarbon ages.

6.1. Type 1 Historical Inflated Lobate
Flows

[33] Historical lava flows were emplaced at Axial
Seamount in 1998 [Embley et al., 1999; Chadwick
et al., 2013] and 2011 [Chadwick et al., 2012;
Dziak et al., 2012; Caress et al., 2012a]. Mapping
prior to the 1998 eruption consisted of shipboard
multibeam bathymetry, SeaMarc I side scan, cam-
era tows, and submersible observations [Zoneshain
et al., 1989; Embley et al., 1990]. The 1998 flow
was explored extensively soon after its eruption,
including mapping with 30 kHz Simrad multibeam
bathymetric data [Embley et al., 1999], submersi-
ble dives, and the 1 m resolution bathymetry col-
lected by AUV presented here. Chadwick et al.
[2013] describe the 1998 flows and their emplace-
ment in detail. The 2011 flows were discovered
several months after their eruption [Chadwick et
al., 2012] and mapped with the same AUV in Au-
gust 2011, which enabled a direct comparison of
the before and after bathymetry to define the new
flows in detail [Caress et al., 2012a] and analysis
of the architecture of the different lava types
within the flows.

6.1.1. Inflated Lobate Flows Erupted in 2011
[34] Caress et al. [2012a] described the 2011 lava
flows based on 1 m lateral and 20 cm vertical reso-
lution difference maps produced from pre-eruption
and posteruption AUV surveys. The outline of

these flows is shown on the pre-2011 bathymetry
in Figure 1b; the 2011 flows cover many lava
flows that were mapped and sampled prior to the
eruption and are described here. The 2011 eruption
produced five major flows from a series of en ech-
elon and discontinuous fissures that extend almost
30 km from the eastern caldera wall down the S
rift. The flows in the caldera and on the upper S
rift are inflated lobate flows with well-developed
dendritic channel systems and inflated pillow
flows at their distal ends, but at the S edge of our
AUV map coverage, a pillow ridge was produced
above the eruptive fissure [Caress et al., 2012a].
The 2011 flows in and near the caldera cover 7.8
� 106 m2, have an average thickness of 3.5 m, and
have a volume of 27 � 106 m3 [Caress et al.,
2012a].

[35] Several features were revealed in the well-
defined 2011 lava flows that can be applied to our
analysis of prehistoric flows. These include the
reoccupation of fissures from prior eruptions,
which resulted in remarkable mimicry by the 2011
flows of the underlying 1998 and earlier flows
[Caress et al., 2012a]. This characteristic limits
our ability to distinguish prehistoric flows that
might also have reoccupied pre-existing fissures
and flow channel systems, as successive flows
may appear to be simply early and late phases of a
single eruption. Compound flows are especially
common in the southern end of the caldera and
uppermost S rift, and some of these may consist of
lava flows from more than a single eruption. A
second characteristic, also observed on the East
Pacific Rise [e.g., Sinton et al., 2002; Soule et al.,
2009; Fundis et al., 2010] is that flows graded out-
ward from drained channels of sheet lava to lobate
lava and eventually to pillowed margins, and this
progression can be used to identify locations of
eruptive fissures, constrain flow units, and trace
the margins. A third useful feature mapped in the
2011 flows is that some distal pillow flow margins
are inflated, often with flow interiors inflated by
5–15 m, and others have collapsed, depending on
the original slope of the topography and the
sequence of events during an eruption. Finally, the
individual flow lobes extend as far as 3.6 km from
their eruptive fissures and provide a guideline that
individual flows might be multiple kilometers
long.

[36] Microprobe glass analyses and other geo-
chemical data of the 2011 flows will be presented
elsewhere; the average composition of 49 samples
collected during three cruises (by W. Chadwick
and D. Butterfield, D. Clague, and J. Delaney and
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D. Kelley. This is not a reference to a publication,
simply acknowledgement of who collected the
samples in 2011.) from 2011 flows in the caldera
and upper S rift zone is included in Table 2 and is
indistinguishable from the 1998 flows.

6.1.2. Inflated Lobate Flows Erupted in 1998
[37] The 1998 eruption produced four discrete
flows [Chadwick et al., 2013]. The northernmost
and largest by far is a compound inflated lobate
flow that erupted from six en echelon fissures in
and near the caldera (from N to S called A to F by
Chadwick et al. [2013]). Farther S, three, small,
inflated lobate flows erupted from fissures G–I, J,
and K near the S extent of our AUV mapping cov-
erage on the upper S rift [Chadwick et al., 2013].
All flows erupted through fissures that were
largely reoccupied by the 2011 eruption, most of
which were also present before the 1998 eruption,
as shown by side scan data collected in the 1980s
[Embley et al., 1990]. The flow erupted from fis-
sures A–F covers 5.8 � 106 m2, and has a calcu-
lated volume of 22 � 106 m3 [Chadwick et al.,
2013], for an average flow thickness of 3.8 m.

[38] A characteristic of the flow erupted from the
K fissure bears on analysis of mapped prehistoric
flows. The flow that advanced down a steep slope
to the east-northeast consists of a shingled stack of
five flow lobes [Chadwick et al., 2013, Figure 20],
where each younger lobe advanced a shorter dis-
tance from the fissure and partially buried a col-
lapsed and drained core of the prior lobe. Such
partial overlaps of collapse features have been
used here to identify flow contacts, but such fea-
tures can clearly be produced during single erup-
tions, presumably as the eruption wanes, flux
decreases, and the flow lobes step back toward the
fissure. This observation makes it difficult to dis-
tinguish flow lobes from a single eruption from
overlapping flows of different ages, even when a
contact is observed from the ROV. In either case,
the distal flows are older and the proximal ones
younger. Barring further evidence, such as differ-
ent chemistry, sediment cover, or absolute ages,
several such potentially compound or shingled
flows are interpreted to be flows from single
eruptions.

[39] Chadwick et al. [2005] present 37 chemical
analyses of glass samples from the 1998 flow lobes
erupted from fissures A–E in the caldera (note that
four Pisces submersible samples xl1730-2-3,
xl1730-4, xl1730-6-7, and xl1730-MC5 (support-
ing information Table S2) were collected in 1988
and, therefore, sampled flows buried by the 1998

flow), one analysis of the fissure G–I lava flow,
one analysis of the fissure J flow, and six analyses
of the fissure K flow. We added 10 samples from
the fissure A–E lava flow and 35 more from the
fissure K flow. The average compositions for the
different 1998 flows are presented in Table 2.

6.2. Prehistoric Lava Flows in Region N

[40] The flows in region N (Figure 7a) include a
younger group of Type 1 inflated lobate and sheet
flows similar to the historical flows and an older
group of Type 2, generally plagioclase-phyric, pil-
low and inflated lobate flows with glass rinds with
higher MgO content. The two groups are separated
by inflated lobate Flow Ne dated at �1650 CE.
Flow Ne is Type 1 lava but has slightly higher
MgO than younger Type 1 lavas.

6.2.1. Type 1 Inflated Lobate and Sheet Flows
More Recent Than �1650 CE
[41] Flow Na (Figure 8), erupted from a fissure
(350 m long, up to 28 m wide, and up to 16 m
deep) where the CASM hydrothermal vents (sup-
porting information Figure S4a) are located, is the
youngest flow on the northern caldera floor. It is
one of only four flows (including the 1998 and
2011 flows) not partly covered by subsequent
flows. The flow covers a little less than 2 � 106

m2, and has an estimated volume of 7 � 106 m3, if
we use an average flow thickness of 3.5 m deter-
mined for the 2011 flows [Caress et al., 2012a].
The CASM hydrothermal vents and surrounding
young lava flow were present in 1983 when first
explored [Chase et al., 1985; Embley et al., 1990].
Embley et al. [1990] refer to Flow Na as the
CASM Flow and mapped smooth-floored lava
channels (lineated sheet flows) within the flow and
depicted most of the flow as jumbled or hackly
sheet flows based on side scan data. We reserve
‘‘CASM’’ to describe the hydrothermal vent site,
and refer to the flow as Flow Na. The new map-
ping data demonstrate that it is an inflated lobate
flow with well-developed channels and pillowed
flow margins. This flow spread out on nearly flat
ground (<5 m/1 km) and flowed slightly less than
1.7 km S and 1.2 km E from the source fissure.
Numerous 1–2 m tall lava spires were observed in
this flow. Several of these lava spires were investi-
gated during Jason II dive 290 (supporting infor-
mation Figure S1) as they superficially resembled
small hydrothermal chimneys in the 1 m bathy-
metric data. These formed as lava crust along
channel margins accumulated on obstructions and
slowly spun as lava flowed by; they are distinct in
form and origin from lava pillars. The flow left a
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narrow 1.5 m high ‘‘bathtub ring’’ of lava around
much of the north contact with the base of the ta-
lus slope at the foot of the caldera wall. Virtually
no blocks have fallen from the wall onto this flow,
as is observed around the base of the caldera wall
elsewhere.

[42] The next two older lobate Flows Nb1 and Nb2
share no contacts (Figure 8), so their relative ages
are unknown. Lobate Flow Nb1 apparently erupted
from a 2 km long fissure SW of, and parallel to, the
Flow Na fissure; the fissure is only visible in the
AUV bathymetry for �150 m, but the approxi-
mately linear channel and pond system suggest it
was closer to 2 km long. The flow spread along the
W caldera wall, leaving behind a lava bathtub ring
at the base of the caldera wall about 3 m above the
floors of the drained channels. The shallowest part
of the flow is W of an older pillow cone with sum-
mit crater, labeled Flow Ng2. Embley et al. [1990,
Figure 7b] include a side scan image showing what
they tentatively identified as lava tubes, but these
sinuous features are drained lava ponds and chan-
nels. Lobate Flow Nb2 crops out as three remnants
E and SE of the CASM hydrothermal field (Figure
8); the flow probably erupted near CASM and is
largely covered by Flow Na. This flow may be an
early, more extensive, phase of the same eruption
that produced Flow Na.

