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Recent Eruptions Between 2012 and 2018 Discovered at West Mata Submarine Volcano (NE Lau Basin, SW Pacific) and Characterized by New Ship, AUV, and ROV Data
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West Mata is a submarine volcano located in the SW Pacific Ocean between Fiji and Samoa in the NE Lau Basin. West Mata was discovered to be actively erupting at its summit in September 2008 and May 2009. Water-column chemistry and hydrophone data suggest it was probably continuously active until early 2011. Subsequent repeated bathymetric surveys of West Mata have shown that it changed to a style of frequent but intermittent eruptions away from the summit since then. We present new data from ship-based bathymetric surveys, high-resolution bathymetry from an autonomous underwater vehicle, and observations from remotely operated vehicle dives that document four additional eruptions between 2012 and 2018. Three of those eruptions occurred between September 2012 and March 2016; one near the summit on the upper ENE rift, a second on the NE flank away from any rift zone, and a third at the NE base of the volcano. The latter intruded a sill into a basin with thick sediments, uplifted them, and then extruded lava onto the seafloor around them. The most recent of the four eruptions occurred between March 2016 and November 2017 along the middle ENE rift zone and produced pillow lava flows with a shingled morphology and tephra as well as clastic debris that mantled the SE slope. ROV dive observations show that the shallower recent eruptions at West Mata include a substantial pyroclastic component, based on thick (>1 m) tephra deposits near eruptive vents. The deepest eruption sites lack these near-vent tephra deposits, suggesting that pyroclastic activity is minimal below ∼2500 mbsl. The multibeam sonar re-surveys constrain the timing, thickness, area, morphology, and volume of the new eruptions. The cumulative erupted volume since 1996 suggests that eruptions at West Mata are volume-predictable with an average eruption rate of 7.8 × 106 m3/yr. This relatively low magma supply rate and the high frequency of eruptions (every 1–2 years) suggests that the magma reservoir at West Mata is relatively small. With its frequent activity, West Mata continues to be an ideal natural laboratory for the study of submarine volcanic eruptions.
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INTRODUCTION

We learn the most about active volcanic processes by directly observing them, a fact that motivates the establishment of observatories at Earth’s most active volcanoes. Eruptions that occur on land have obvious manifestations, making them easy targets for enhanced observation and study, but detecting and observing volcanic eruptions in the deep sea is much more difficult (Rubin et al., 2012), despite the fact that most of Earth’s volcanic output occurs in the oceans (Crisp, 1984). Frequently active submarine volcanoes provide a rare and valuable opportunity to learn about the underwater processes associated with individual eruptions as well as how a submarine volcano’s activity evolves with time (Staudigel et al., 2006; Watts et al., 2012; Schnur et al., 2017; Allen et al., 2018; Wilcock et al., 2018). West Mata is of special interest because it is an excellent example of such a site.

West Mata is a frequently active submarine volcano with a summit depth at ∼1200 meters below sea level (mbsl) and a base at nearly 3000 mbsl, located in the extensional NE Lau Basin between Fiji and Samoa in the SW Pacific Ocean (Figure 1). It is one of only two places on Earth where active submarine eruptions have been directly observed in the deep sea (>500 mbsl depth) (Resing et al., 2011; Rubin et al., 2012). It is also by far the deepest since the other site is NW Rota-1 Seamount in the Mariana arc, which has a summit depth of 517 mbsl (Embley et al., 2006; Chadwick et al., 2008, 2012; Deardorff et al., 2011; Schnur et al., 2017). West Mata is also unique because it is the only known site where lava of boninite composition is being erupted in a modern tectonic setting, a composition often associated with nascent inter-oceanic subduction (Resing et al., 2011; Rubin et al., 2018). West Mata is the largest of nine volcanoes with similar morphology and composition, comprising the “Mata Group,” all elongate cones with roughly parallel rift zones that are oriented in a WSW-ENE direction (Figure 1), suggesting a regional structural control (Clague et al., 2011; Rubin et al., 2018).
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FIGURE 1. Regional map of the NE Lau Basin, located between Fiji and Samoa (inset), showing West Mata submarine volcano, between the NE Lau back-arc Spreading Center to the west and the Tofua volcanic arc to the east.



The Mata Group volcanoes lie in a “rear-arc” tectonic setting, between the Tonga volcanic arc to the east, and the NE Lau back-arc spreading center to the west, and in-board of the nearly 90° bend at the northern terminus of the Tonga trench, where it transitions into a plate boundary transform zone (Figure 1). The NE Lau Basin hosts the world’s highest subduction rates (Bevis et al., 1995) and the fastest opening back-arc basin (Zellmer and Taylor, 2001), which creates an extraordinary concentration and diversity of submarine volcanism in the area (Embley and Rubin, 2018; Rubin et al., 2018) and also hosts an extraordinary number of active hydrothermal vent sites (Baker et al., 2019).