[43] The next older flow is hackly or jumbled sheet
Flow Nc that erupted from a fissure that produced a
low ridge oriented nearly parallel to the caldera
wall at about 345� to the SE of cone Ng2 (Figure
9). The flow is unusual because the distal flow mar-

gins are hackly sheet lava and the fissure is not par-
allel to the north rift. There is a subtle texture in the
distal northern portion of the flow revealed in the
AUV data that consisted of 1–2 m tall and several
m wide arcuate ridges of the broken surface slabs
when observed from the ROV. This is the only flow
on ridge axes mapped with the MBARI AUV at
Axial or elsewhere [Endeavour Ridge, CoAxial,
North Cleft, North Gorda; Clague et al., 2010; or
Alarcon Rise; Clague et al., 2012; Caress et al.,
2012b] that displays this subtle, 1–2 m amplitude
fold-like surface texture in the AUV data.

[44] The next older flows are flat ponded sheet
Flows Nd1 and Nd2 (Figures 8, 9, 10, and 11). The
two flows have distinct glass chemistries that distin-
guish them from each other, as their morphology
and inferred age (based on relative sediment accu-
mulation) are similar. Sheet Flow Nd1 is located in
the north central caldera (Figure 8). Within the
flow, a series of raised discontinuous levees up to
14 m tall surround a small central mound that may
mark the location of an eruptive vent located east
of the trend of the Na fissure (Figure 10). The lava
pond breached the levees in numerous places and
spread out over an unknown area mostly covered
by subsequent flows. Embley et al. [1990] include
side scan imagery of this feature and describe it as
a ring structure in their Figure 7b.

[45] Sheet Flow Nd2 is a remarkable lava pond in
the northeast portion of caldera floor (Figures 8
and 11). The pond is surrounded by lava high-
stand rims (like a bathtub ring) on its south and
east sides. These lava high stands are 4 m above

Figure 8. Close-up view of AUV bathymetry of the north caldera showing (a) bathymetry and (b) flow con-
tacts, fissures and fractures, flow unit labels, and glass compositions (also shown on the north and northeast
caldera rim). The CASM vent field [Butterfield et al., 2004] is labeled. Color ramp is �1585 m (blue) to
�1545 m (orange).
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the subsided floor of the pond. The flat pond sur-
face is disrupted at 20 locations by mound-like
structures (13 large and 7 small). These features

consist of near-vertical slabs of the lake crust up to
1 m thick that buckled upward as the pond surface
subsided when the pond drained after cooling long
enough for the �1 m thick crust to solidify. The
east margin is ponded against and buries talus at
the base of the caldera wall, and was described as
a ‘‘bench’’ by Embley et al. [1990]. Their side
scan image [Embley et al., 1990, Figure 8a] shows
some of the mounds that consist of uptilted crust
slabs as well. The floor of the lava lake and the
high lava mark levees are no longer horizontal
(they are just over 1 m deeper on the N than the S
end). No eruptive fissure is visible.

6.2.2. Type 1 Inflated Lobate Flow Ne Erupted in
�1650 CE
[46] Lobate sheet Flow Ne (Figures 7a and 9)
erupted from a series of seven en echelon fissures
extending about 2 km across the east central cal-
dera floor. These fissures are oriented parallel to
the northern extent of the S rift zone on the E rim
of the caldera (Figure 2). One lobe flowed N in
braided drained channels and is beneath Flows Na,
Nd1, and Nd2 on the northeastern caldera floor,
and a second lobe, also with distinct drained chan-
nels, flowed W, dividing older pillow mounds and
inflated flows into N and S portions. To the S, the
flow underlies Flow Sc1, as well as the two histori-
cal flows. In the central caldera, Flow Ne is dated
at �1650 CE by two cores (1664þ117/-58 and
1636þ98/-61 CE, Table 1) and is the youngest

Figure 10. Close-up view of AUV bathymetry of Flow Nc,
a hackly or jumbled sheet flow in the north caldera. The subtle
texture is produced by meter-scale folds in the upper surface
of the flow. This is the only flow mapped to date that is jum-
bled to the flow margins. Color ramp is �1585 m (blue) to
�1565 m (orange).

Figure 9. Close-up view of AUV bathymetry highlighting Flow Ne in the central caldera. This flow is dated
twice at �1650 CE and grounds much of the stratigraphy presented because of its central location and con-
tacts with so many flows. Color ramp is �1585 m (blue) to �1510 m (orange).
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radiocarbon-dated flow at Axial Seamount. The
flow is a key to understanding the lava flow stra-
tigraphy in the caldera as it is partly covered by
younger flows in both the N and S regions.

[47] Glass chemistry of Flow Ne lavas decreases
in MgO away from the eruptive fissures with near-
vent samples (D74-R10, D74-R11, and D74-R21)
containing �7.95 wt% MgO. Distal samples to the
W (D75-R7 to R12) are compositionally similar
with �7.95–7.8 wt% MgO, but distal samples of
the N lobe (Ax11-RC4 and J2–288-R11) contain
�7.65 wt% MgO (all Type 1; supporting informa-
tion Table S1). Similar spatial-compositional var-
iations are not observed for other young flows at
Axial Volcano, including the extensively sampled
historical flows.

[48] Flows Nf1 and Nf2 appear to be similar in age
to Flow Ne based on sediment cover. The rough-
ness of the surfaces of Flows Nf1, Nf2, and Nh4
impeded recovery of cores, despite some sediment
present on the flow surfaces. Flow Nf1 is also
more recent than Flow Si1, dated at 1236þ69/-58
CE. Observations during ROV dive D75 show that

Flow Nf1 consists of topographically rough, com-
plex, drained channels and jumbled sheet flows
making it difficult to map its boundaries; it may
be more than a single flow. However, the glass is
Type 1 and similar to that of nearby lava flows
more recent than �1650 CE and distinct from a
group of �1260–1305 CE Type 2 lavas flows, to
be described next.

6.2.3. Type 2 Inflated Lobate and Pillow Flows
Erupted �1264–1305 CE
[49] The N caldera floor has a complex of pillow
mounds and inflated flows, a separate cone with
summit crater, and scattered remnants of similar
flows with plagioclase-phyric glass rinds that have
been surrounded and partly buried by younger lo-
bate flows already described (Figures 7a, 8, and 9).

[50] The older lavas are located N and W of Flow
Ne and consist of at least 12 flows. Inflated flows
Ni1 and Ni2 are similar in structure to the large
inflated Flow Sg1 to the S, but much smaller in area
and thickness. Flow Nh1 consists of overlapping
pillow mounds. Inflated flow Ni1 is largely overrun
by Flow Ne and only small remnants of the inflated
flow remain. This series of flows are plagioclase
phyric to ultraphyric lavas (Table 2 and supporting
information Table S1). The group of flow units has
yielded but a single age for Flow Nh2 of 1305þ67/-
91 CE. Two additional cores, collected on Flows
Nh1 and Ng1 did not yield adequate foraminifera to
date but have similar sediment cover and are likely
similar in age to Flow Nh2. Four other pillow flow
remnants with similar compositions and mineralogy
are labeled Nh4 to Nh7.

[51] A pillow cone Ng2 with a deep summit crater
is located in the NW portion of the caldera floor
(Figures 8 and 12a). It is the only cratered cone on
the caldera floor or upper flanks of the seamount.
Embley et al. [1990] called it the Fissure Cone,
described it based on side scan data, and
descended into the crater during Alvin dive 2085.
The cone is approximately 45 m tall (measured on
the S side) and the summit crater is roughly circu-
lar and 70–75 m across and at least 39 m deep
from the shallowest part of the rim at 1520 m.
Two 5–7 m deep pit craters are located on its E
and NE flanks. The S side of the cone and most of
the flows are truncated by a normal fault with the
S-SE side dropped down (fault A on Figure 12a).
A single flow lobe appears to cover this fault. The
cone is dated at 1300þ57/-60 CE and is con-
structed of plagioclase-phyric lava.

[52] Sheet Flow Nj extends for 2 km along the
base of the E caldera wall (Figures 7a and 9). It is

Figure 11. Close-up view of AUV bathymetry of Flow
Nd2, a ponded lava flow in the northeast caldera. The flow
formed a pronounced bathtub ring around the east caldera
wall and south sides where it ponded against Flows Nh7 and
Ne. The pond is covered by younger flows Nb2 and Na to the
northwest. The bright spots in the pond mark places where the
1 m thick crust buckled over underlying high points as the
pond subsided when lava drained out. Color ramp is �1583 m
(blue) to �1573 m (orange).
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unusual in having a series of 11 collapse pits in a
sinuous line for the N half of the flow. These may
be skylights along a tube system, as described by
Peterson et al. [1994] on Kilauea and by Fornari
[1986] on the seafloor, although some are large
and deep for skylights. These pits are as much as
13 m deep and the largest is 58 m wide, although
most are <15 m across. The S part of the flow has
abundant drained lava ponds and channels that
emanate from a poorly defined eruptive fissure ori-
ented �010�. It is these channels and ponds that
classify the flow as an inflated lobate flow, despite
much of the flow appearing to consist of pillow
lava. Three cores were collected for dating
because the flow surface was irregular and core re-
covery was unpredictable. All three cores yielded
adequate foraminifera for dating but nonoverlap-
ping ages of 1728þ78/-105, 1464þ49/-58, and
1264þ72/-56 CE with the oldest age from the lon-
gest core and the youngest age from the shortest
core. The shortest core also lost some basal sedi-
ment before it could be stowed in its quiver, thus
leading to our decision to collect multiple samples
from this flow. The oldest of these three ages is
the minimum age of the underlying flow.

[53] Lobate Flow Nk is located between Flow Ne
and the east caldera wall. It consists largely of lo-
bate and pillow textures with a few dendritic col-
lapses, some aligned N-S and apparently marking

the location of the eruptive fissure. A single radio-
carbon age of 1381þ63/-61 CE is slightly too
young as the flow is stratigraphically older than
Flow Nj (Figure 9), dated at 1264þ72/-56 CE, but
consistent with loss of the basal �1–1.5 cm of
sediment (of about 8 cm total penetration) before
the core was stowed in the quiver. Flows Nj and
Nk differ from others in this age group in being
aphyric to sparsely plagioclase phyric.

6.3. Prehistoric Lava Flows in Region S

[54] Region S (Figure 7b), like region N, contains
two main groups of lavas: a younger group of
Type 1 inflated lobate and sheet flows and an older
group of Type 2, generally plagioclase-phyric pil-
low and inflated lobate flows. Both groups of lavas
erupted more recently than 1220 CE.

6.3.1. Type 1 Inflated Lobate Flows More Recent
Than �1650 CE
[55] Inflated lobate Flow Sa (Figures 7b and 13) is
located S of inflated lobate Flow Sb and west of
the 1998 and 2011 flows. The flow is now largely
buried by the 2011 flows. Flow Sa had a very
glassy and sediment-free surface in 1998–1999.
Embley et al. [1990] argued that it was the young-
est flow in the caldera (before the 1998 eruption).
Chadwick et al. [2013] refer to this flow as pre-
1982 because it is evident in the 1982 side scan

Figure 12. (a). Close-up view of AUV bathymetry of cone Ng2 on the north caldera floor. The cone has a
summit crater and two shallow collapse pits on the east and northeast flanks; fault A forms the southern
boundary. The cone formed �1300 CE. Color ramp is �1585 m (blue) to �1510 m (orange). (b). Close-up
view of inflated sheet flow Sg1 in the central caldera that erupted �1220 CE. The ‘‘Paw Flow’’ [Appelgate
and Embley, 1992] just to the west, flowed westward under the label ‘‘Sg1.’’ Color ramp is �1550 m (blue) to
�1510 m (orange).
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imagery. Thus, this flow predates the 1998 flow by
at least 16 years, but based on the glassy flow
surfaces and lack of sediment, perhaps not by
many years. It erupted from a series of at least 7
up to 14 m deep and up to 12 m wide en echelon
fissures extending for 3.6 km that were reused by
the 2011 [Caress et al., 2012a], but not by the
1998 eruption [Chadwick et al., 2013]. The N end
of the deep, wide portion is located close to where
the caldera rim lies buried (Figure 2). To the S this
fissure defines the crest of the S rift. The flow
advanced to the S on the SE side of the uppermost
S rift zone, skirting kipukas Sj1 and Sj2. Little
work has been done on the more distal SE parts of
the flow that extend outside the AUV map cover-
age after flowing 2.3 km to the SE from the
fissures.

[56] The next older flow is inflated lobate Flow Sb
that underlies the ASHES hydrothermal field (Fig-
ure 13). It erupted from fissures that are now bur-
ied near the 1998 and 2011 fissures. The flow
advanced first W and then NW along the west cal-
dera wall, before turning slightly to the NE at its
distal end. That distal end of Flow Sb under the
ASHES hydrothermal field is inflated, much like
the distal flow lobes of the 2011 [Caress et al.,
2012a] and the 1998 flows [Chadwick et al.,
2013]. The average flow composition in Table 2
excludes Pisces submersible sample xl1732-MCB
that appears to be mislabeled or mislocated as it is

chemically distinct from all other nearby samples.
Three other Pisces samples (xl1730-2-3, xl1730-4,
and xl1730-MC5; [Chadwick et al., 2005])
excluded from the average were collected in 1988
and may be proximal samples of this flow from
sites subsequently buried by the 1998 flow. The
flow, especially near the ASHES hydrothermal
field, is covered in thin orange sediment. The
widespread discharge of low-temperature fluids
through cracks in the flow produces this orange
sediment and makes use of pelagic sediment cover
to estimate relative age problematic in this area.

[57] Flow Sc1 (Figure 13) is exposed 1.3 km W
of the Magnesia vent site and abuts the W cal-
dera wall at its N distal end. Its proximal end
was partially buried by the 1998 flow that reoc-
cupied many of the channels in the flow (the
channels are visible in SeaMarc side scan data
collected in the 1980s, see Embley et al. [1990]
and discussed in Chadwick et al. [2013]), as did
the 2011 flow [Caress et al., 2012a]. Flow Sc1
apparently erupted from a fissure located near
the Magnesia hydrothermal vent site, and the
inflated lobate flow advanced W, ponded, then
continued NW, as determined from the exten-
sive channel system. The ponding near the W
caldera wall formed a large lava lake sur-
rounded by low levees. The N levee breached
and the flow advanced 2.25 km farther to the
NW (Figures 13 and 14).

Figure 13. Close-up view of AUV bathymetry of the south caldera showing flow contacts. Flow unit labels
and glass compositions are also shown on the southwest caldera rim. The 2011 flow (blue outline) now covers
much of this area. The ASHES, Magnesia, and Marker 33 vent sites [Butterfield et al., 2004] are labeled.
Histogram-equalized color ramp is �1570 m (blue) to �1500 m (orange).
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[58] Where our ROV dives traversed the distal
parts of Flow Sc1, sediment cover is inadequate to
recover a core. However, a single radiocarbon age
on core D270-PC50 (Table 1) from within the
proximal contacts of the 2011 (and also the 1998)
flow near the E caldera wall yielded a modern age
prior to calibration (consistent with post-1950
bomb-derived radiocarbon in the dated foraminif-
era). This core, on such a young flow, could only
be recovered due to 3 cm of orange-brown hydro-
thermal sediment, likely from both the 1998 and
2011 eruptions. The core site is characterized by
abundant small spherical sponges and other
benthic animals such as brittle stars, whereas the
historical flow surfaces are devoid of such ani-
mals, so our interpretation is that we cored a
kipuka of Flow Sc1 within the 2011 and 1998
flows (Figures 13 and 11). The glass compositions
for the two historical flows and Flow Sc1 are indis-
tinguishable (Table 2). Another large kipuka of
Flow Sc1 is identified from the AUV mapping,
surrounded by lobes of the 1998 flow. Flow Sc1 is
younger than Flow Ne, dated at �1650 CE.

[59] Flow Sc2 is located S of the 1998K flow on
the S rift (Figures 7b and 15). The flow is an
inflated lobate flow with shallow lava ponds near
the axis of the rift, and downslope to the SE it tran-
sitions into pillowed flow margins with shallow

drain-out collapses. The flow has only thin sedi-
ment and so was assigned to the same time period
as Flow Sc1.

[60] A small complex Flow Sd1 abuts the base of
the W caldera wall (Figure 13). The flow erupted
from a short N-S fissure that cuts the N jumbled or
hackly part of the flow; the eruptive fissure appa-
rently continued up the W caldera wall but did not
erupt on the rim. It is the southernmost young fis-
sure in the caldera that is aligned with the north
rift zone. The central portion of the flow consists
of rough ridges radiating eastward from the base
of the caldera wall and appears to be formed of
lava that cascaded from the eruptive fissure
located in the caldera wall. The southern inflated
lobate flow lobe formed late in the eruption, has
S-directed channels that originate at the base of
the caldera wall. The flow ends just N of the
ASHES hydrothermal field with an inflated lobate
margin. The flow lacks adequate sediment to core,
despite the widespread presence of orange hydro-
thermal sediment near the flow margin; it is, there-
fore, inferred to be more recent than 1650 CE.
This lobe flowed south, apparently because lava
piled up at the base of the caldera wall, forcing the
flows to advance both N and S. It is the only flow
in the southern 2/3 of Axial caldera to do so.

6.3.2. Type 2 Pillow, Inflated Lobate, and Inflated
Sheet Flows Erupted 1220–1240 CE
[61] The two oldest dated flows inside the caldera,
dated at 1223þ76/-67 and 1236þ69/-58 CE, are
from the S part of the central complex of at least
five plagioclase phyric flows (Flows Sg1, Sh1,
Sh2, Si1, and Si2; Figures 7b, 9, and 13). The two
ages are statistically indistinguishable, but the
dated large inflated Flow Sg1 is stratigraphically
younger than dated Flow Si1. Stratigraphically
consistent ages based on planktic foraminifera
from core D75-PC43 on the northern lobe of Flow
Sg1 are 1766þ85/-112 CE for 6–8 cm, 1423þ77/-
45 CE for 14–16 cm, and 1223þ76/-67 CE for the
basal 23–24 cm. The basal planktic age is corrobo-
rated by an age on benthic foraminifera from the
same sample of 1186þ107/-82 CE. The consistent
ages of these three horizons show that bioturbation
or other forms of sediment mixing have been
minimal.

[62] Flow Sg1 was previously described [Appel-
gate and Embley, 1992] using side scan, shipboard
bathymetric data, and observations from ALVIN
dive 2087. Our new data provide a more detailed
map of the flow (Figure 12b) and we provide a
modified interpretation of its formation in section

Figure 14. Close-up view of AUV bathymetry of part of
Flow Sc1. The area shown is a distal inflated portion of the
flow, but continued lava supply breached the pond levee on the
northwest side and the outflow of lava cut a �5 m deep channel
(arrow) that fed several more large lobes of the flow. Color
ramp is �1544 m (blue) to �1539 m (orange), with black and
white deeper and shallower than the 5 m ramp, respectively.
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7. The flow consists of a �20 m thick inflated part,
a sheet flow with irregular surface formed by infla-
tion and deflation, a channel that is oriented
roughly to the SW [Embley et al., 1990, Figure
8b], and a pillowed flow margin. The main inflated
mound, with ‘‘lava-inflation clefts’’ in the termi-
nology of Walker [1991] that served as hinge
zones, is horseshoe shaped and open to the SW.
The outward sloping surfaces are lineated or
hackly sheet lava [Chadwick et al., 1999a], but
they have been tilted upward at angles of 45� or
steeper, in places forming a ridge with fractures as
deep as 13 m at the crest. To the NW and S, small
plateaus were uplifted, surrounded by deep frac-
tures and outer steep down-tilted surfaces. The
southern plateau surrounds a circular depression,
which is the submarine equivalent of an inflation
pit [Walker, 1991]. The strongly inflated portion
abruptly transitions to the SW into a thinner
inflated and drained flow, characterized mainly by
a network of small shallow ponds with low levees
and roofs that sagged. A channelized flow to the
W, called the ‘‘Paw Flow’’ by Appelgate and Emb-
ley [1992], fed lava away from the thick inflated
parts of the flow. The Flow Sg1 margins are lobate
to pillowed lava.

[63] Flows Sh1 and Sh2 (Figure 9) may be parts of
one flow that predates Flow Sg1. Flows Si1 and

Si2 may also be parts of another flow as they pre-
date Flows Sh1 and Sh2.

[64] Along the S rift near the 1998G–K flows (fis-
sures identified after Chadwick et al., 2013; Figure
15), there are several additional aphyric lobate to
sheet flows. We place these in the same age group
because of their Type 2 compositions and moder-
ate sediment cover, where observed. The largest of
these flows, Sf2, is a fluid sheet flow that made
shallow ponds near the eruptive fissure and then
advanced down the E flank of the rift, producing
channels that drained and ending in inflated pillow
margins. The flow is cut by eight fissures, consist-
ent with its older age. Two samples were recov-
ered using wax-tip cores so there was no
opportunity to core sediment for dating. Observa-
tions made during ROPOS dive 494 show signifi-
cant sediment cover consistent with assignment to
this age category.

[65] Aphyric Flows Sg2, Sg3, and Sg4 and cone
Sg5 (Figure 15) may date from this same time
period.

6.3.3. Probable Pre-1220 CE Type 1 Pillow Cones
[66] Type 1 pillow cones Sj1, and Sj2 have sum-
mits that inflated and cracked. The cones were
sampled by wax-tipped rock corer and have not
been observed. They are tentatively assigned pre-

Figure 15. Close-up view of the AUV bathymetry of the south rift to the extent of our AUV mapping. Con-
tacts of 1998 flows erupted from fissures G to K (labeled) from Chadwick et al. [2013]. The 2011 flow (blue
outline) covers some of this area. Undated flows with high-MgO glass rinds shown in yellow to red assigned
to the 1220–1305 CE timeframe based on composition and relative ages. Color ramp is �1821 m (blue) to
�1675 m (orange).
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1220 CE ages due to the degree of alteration of the
recovered glass.

6.4. Prehistoric Lava Flows in Region E

[67] The lobate flows E of the historical flows
(Figure 7c) are mostly younger than Flow Ed
dated at 1398þ71/-55 CE, and had inadequate
sediment to core. Most of these flows are, there-
fore, likely to be more recent than 1650 CE despite
having no contacts with the dated Flow Ne. Most
flows (Figures 7c and 16) are inflated lobate flows
with channels leading from shallow lava lakes that
ponded above their eruptive fissures aligned with
the uppermost S rift zone. Farther down the S rift,
several undated aphyric flows have been grouped
with dated Type 2 lava flows. Most flows in the
northern part of region E are on the E caldera rim
and predate formation of the caldera.

6.4.1. Type 1 Inflated Lobate Flows Erupted More
Recently Than 1400 CE
[68] The youngest Flow Ea1 issued from a fissure
now buried beneath the 1998 and 2011 flows. The
flow has numerous channels that first head SE and
then E, where the flow continues beyond the
mapped area. Flow Ea1 has thin sediment cover,
such that a 3–4 cm core was attempted but fell out
of the tube. Sheet Flows Eb1 to the south and Eb2
to the north share no contact so their relative ages
are unknown. Flow Eb1 is a relatively narrow
channelized sheet flow that heads E where it also
continues beyond the AUV-mapped region. Flow
Eb2 is of limited extent, mainly along an eruptive
fissure oriented 350� identified by numerous shal-
low, drained near-vent ponds. This flow has been
neither observed by ROV nor sampled. Flow Ec1
is similar in morphological character to Flow Eb2.

[69] Flow Ea2 lies along the N rift zone outside
the caldera (Figure 5) and is an extensive lobate
flow that early reconnaissance dives and camera
tows suggest continues along the N rift for at least
twice as far as our map coverage. This flow has
high backscatter and is younger than all surround-
ing flows. Dive observations show it is partly cov-
ered by thin sediment, numerous small spherical
sponges, and occasional large sponges. We have
used these observations to place it roughly in the
same age group as Flow Ea1, the youngest flow E
of the historical flows, but its age is not strati-
graphically well constrained.

6.4.2. Inflated Lobate Flow Erupted �1400 CE
[70] A stratigraphically important Flow Ed erupted
1398þ71/-55 CE from fissures aligned with the S
rift near the caldera rim and flowed E and SE

around numerous kipukas. This flow provides a
maximum age for the entire sequence of young lo-
bate flows in the area as it underlies Flows Ea1,
Eb2, and Ec1. It is characterized by bright side
scan returns, a characteristic of all young sheet
flows in the area and on the caldera floor. The
bright side scan or high backscatter distinguishes
it from most flows on the E and W rims of the cal-
dera. This flow extends more than 2 km before it
is outside the AUV mapped region and continues
at least another 0.8 km to the SE based on its high
backscatter from amplitudes of shipboard multi-
beam data (Figure 7c).

Figure 16. Close-up view of the AUV bathymetry of the
southeast rim of the caldera. Hydrothermal vent sites Magne-
sia, Marker 33, and International District are labeled. Color
ramp is �1555 m (blue) to �1490 m (orange).
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6.4.3. Type 2 Flows Erupted �1260 CE
[71] An extensive high-backscatter lobate Flow Eg
on the NE to E central rim (Figure 17) erupted
from a series of en echelon fissures that align with
the S rift zone but cut through the E flank of the
summit almost to the N end of the caldera. The N
half of the flow was mapped from side scan data
by Embley et al. [1990]. The contacts of the flow
E of our AUV coverage were identified using
backscatter data from more recent shipboard sonar
data. It is the final of just four flow (in addition to
2011, 1998, and Flow Na) that is not partly cov-
ered by subsequent flows. The flow covers an area
of 3.4 � 106 m2 and has an estimated volume of
12 � 106 m3, using an average flow thickness of
3.5 m determined for the 2011 flows [Caress et
al., 2012a]. The flow encloses several kipukas and
has two main lobes. The distal lobes are inflated
pillow flows, commonly with small collapses in
their centers, which help to define the flow con-

tacts. Core D262-PC77 yielded a planktic age of
1264þ72/-56 CE, within the �1220–1305 CE
range of the oldest dated flows from the caldera
floor in regions N and S. Also like most Type 2
flows on the N and central caldera floor, this flow
is plagioclase phyric. Widespread clastic debris
with glass compositions matching Flow Eg was
sampled by pushcore and vibracores during dive
T1010 in 2005 [Helo et al., 2011]. These locally
derived glass fragments contribute to the nearly 2
m thick clastic deposit near the NE caldera rim.

[72] Aphyric pillow cones labeled Flow Ef1 and
Ef2 (Figure 16) are aligned along the inferred, bur-
ied S caldera boundary. In addition, sample
xl1730-6-7 collected by the Pisces submersible in
1988 from a location covered by the 1998 and
2011 flows (Figure 16) is distinct from other flows
in or near the S caldera, with the exception of the
two cones Ef1 and Ef2. The sample presumably
was collected from an otherwise unsampled Flow
Ee to the east (Figure 16). We place Flow Ee in
this age bracket based on the composition of the
sample collected prior to emplacement of the 1998
flow.

6.4.4. Type 1 Pillow Cone Erupted �410 CE
[73] A small pillow cone (Flow Eh, Figure 16) on
the eastern flank yielded a planktic foraminifera
age of 411þ109/-123 CE. Lava flows with ages
between �410 CE and at least 31 ka BP have not
been found on the caldera rim; Flow Eh is the old-
est postcaldera lava dated during the study. Other
older ages from region E, described in section
6.4.5, are minimum ages of the underlying, prob-
ably precaldera, lava flows as they date layers
within the clastic deposit.

6.4.5. Type 1 Precaldera Inflated Lobate Flows
and Pillow Mounds
[74] Sheet Flows Ei1 (low backscatter areas on
Figure 17), Ei2, and Ei3 and pillow ridges Ej1 and
Ej2 (Figure 8c) flowed radially away from the
summit. Although short push-core and vibracores
were collected on these flows, none contained
adequate foraminifera to date.

[75] Several cores provide minimum ages for the
clastic section on the E side of the caldera. Core
D79-PC70 was collected adjacent to a fracture cut-
ting Flow Ej4 where the upper layers of the thick
clastic layer had eroded away, exposing deeper
parts of the section. The 30 cm core could not pen-
etrate the remaining section, and the unconsoli-
dated and granular nature of the vitriclastic ash
and lapilli made it especially difficult to recover as
the glass shards poured from the core bottom

Figure 17. Side scan image of the east rim of the caldera.
The data are side scan from the AUV (on the west 2/3) and
backscatter data derived from amplitudes of shipboard multi-
beam data (on the east 1/3) with high intensity shown as light
and low as dark. The flow outlines were identified primarily
from intensity contrasts in the side scan data. Steeper flow
margins on some older flows are also apparent as bright
returns. The bright Flow Eg is dated at �1260 CE and has
thin sediment cover compared with the surrounding older
flows that are covered by >1 m of clastic deposits. Contours
in gray every 20 m.
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before the cores could be stowed. The 21–22 cm
slice yielded an age of 6440þ117/-113 cal yr BP,
but as this was at an unknown depth in the section,
it provides only a very minimum age of the under-
lying flow.

[76] Other cores in the clastic unit (D262 cores, Ta-
ble 1) yielded much younger ages of 1327þ46/-75
CE for a slice 17–19 cm deep, 1084þ87/-103 CE
for the base of a 25 cm long core and 1180þ105/-
84 CE for 17–18.5 cm deep in a 53 cm long core
D262-PC45L, all on Flow Ei2. This last age has
greater geological uncertainty because in order to
have enough material, the analyzed sample was a
mixture of planktic and benthic foraminifera, so we
have used a DR-factor halfway between those for
benthics and planktics to calibrate the age. The
dated sample is just above a fine-grained green
hydrothermal-clay rich layer containing pyrite frag-
ments, which in this core extends from 19 to 45 cm
depth [Portner et al., 2012]. This unit was depos-
ited during a period of intense hydrothermal activ-
ity that ended �895þ93/-93 CE, as dated above a
thinner layer of similar hydrothermal material in
core D270-PC70. None of these cores reached the
underlying flow, but the ages demonstrate how rap-
idly these glass-rich and hydrothermal-clay-rich
clastics can accumulate, and how varied the
thickness-to-age ratio can be (Table 1). Based on
the ages of the cores from the E caldera rim, we can
only conclude that the precaldera flows are >6.6 ka
BP. Cores from the rim in region W to be described
next indicate that this minimum age is too young
by �25 ka.

6.5. Type 1 Prehistoric Lava Flows in
Region W

[77] Region W (Figure 7d) consists mostly of pre-
caldera flows that flowed westward away from the
present caldera wall. Sediment ages on top of these
inflated lobate flows are as old as 31 ka BP. Sev-
eral much younger flows with high backscatter
erupted from fissures that may parallel the caldera-
bounding faults. Two inflated lobate flows appear
to be post-1450 CE and two other lobate flows are
older and erupted from fissures �2 km west of the
caldera wall between 800 and 1000 CE.

6.5.1. Type 1 Inflated Lobate Flows Erupted
Probably More Recently Than �1450 CE
[78] Flows Wa and Wb on the NW rim of the cal-
dera (Figure 7d) have high backscatter and are
likely the two youngest flows on the W flank, but
neither is dated. These flows have higher and more
uniform backscatter than Flows Wc and Wd, which

are dated at �800 and �1000 CE (see below).
Cores on Flow Wb near the caldera wall contained
too few foraminifera to date, but the flow has less
sediment cover than Flows Wc and Wd and we
infer that Wa and Wb are probably more recent
than �1450 CE, based on their sediment cover
and benthic animal populations. Flow Wb drapes
some fault block scarps (Figure 4a).

6.5.2. Type 1 Lobate Flows With
Moderate-Backscatter Erupted 800–1000 CE
[79] Relatively young flows with moderate back-
scatter were identified in shipboard multibeam
data on the W rim of the caldera, W of our AUV
mapping coverage (Flows Wc and Wd, Figures 7d
and 18). They were first sampled with a wax-
tipped rock corer in 2009 and then dive D259 in
2011 explored and sampled them and the much
older flows between their lobes. Glass-shard rich
clastic deposits on the older flows are almost 1 m
thick. Longer cores contain two black glass-rich
layers with muddy glassy layers on top and
between. Below the lower black glass-rich layer is
foraminifera ooze with only minor glass.

Figure 18. Image of the west rim of the caldera, mostly
west of the AUV mapping. The grayscale shown in the west-
ern 3=4 of the image is backscatter data derived from amplitude
data of shipboard multibeam with light as high intensity and
dark as low intensity, whereas that in the eastern 1=4 is side
scan collected by the AUV. The flow outlines are based on
these intensity contrasts. The southern Flow Wc and northern
Flow Wd are distinguished solely on their radiocarbon ages of
�800 and �1000 CE, respectively. Their lava compositions
are statistically identical. The eruptive fissures are not mapped
as they are located west of the AUV coverage. Contours in
gray every 20 m.
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[80] The flow lobes crop out through moderate
clastic sediment cover. Ages on benthic foraminif-
era from cores D259-PC6, -PC65, and -PC70 yield
ages of 809þ100/-107, 1018þ75/-98, and
986þ61/-82 CE and a planktic age from core
D259-PC2 is 789þ96/-81 CE. The four ages may
date a single flow that erupted �900 CE, but the
ages suggest that two flows with indistinguishable
MgO contents may be present: a southern Flow
Wc �1000 CE and a northern Flow Wd erupted
�800 CE (Figure 18). These flows are older than
any flows on the caldera floor or the two dated
sheet flows on the E and SE rim, and erupted
through unmapped fissures aligned with the N rift
zone, or from fissures that parallel the caldera-
bounding fault. These are the only flows identified
on the W rim with moderate backscatter.

6.5.3. Type 1 Precaldera Lobate Flows
[81] Several cores were recovered from beyond
the AUV mapping coverage and near the high-
backscatter Flow Wd on the W flank (Figure 18).
The bases of 55 cm long core D259-PC46L and 45
cm long core D259-PC59L yielded planktic fora-
minifera ages of 15,262þ328/-405 and
16,081þ688/-530 cal yr BP, and a nearby core
D259-PC51L yielded duplicate planktic foraminif-
era ages from 62 cm of 19,483þ108/-113 and
19,289þ371/-171 cal yr BP. Again, the cores were
not as long as the tube penetrated, so these ages
are probably minimum ages of the underlying flow
or flows, perhaps by 40–50%. Only a single lava
sample was collected because clastic deposits bury
nearly all of this flow.

[82] Farther N, near the caldera rim, Flows We2
and We3 (Figure 8d), are deeply buried by clastic
deposits. Cores collected are all <25 cm long and
foraminifera were too sparse to date. Zonenshain
et al. [1989] report a radiocarbon age of �12 kyr
BP from the bottom of a 15 cm long piston core
taken nearby.

[83] Sheet Flows We4, We5, and Wf4 are cov-
ered by �80 and 120 cm of clastic deposits
along T1009 (supporting information Figure
S1). Core recovery was always <�25 cm (see
supporting information 4) and no dates have
been obtained.

[84] Sheet Flows We4, We5, and Wf5 were
sampled on the rim just above the ASHES hydro-
thermal field (Figure 7d). Flow We5 was erupted
from a fissure obliquely intersecting, but truncated
by, the west caldera wall. Core D256-PC59L (43
cm long) taken above Flow We5 yielded a planktic
foraminifera age of 12,838þ169/-145 cal yr

BP for the bottom 1 cm. The core penetrated about
90 cm, so the lower �50% of the section was not
recovered, and the age is likely significantly
younger than the underlying flow. Nearby core
D256-PC77L (39 cm long) yielded an age of
31,160þ201/-194 cal yr BP from the core catcher
(although the core did not recover the entire pene-
trated clastic section in this core) and is the oldest
sample dated from Axial Seamount.

6.6. Lava Flows in the Caldera Walls That
Erupted Before 31 kyr

[85] Traverses were made up the caldera wall
during 6 ROV dives (T1010, D70, D71, D75,
D256, and D262, supporting information Figure
S1). The exposed flows vary in thickness and
morphology, with drained lobate sheet flows,
thin sheet flows, thick massive lobate sheet
flows, and pillow lavas all represented. Massive
flows in the NE, NW, and SW wall have jointing
approaching columnar in thick massive flows.
Each of the transects shows alternating near-
vertical lava outcrops and angle-of-repose talus
slopes creating a stairstep character to the walls.
Ponds of clastic deposits between truncated
flows were specifically sought to date the sec-
tion, but none were observed. The basal outcrops
and talus on NE, NW, and W walls are hydro-
thermally altered with bright orange deposits
along fractures and coating surfaces that are now
inactive based on lack of bacterial mat. The
hydrothermally altered section is not exposed on
the lower E wall.

[86] Many of the samples from NE (dive D70),
NW (D71), W (D75), and E (D79) caldera walls
lacked glass rinds. For this reason, seven of these
lava samples were analyzed as whole rocks
[reported in Dreyer et al. [2013]. These samples,
and all new samples from the walls with glass
rinds, have Type 1 major-element compositions
similar to most of the flows sampled from the rims
of the caldera beneath the thick clastic section, as
well as the many sheet flows erupted since 1400
CE. Two samples (xl2085-2 and xl1728-4B;
Chadwick et al. [2005]), which we infer to be
from the walls or talus at the base of the walls, are
Type 2 lavas, similar to those erupted on the cal-
dera floor and upper rift �1220–1305 CE.

7. Discussion

[87] The data presented above allow us to exam-
ine: (1) aspects of lava flow emplacement, (2) the
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evolution of eruptive fissures, (3) the longevity of
hydrothermal fields, (4) the early history of the
summit when the caldera formed, (5) the post-400
CE volcanic stratigraphy and eruptive history of
the summit region, and (6) the eruption recurrence
intervals of the summit region on several time
scales. These data also provide a framework for
evaluating changes in magma generation and
plumbing in Axial Seamount over time, as devel-
oped in Dreyer et al. [2013] and Helo et al.
[2011], and the interplay of volcanic and hydro-
thermal processes as recorded in the clastic section
on the caldera rims, as developed in Portner et al.
[2012].

7.1. Lava Flow Emplacement

[88] The high-resolution mapping data provides
insight into emplacement of the spectrum of flow
morphologies by revealing the spatial architecture
of the lava types that comprise each flow type.
Some interpretations based on the high-resolution
mapping data follow, but this is not intended as a
comprehensive evaluation of flow emplacement
processes. Much of what we observe has been
described previously, but has generally lacked the
full 2-D distribution of lava morphologies within
the entire flow. The different morphologies, with
the exception of the inflated sheet flow described
below, are illustrated in Chadwick et al. [2013,
Figure 2].

7.1.1. Inflated Lobate Flows
[89] Most of the flows in and near the caldera,
including both historical flows, are inflated lobate
flows, but the range of flow architecture shown by
the many flows mapped at the summit far exceeds
the range seen in the two historical flows. Larger
inflated lobate flows, including both historical
flows, generally have lava ponds surrounding the
eruptive fissures, and smaller flows may have a
string of collapse pits delineating an inferred fis-
sure. These ponds drained down complex channel
systems. The channels in turn drained as the flows
advanced downslope, and often are floored with
hackly or lineated sheet flows [Chadwick et al.,
1999a]. The drained ponds above the eruptive fis-
sures and the drained channels typically in the
near-vent portions of the flows are surrounded by
lobate flows. The lobate flows adjacent to the
channels are commonly hollow underneath
(perched lava crusts) with abundant lava pillars
[Gregg and Chadwick, 1996; Chadwick, 2003;
Engels et al., 2003]. Farther from the drained
channel, the molten core of the lobate flows no
longer drained to created collapses. Farther still in

length and width, the lobate flow textures grade
into pillow lavas. The widths of these different
facies vary widely from flow to flow, with the
channel facies nearly absent (e.g., 2011 flow in
the caldera) to comprising most of the flow (e.g.,
Flow Sc1, Flow Nc, Flow Ne, 1998D–F). Simi-
larly, the lava facies also vary along the advanc-
ing inflated lobate flows such that channels
remain open (drained) for variable distances from
the eruptive fissures. These differences are caused
by variations in emplacement processes that we
discuss below.

[90] The distal lobes are commonly inflated (e.g.,
1998 and 2011) forming what Chadwick et al.
[2013] termed inflated pillow flows. These distal
flows form by the processes outlined by Hon et
al. [1994] for subaerial Kilauea lavas where mol-
ten lava is injected under the crust and thickens
the flow from within. As at Kilauea, this process
is mainly observed far from the eruptive fissures
or vents and on gentle slopes. Distal inflated
flows can take on a range of morphology depend-
ing on the slope. On nearly flat slopes, as on
much of the caldera floor, the pillowed margins
of the lobe inflate and thicken, and then the flow
interior is slightly inflated above the thickness of
the pillowed margins. The surfaces often remain
smooth and may sag slightly, suggesting the
crust is thin and still plastic during this process.
This style of inflation is observed in the 2011
[Caress et al., 2012a] and 1998 [Chadwick et al.,
2013] flows, near the distal ends of the lobes
emplaced to the west into the caldera from the
northernmost fissures near Magnesia vent site
(Figure 13).

[91] The 1998 and 2011 distal pillow flows that
descend steeper slopes to the south and south-
east outside the caldera have a slightly different
structure where the advancing flow inflates.
Instead of further inflation of the core, the core
collapses as the flow continues to slowly
advance and spread after the influx of lava has
ceased. Collapse pits and depressions a meter or
more deep are lined with shelves and veneers of
lava left as the flow drained. This type of flow
lobe in the 1998 flow formed on the south rift
from fissure K [Chadwick et al., 2013, Figure
16], and is also widely seen on the flanks of the
caldera where flows erupted prior to formation
of the caldera advanced down steeper slopes.
We emphasize that what the mapping data illu-
minate is the entire architecture of these com-
plex flows, which in turn allows us to envision
the sequence of events and processes that
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constructed individual flows. What is remark-
able at Axial is that so many flows have had
similar histories and distribution of facies, and
most are similar in overall architecture to the
1998 flows [Chadwick et al., 2013] or the 2011
flows [Caress et al., 2012a].

7.1.2. Pillow Mounds
[92] Not all flows near the summit of Axial Sea-
mount are inflated lobate flows. There are also pil-
low mounds, especially along the south rift and
south caldera rim, but also in the caldera center
where many of the high-MgO flows are pillow
mounds that erupted in between the extensions of
the south and north rift zones along the east and
west sides of the caldera floor. As noted by Yeo
et al. [2013], pillow eruptions do not necessarily
form a chain of rooted mounds or pillow ridges
aligned solely along the eruptive fissure. These
flows also can spread laterally and form mounds
near the fissure, but offset from it by perhaps a
hundred meters. This observation, which is appli-
cable for the pillow mounds in the caldera center
at Axial, suggests that the mounds may also harbor
a molten core that can transport lava laterally to
feed rootless mounds.

7.1.3. Inflated Sheet Flows
[93] Axial has yet another flow type not described
by Chadwick et al. [2013] that we are calling an
‘‘inflated sheet flow.’’ This term describes the
tumulus-like features such as Flow Sg1 (Figures
11 and 12b) described by Appelgate and Embley
[1992] and also described based on these AUV
data and ROV observations by Paduan et al.
[2009]. Flows Ni1 and Ni2 on the north central
caldera floor are similar although smaller in size.
Their structure and appearance are indeed identi-
cal to tumuli [as noted by Appelgate and Embley,
1992], but they form by a different process of
inflation since their inflated parts are the shallow-
est parts of the flow. Therefore, these must be
perched on top of eruptive fissures/vents rather
than being secondary flow features like tumuli
formed downslope from eruptive vents. The tilted
slabs on the sides of these features usually consist
of lineated or jumbled sheet lava of near-vent mor-
phology, and the lava crusts can be more than 1 m
thick. We propose that these features form during
the waning stages of eruption of a sheet flow and
result from slow continued injection of molten
lava from below that lifts the thick sheet flow crust
and cracks it to form the observed structures in a
manner described for on-land flows by Walker
[1991].

7.1.4. Factors Controlling Flow Morphology and
Architecture
[94] Morphology of submarine basalt flows is
related primarily to extrusion rate [Griffiths and
Fink, 1992; Greg and Fink, 1995; Gregg et al.,
2006] and to slope [Gregg and Fink, 2000; Greg
and Smith, 2003; Fundis et al., 2010]. The role of
steep slope in elongating the shape of terrestrial
pahoehoe flows is widely recognized and plays a
similar role for elongating submarine pillow lavas
[e.g., Moore, 1975; Clague and Paduan, 2009].
However, it also exerts strong control on the archi-
tecture of sheet and lobate flows: on the width of
the channel system or lobate and pillow margins;
how far from the fissures the drained channel
extends downslope; and if the distal pillow flows
inflate and then drain or continue to inflate. Extru-
sion rate is related to a combination of magma vis-
cosity, dike width, and magma buoyancy or
bubble content [e.g., Head and Wilson, 2003].
Magma viscosity is itself controlled by melt tem-
perature and composition including volatile com-
ponents, and crystal and bubble content [e.g.,
Shaw, 1972].

[95] A recent evaluation of magma viscosity and
its relation to flow morphology, and therefore, to
extrusion rate, for lavas from the Alarcon Rise
[Martin et al., 2012] shows little correlation. As
expected, lavas from pillow mounds all had higher
viscosities due to generally lower melt tempera-
tures and high crystal contents, but lavas from
inflated lobate or sheet flows had a wide range of
viscosities that overlapped the range for pillow
lavas. Since viscosity does not correlate with
extrusion rate (inferred from flow morphology),
dike width, and magma buoyancy or bubble con-
tent, neither of which is straightforward to assess,
must play important roles. Clearly, some of the
rapidly erupted inflated lobate flows on Axial
erupted through unusually wide dikes (e.g., Flow
Sa), as seen by the gaping fissures remaining after
their eruption. However, Clague et al. [2009a]
also suggest that abundant pyroclast production
correlates with rapid extrusion rate sheet or lobate
flows compared to sparse pyroclast production for
eruptions that produced pillow mounds. This rela-
tionship suggests that magma buoyancy (amount
of exsolved bubbles) is a significant factor in
determining magma ascent and extrusion rates,
and therefore, to flow morphology. Formation of
sheet and lobate flows may require the combina-
tion of low viscosity magmas, wide feeder dikes,
and high magma buoyancy caused by abundant
exsolved bubbles.

CLAGUE ET AL. : GEOLOGIC HISTORY OF AXIAL SEAMOUNT 10.1002/ggge.20240

4432



7.2. Evolution of Fissures

[96] Slope may play a significant role in the evolu-
tion of the eruptive fissure system. One of the
striking features of the historical and several other
young eruptions such as Flow Sa around the Bag
City hydrothermal field at Axial are the open fis-
sures that remain when the eruptions are over.
Several of these open fissures in the 1998 flow
(such as around the Marker 33 site, Figure 16)
were located within small closed depressions, sug-
gesting that lava drains back down the eruptive fis-
sures when activity along fissures ends, as also
described from the East Pacific Rise [Fornari et
al., 2004].

[97] The geophysical data, especially for the 1998
eruption [Dziak and Fox, 1999; Fox, 1999] sug-
gest that the fissures progressed from north to
south down the S rift zone. This configuration is
identical to eruptions such as the 1984 eruption on
Mauna Loa, where activity at the initial fissures
stopped as the eruption migrated down the NE rift
zone [Lockwood et al., 1987]. Axial Seamount
eruptions apparently do the same. This is a mecha-
nism to shut off the eruption at the shallowest fis-
sures abruptly, leaving the fissures as open cracks,
whereas down the rift, the fissures are filled with
lava when the eruption is over. At Axial, the fis-
sures on the south rift zone (Figure 15) show
extensional ground cracking, but in general, the
eruptive fissures are filled by lava by the end of
the eruptions. Inflated sheet flows are apparently
restricted to gentle slopes and cover their fissures
in new lava. Pillow ridges, regardless of slope,
bury their underlying fissures.

[98] The observation that fissures within the cal-
dera are left as open cracks when activity ceases at
those fissures is probably key to them being reoc-
cupied by the subsequent eruptions. Such reoccu-
pation clearly happened with the 2011 eruption
using fissures from the 1998 eruption [Caress
et al., 2012a], and also with the 1998 eruption
using fissures from eruptions that had produced
Flows Sc1 and Sa [Chadwick et al., 2013]. When
the same fissures are used again, lava pools in the
same lava ponds around those fissures, and flows
along the same drained channels from the previous
eruption. To break this cycle, a new eruption using
the same fissures may need to be restricted to the
summit, so that the lavas are not drained into
deeper parts of the dike and the fissures are
clogged at the end of an eruption. The general lack
of deep, open fissures suggests that eventually this
takes place, forcing the next eruption to break new

ground to the surface. In eruptions where the prop-
agating dike intersects open fissures at some
greater depth below the surface, the eruption may
have higher effusion rates and, due to rapid rise
rates and decompression, may also produce more
pyroclastic debris than in eruptions where the dike
has to propagate all the way to the surface before
the eruption can begin.

7.3. Distribution and Duration of
Hydrothermal Activity

[99] The largest of the vent fields, at International
District, is located near the inferred eruptive fis-
sures for Flow Eb1, one of the younger post-1650
CE flows, and adjacent to the margin of the 1998
flow. The other fields are found on the flows we
interpret to be younger than 100 years, so the vent
fields should also be equally young.

[100] Cores on the east rim contain a variably
thick green hydrothermal layer that probably
formed as fall-out from chronic plumes. The
uneven distribution of this unit around the caldera
implies that bottom currents preferentially flow
toward the east. It appears to have formed during
a period prior to 895þ93/-93 CE, as determined
from a date at the top of the layer. This may be a
time period when eruptions were less frequent
than they have been more recently, providing the
tantalizing observation that frequent and volumi-
nous eruptions may correlate with periods with
minimal hydrothermal activity and infrequent
eruptions may correspond to periods of intense
hydrothermal discharge, as observed at Endeav-
our Ridge. Better age control on the start and end
of this period of active and widespread hydrother-
mal activity at Axial, represented by the gray-
green layer in the cores, should be possible with
more and longer cores, especially from the east
caldera rim.

[101] The rarity of chimneys mapped at Axial
Seamount contrasts with the �950 chimneys
identified at Endeavour Ridge [Clague et al.,
2008] and over 110 along the Alarcon Rise from
1 m data collected using the same AUV [Paduan
et al., 2012b]. Only chimneys at International
District would be identified as such from the
mapping data alone without prior knowledge that
chimneys were present in the area. The AUV
mapping confirms that large sulfide chimneys are
rare at Axial Seamount, as determined by prior
extensive exploration to locate hydrothermal dis-
charge sites [Baker et al., 1990; Butterfield et al.,
2004].
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7.4. Early Summit History: Caldera
Formation and Filling

[102] Most flows on the outer rims of the caldera
flow radially away from the caldera wall and chan-
nels in them are truncated by the caldera-bounding
faults. These relations indicate that the flows on
the rim were emplaced prior to caldera formation.
Formation of the caldera may have occurred
within a few hundreds of years after the summit
overflows were emplaced, as observed at Kilauea
where a series of summit overflows are dated to
1290–1470 CE [Clague et al., 1999; Neal and
Lockwood, 2003] and the subsequent explosive
eruptions marked the development of the present
caldera that began no later than 1470–1510 CE
[Swanson et al., 2012]. Mauna Loa has a similar
history with the last period of summit overflows
ending about 1200 CE and followed by formation
of its caldera [Lockwood and Lipman, 1987]. At
Kilauea and Mauna Loa, the end of the summit
overflows roughly coincides with caldera
formation.

[103] If we assume that Axial Seamount had simi-
lar timing between the end of summit overflows
and caldera formation, the youngest flows on the
rim that are truncated by the caldera would corre-
spond to the formation of the caldera, and the
youngest and oldest summit overflows would dif-
fer by only a few hundred years. Coring on the
rims of Axial caldera has been exceedingly diffi-
cult (see supporting information 2.3 for details on
coring program) and none of the cores has recov-
ered the entire sediment section, so all yielded
minimum ages. The oldest age, 31.2 cal kyr BP
from a core on Flow We, provides a rough mini-
mum age for the formation of the caldera. How-
ever, this age is from the base of a core that only
recovered about 50% of the sediment section that
it penetrated, so the age of the underlying flow
could be as much as twice as old as the determined
age and formation of the caldera could have
occurred 60 ka ago. We have determined a series
of ages between 12.8 and 19.4 cal kyr from the
bottoms of other cores taken on the rim, all of
which also recovered slightly more than half of the
penetrated sediment. These results are consistent
with the 31.2 ka age being our best estimate of the
minimum age of the caldera. In order for this to be
correct, core D256-PC77L (Table 1) would have
sampled the upper �35 cm of the roughly 85 cm
section, then continued insertion resulted in no re-
covery until the very bottom, where a few cm
were recovered from on top of the underlying lava

flow. That core was inserted slowly against a lot of
resistance, as usual, and experienced unusually
rapid, easy insertion at the end. We think friction
of the glassy material in the core barrel had pre-
vented the core from entering the tube elsewhere,
despite penetration by the core barrel. An alternate
explanation for the limited recovery would require
�50% compaction of the sediment in the core
tube, which seems unlikely for such glass-rich
sediment. Dating of long cores to be collected in
the future will hopefully remove this significant
ambiguity.

[104] The caldera might have formed during a sin-
gle collapse event and has been filling for the
entire 31 ka since it formed. This would be dissim-
ilar to the deep caldera on Fernadina Volcano in
the Galapagos Islands that deepened from 800 to
1100 m in 1968 [Simkin and Howard, 1970]. The
Axial caldera was most likely not as deep as that
at Fernadina since Fernadina’s caldera is the deep-
est of those at basaltic volcanoes, so the maximum
volume of the Axial caldera after it formed 31 ka
ago was 25 � 109 m3 (area of Axial caldera floor
of 22.5 � 106 m2 � depth of 1.1 km). The largest
and smallest documented flows at the summit of
Axial are 27 � 106 m3 (for 2011 flows) and 7 �
106 m3 (for Flow Na). To fill this maximum cal-
dera would require an eruption recurrence interval
between 9 and 33 years for the elapsed 31 ka since
the caldera formed, if there were no events that
deepened the caldera after its formation. It seems
more likely that the caldera floor at Axial dropped
repeatedly during large eruptions down either of
the rift zones that would have depressurized the
summit, as proposed by Holcomb et al. [1988] for
Kilauea’s caldera or during flank eruptions as pro-
posed by Simkin and Howard [1970] for Fernadi-
na’s. Axial also had a large-volume eruption (>5
� 108 m3) along the deepest portion of the south
rift zone where a 90 m deep lava pond complex
formed [Paduan et al., 2005, 2012a] with an
extensive sheet flow adjacent to it. Another similar
large-volume pond complex exists near the base of
the north rift zone, but it remains unexplored. The
south rift pond complex is still less than 1/5 the
volume of the present caldera, so is not likely to
correlate with an episode of caldera formation, but
perhaps it coincided with an episode of caldera
deepening.

[105] The flows erupted in and near the S caldera
and upper S rift have spilled into the caldera and
buried the southeast rim (inferred location shown
in Figure 2). The floor of the caldera today, which
deepens to the north (Figure 3), may reflect the
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much more frequent and voluminous eruptions
that have taken place along the upper south rift
compared with the north rift. The flat pond and
rim surfaces of Flow Nd2, which were presumably
horizontal when it was emplaced, are gently tipped
downward to the north. That subtle tipping could
be due to trapdoor motion, as proposed by Embley
et al. [1990], but could also be caused by inflation
of the central caldera floor as the magma reservoir
fills [Chadwick et al., 2012] or by emplacement of
shallow sills. That the tipping has occurred in
<300 years supports deformation as the cause of
the subtle tilting and suggests that the overall slope
of the floor up to the south is because of more vo-
luminous young activity at the south end that has
simply filled the southern caldera more than the
northern end.

7.5. Post-410 CE Summit History:
Eruptions on the Caldera Floor and Upper
Rift Zones

[106] The combination of high-resolution mapping
data, relative ages, and some absolute ages has
allowed us to reconstruct the structural and erup-
tive history at the summit and uppermost rift zones
in much the same way that geologic maps are con-

structed for subaerial volcanoes. We have com-
bined the maps of the four regions from Figure 7
to produce a stratigraphic correlation of map units
(Figure 19), and the geologic map (Figure 20a),
which is color coded to match the correlation
chart. In addition, the average flow compositions
and crystal contents from Table 2 are shown on
the same flow-by-flow map in Figure 20b. The key
results are that the compositions of the lavas and
locations of eruptive fissures have changed in a
recognizable way over time. The stratigraphy at
the summit defines a style of activity that changes
through time and space. Some of these changes
entail significant changes in magma composition,
but most do not. The history of activity is pre-
sented from most recent to oldest, as more recent
eruptions are displayed most completely, whereas
older lava flows tend to be partly covered by sub-
sequent flows.

[107] All flows more recent than 1650 CE are
aphyric and chemically nearly identical Type 1
lava, and erupted from two main loci. The young-
est group of flows, all probably 20th and 21st cen-
tury, erupted along the uppermost S rift zone and
its continuation along the SE edge of the caldera
(Figure 20a) and include the flows erupted in 2011
[Caress et al., 2012a], 1998 [Chadwick et al.,

Figure 19. Flow unit correlation chart for Axial Seamount. The flows are arranged in age sequence for each
of the four regions, correlated between those regions and the colors match those on Figure 20a. Dated flows
are shown in boldface. All ages are in years CE except the oldest age group that are in calibrated kyr BP.
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2013], Flow Sa, and Flow Sb. Prior to that, and
perhaps overlapping with it, from perhaps 1650 to
1800–1850 CE, similar intense activity occurred
on the north caldera floor and rift. Around 1650
CE, a singular eruption of slightly more primitive,
lava emplaced Flow Ne from a fissure along the
west edge of the south rift zone across the caldera
floor. Activity was focused on the upper south rift
outside the caldera from 1400 to 1650 CE. All the
post-1400 CE lavas are aphyric, slightly enriched
(Type 1), with glass containing <7.6% MgO.

[108] Evidence for activity near the summit is lack-
ing from 1305 to 1400 CE. Higher-MgO (hotter),
phyric to ultraphyric, depleted lavas (Type 2)
erupted from vents in the central caldera, and as
an extensive sheet flow from fissures on the east
rim of the caldera from 1220 to 1305 CE. This pe-

riod is well dated with seven ages from nine cores
ranging from 1305þ91/-67 CE for Flow Nh1 to
1223þ67/-76 CE for Flow Sg1 (Table 1, Figures
7a and 7b) and all the determined ages from the
core bottoms overlap within their 2� uncertainties.
During the same time period, we infer construction
of several small aphyric, but still high-MgO pillow
mounds along the trace of the south caldera fault
and of a few smaller sheet flows on along the
upper south rift. This brief period of activity
appears to have produced all the more depleted,
more mafic, Type 2 lavas found near the summit
and was preceded and followed by eruption of
aphyric, less depleted, less mafic Type 1 lavas.

[109] From 1000 to 1260 CE, evidence for activity
near the summit is lacking. Two (or maybe a sin-
gle) lobate flows erupted through fissures to the

Figure 20. Summary maps showing the four parts of Figure 7 combined into (a) map by flow age grouped
with color ranges as in the stratigraphic correlation chart (Figure 19) and age date symbols in previous figures
and (b) map of flow composition, as average MgO (in wt%), with striped areas representing plagioclase phyric
flows. All lavas on the caldera floor are more recent than about 1220 CE, and only rare flows on the rims have
occurred more recently than �410 CE with the rest of the rim formed from flows erupted prior to caldera for-
mation, perhaps as long ago as 31 ka BP. Most of the flows are aphyric with low-MgO glasses (<7.6 wt%).
Mostly plagioclase phyric flows with higher glass MgO (>7.9 wt%) erupted during a relatively brief period in
the history of the volcano from �1220 to 1305 CE.

CLAGUE ET AL. : GEOLOGIC HISTORY OF AXIAL SEAMOUNT 10.1002/ggge.20240

4436



west of and parallel to the north rift zone or con-
centric to the west caldera wall between 800 and
1000 CE. The earliest postcaldera activity pre-
served and sampled near the summit occurred
about 400 CE when a small pillow mound formed
beyond the southeast caldera rim (Flow Ej4).

[110] Evidence for eruption of lava flows at the
summit before 400 CE is missing until at least 31
ka, and possibly 60 ka, which is represented by
summit overflows exposed only on the rims of the
caldera. Younger ages on the rims of 6.6–19.4 ka
BP are most likely minimum ages as they are from
within the sediment section. These lavas that crop
out on the summit outside the caldera and in the
caldera walls are Type 1 and generally similar to
those erupted since 1400 CE. Volcanic activity
during this long period must have been restricted
to the caldera floor, and possibly to the rift zones.
The activity at the summit is recorded solely in
clastic deposits rich in basalt glass shards that
drape the rims of the caldera. Lava flows erupted
in the caldera during this period, if any, were bur-
ied by younger flows. Long (1 m) push-cores col-
lected during dives D256, D259, and D262 reveal
several �15–18 cm thick pyroclastic layers [Port-
ner et al., 2012] interstratified with light brown
sediment. These cores should contain detailed
records of the magmatic and hydrothermal history
of Axial Seamount in the long period between
�410 CE and >31 cal kyr BP flows beneath the
clastic unit.

[111] This general pattern of shifting activity
through time is familiar from other volcanoes,
such as Kilauea, where Holcomb [1987] proposed
cyclic loci of eruptive activity from summit to
rifts, periods of intense activity and inactivity, and
frequent caldera formation and filling on similar
multihundred year timeframes. The biggest differ-
ence is that eruptive activity and caldera formation
at Axial Seamount are less frequent than at
Kilauea, and that the two volcanoes have different
crustal stresses that control their activity.

7.6. Eruption Recurrence Interval at
Summit

[112] The analytical errors inherent with the radio-
carbon dating—generally in the 680 year range—
precludes placing tight estimates on recurrence
intervals or periods of activity in different parts of
the caldera and upper rifts. With that caveat in
mind, there are �24 discrete lava flows in the sum-
mit region, including the two historical eruptions,
since �1650 CE. The temporal distribution of

these 24 eruptions is not known, but this equates
to an eruption recurrence interval of 11–19 years,
including the 2� errors on the 1650 CE dated flow.
The lavas produced during this period are rela-
tively low-MgO (<7.6 wt%) aphyric lavas. This
recurrence interval is statistically identical to the
elapsed 13 years between the 1998 and 2011 erup-
tions and within the range estimated by Nooner
and Chadwick [2009] based on rates of uplift in
the caldera following the 1998 eruption. It also
implies that in the last 100 years, it is likely that
there were �6–7 eruptions near the summit of
Axial Seamount, and that all the youngest flows,
including the Flows Sa at Bag City, Sb at ASHES,
Sc1 at Magnesia, and Na at CASM, might be less
than a century old. It also implies that the eruption
prior to the one in 1998, the Bag City Flow Sa,
most likely occurred in the 1970s or 1980s, per-
haps just a few years prior to the initial submersi-
ble exploration at the summit [Chase et al., 1985]
and the collection of the SeaMarc II side scan data
[Embley et al., 1990].

[113] From �1305 to 1650 CE, there was little ac-
tivity and no dated and mapped flows in the cal-
dera. There was a single dated flow on the
southeast rim and several other flows on the NW,
N, and SE rims that we interpret erupted in this
general time period. The period �1220–1305 CE
appears to have been a time with more frequent ac-
tivity with seven dated and 17 more eruptions in
<245 years including the 2� errors on the barack-
eting ages, but of eruptions of higher MgO (8–8.7
wt%), predominantly plagioclase phyric lava. The
eruption recurrence interval during this period was
<10 years. This of course assumes that there are
no additional flows that have been buried by sub-
sequent flows, that our age data measure the entire
period when high-MgO lavas erupted, and that the
many small mapped lava flows were each inde-
pendent of one another.

[114] If one looks at the entire post-1220 6 80 CE
period, there were at least 48 lava flows erupted at
and near the summit, and the recurrence interval
was 15–18 years. If we consider only the 35 flows
within the caldera during this same time period,
then the intracaldera recurrence interval is 20–25
years. These numbers, while rough, suggest that
Axial Seamount has been in a phase of more fre-
quent and larger eruptions since about 1650 CE,
than during the preceding �430 years. The recur-
rence interval at Axial Seamount’s summit is
much shorter than the five eruptions unevenly dis-
tributed during 370 years determined for the south-
ern East Pacific Rise by Bergmanis et al. [2007].
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The recurrence intervals estimated above suggest
that the OOI regional scale nodes (RSN) observa-
tory currently being installed in the S and central
caldera of Axial Seamount will most likely be in
place to capture the next eruption in unprece-
dented detail.

8. Conclusions

[115] Bathymetric mapping at 1 m lateral resolu-
tion collected using an autonomous underwater ve-
hicle was coupled with 236 new geochemical
analyses of glass rinds on lava samples, relative
flow age relations, and absolute radiocarbon ages
from 29 cores on top of flows to construct a geo-
logic map of the summit of Axial Seamount. The
mapping data show that all flows on the caldera
floor are more recent than 1220 CE and that about
50% of them are more recent than 1650 CE. Lavas
in and near the caldera that erupted since 1400 CE
are aphyric, have glass rinds with 7.2–7.8 wt%
MgO, whereas lavas erupted between about 1220
and 1305 CE have glass rinds with 7.9–8.7 wt%
MgO and can be either aphyric or plagioclase phy-
ric to ultraphyric, depending on their location on
the seamount and within the flows. In 800–1000
CE, a few aphyric flows on the west rim had glass
rinds with 7.4 wt% MgO. The reasons for these
changes in lava chemistry over time are beyond
the scope of this paper, but are explored in Dreyer
et al. [2013].

[116] There is no clear record of lava flows at the
summit between 410 CE and �31 ka (or perhaps
�60 ka) when the collapse of the caldera most
likely occurred. The long period of time without
summit lava flows could indicate a general lack of
volcanic activity at Axial Seamount, a shift of ac-
tivity to the rift zones, or low-flux activity con-
fined to the caldera floor where the flows were
buried beneath more recent flows. There was
clearly some activity at the summit, as the �1–2
m thick sedimentary deposits on the caldera rims
are largely composed of glass fragments produced
by intense pyroclastic activity. Further work on
the stratigraphy of the sedimentary section coupled
with additional radiocarbon dating within those
deposits should clarify the timing of volcanic ac-
tivity in the caldera during this long period of
time.

[117] The collapse of the caldera marks the end of
summit eruptions with flows advancing radially
outward from a summit shield. Difficulties in col-
lecting the 1 mþ length cores of clastic debris on

these old caldera overflows leave some uncertainty
as to the timing of caldera formation, although the
orientation of channels leading right to the top of
the caldera wall (where they are abruptly trun-
cated) attest to a precaldera period(s) of summit
overflows.

[118] Most of the younger flows near the summit,
and especially those in the caldera, are inflated lo-
bate flows with complex drained lava ponds sur-
rounding their eruptive fissures, drained channels
leading away from the fissures, and lobate and
finally pillow lavas toward the flow margins. The
interior of the flows inflated and then usually
deflated as the flow advanced. The period defined
by flows dated in the range 1220–1305 CE is char-
acterized by higher MgO and mostly phyric (Type
2) flows that are mainly located in the central cal-
dera and erupted from vents not aligned with ei-
ther the N or S rift zones that hug the east and
west walls of the caldera and adjacent rim. These
flows include pillow mounds and sheet flows that
inflated as the eruptions waned. Three flows on the
flanks erupted between 800 and 1400 CE. The
most recent is on the east rim and the two older
flows are on the west rim; all are defined by their
high backscatter in side scan or multibeam ampli-
tude data compared with the surrounding flows
that are covered by 1–2 m of clastic deposits.

[119] Axial Seamount has widespread low-
temperature hydrothermal venting, but sulfide
chimneys large enough to identify in the mapping
data are restricted to roughly a dozen chimneys at
the ASHES and International District vent fields.
Chimneys at CASM can be seen in the data, but
without prior knowledge of their presence, would
not be identified. The main hydrothermal vent
fields occur on top of some of the youngest flows
mapped at Axial, limiting the lifespan of these
fields probably to less than 50–100 years. A layer
of green hydrothermal pyrite-bearing sediment
[Portner et al., 2012], collected in all cores on the
N and E rims of the caldera, and older than about
1200 CE may have accumulated from fall-out of
chronic plumes, most likely emanating from
within the caldera, during an earlier period of
more intense and widespread hydrothermal activ-
ity at Axial summit.

[120] The open fissures remaining at the ends of a
number of summit eruptions, including both his-
torical eruptions, drained quickly and so avoided
being clogged by solidifying lava. This probably
occurred as the fissures extended down rift and
depressurized the shallowest portion of the
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eruptive fissure system. These open fissures were
then reused repeatedly by subsequent eruptions as
dikes intercepted the open fissures below the
surface.

[121] The historical recurrence interval of 13 years
between 1998 and 2011 eruptions is statistically
identical to the interval we deduce from flows
erupted over the last 800 years. Future eruptions
are likely to occur within �15 years and to reuse
some of the same fissures that were used in the
1998 and 2011 eruptions in the south caldera and
upper south rift.
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