This paper presents new results from West Mata including depth changes between repeated bathymetric surveys from ships, high-resolution mapping from autonomous underwater vehicles (AUVs), and visual observations of the seafloor from remotely operated vehicles (ROVs). The new data reveal and characterize six eruptions at West Mata (Figure 2), a collapse pit at the summit, and a landslide scar just east of the summit that all occurred after eruptive activity was first observed at the summit in May 2009 (Resing et al., 2011; Embley et al., 2014). These new observations show that the eruptive style at West Mata changed from continuous to episodic during this time period. The observations also provide information about the character of individual eruptions at different depths, because they span the entire volcano from the summit to abyssal depths (Figure 2). We show that the recent eruptions define a linear trend in erupted volume with time, which has implications for the magma supply, the volume of magma storage within the volcano, and the future behavior of the volcano.
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FIGURE 2. Map of West Mata showing areas where depth changes have been found by repeated bathymetric surveys between 1996 and 2018, documenting recent eruption sites. Those from 1996 to 2012 are from Clague et al. (2011) and Embley et al. (2014); those after 2012 are new (orange and red areas, see legend). The depth changes shown in white are several grouped together within a longer time window (2009–2012) than the time constraints on individual sites (see Embley et al., 2014). The blue areas are negative depth changes from a summit collapse and landslide. Numbers indicate eruption sites discussed in detail in this paper.



PREVIOUS WORK

West Mata first gained attention in November 2008 during a regional hydrographic survey that discovered an intense hydrothermal plume over the summit with high levels of hydrogen and shards of volcanic glass, suggesting it was actively erupting at the time (Resing et al., 2011; Baumberger et al., 2014). This led to a rapid-response expedition 6 months later in May 2009 with ROV Jason (Resing et al., 2011) that found two active eruptive vents on the north side of the summit ridge, named Hades and Prometheus. The eruptive activity was continuous at moderate to low effusion rates, and was characterized by explosive bursts that produced both pillow lavas and pyroclasts, especially when large bubbles of magmatic gases up to ∼1 m in diameter (presumably SO2, CO2, H2O) were expelled from the vent (Resing et al., 2011).

During that same expedition in May 2009, the summit and rift zones were mapped at high-resolution (1 m) with the MBARI AUV D. Allan B. (Clague et al., 2011; Clague, 2015), revealing the setting of the Hades and Prometheus eruptive vents within embayments of the summit ridge on the upper north slope of the volcano. The high-resolution AUV bathymetry also highlighted the contrast in morphology between the smooth north and south slopes of the volcano, which are covered with volcaniclastic debris shed from vents near the summit, and the hummocky lava flows evident on the ENE and WSW rift zones. The rift zone flows have a distinctive morphology with flat tops and steep sides and are typically arranged in a shingled arrangement along the sloping rift zone axis, locally modified by landslides. Clague et al. (2011) also compared the first ship-based bathymetric survey at West Mata in 1996 to later ones collected in 2008–2010 and found large depth changes at the summit (up to 88 m shallower) and on north flank (up to 96 m shallower), suggesting that eruptive activity from the summit vents had been dominant for more than a decade and had produced thick volcaniclastic deposits on the north flank.

Additional evidence that the eruptive activity directly observed during the brief ROV dives in May 2009 was continuous and prolonged for months to years comes from local and regional hydrophone studies, radiometric dating, and repeated hydrothermal plume measurements in the water column over the volcano. A moored hydrophone deployed ∼48 km SW of West Mata recorded the sounds of continuous but variable eruptive activity at West Mata from January to May 2009 (Resing et al., 2011). During the May 2009 ROV dives, a portable hydrophone characterized from close range the eruptive activity at Hades and Prometheus, which was continuous during the several days of recordings (Dziak et al., 2015). A regional hydrophone array in the Lau Basin ∼650 km to the SSW recorded sustained low-level activity in the direction of West Mata between January 2009 and April 2010 (Bohnenstiehl et al., 2014). Another local hydrophone array was moored 5–15 km away from the summit from December 2009 to August 2011 and recorded continuous eruptive activity until late 2010, when it began to decline and eventually stopped by February 2011 (Embley et al., 2014; Dziak et al., 2015). Radiometric dating of lavas collected at or near the summit in 2009 and 2012 using short-lived 210Po-210Pb disequilibrium confirmed that effusive volcanism spanned at least April 2007 to December 2010 (Embley et al., 2014).

During the period of continuous eruptive activity, turbidity sensors on one of the hydrophone moorings and on conductivity, temperature, depth (CTD) instruments during infrequent ship-based vertical hydrographic casts showed evidence for occasional mass-wasting events down the flanks of West Mata (Dziak et al., 2015; Walker et al., under review1). Similarly, submarine landslides were detected on the north flank of West Mata by the local moored hydrophones between December 2009 and May 2010 (Caplan-Auerbach et al., 2014). Ship-based CTD casts over the summit in November 2008, May 2009, April/May 2010, and September 2012 showed a gradual decrease in the strength of chemical and particle signals in the hydrothermal plume above the summit of West Mata during this time period, consistent with the hydrophone data (Baumberger et al., 2014).

ROV dives in September 2012 confirmed that West Mata was no longer erupting continuously from the summit vents (Embley et al., 2014). Instead, a pit crater ∼200 m wide and ∼100 m deep had formed at the former location of Hades vent. Later analysis of additional repeated ship-based bathymetric surveys from 1996 to 2012 (Figure 2) revealed the first evidence for episodic eruptive activity on the rift zones (Embley et al., 2014). Here, we build on those results with the first direct observations of recent eruption sites away from the summit at West Mata from AUV and ROV dives, as well as new evidence for four additional episodic eruption sites on and near the rift zones between 2012 and 2018.

MATERIALS AND METHODS

The main method we use for documenting recent eruptions at West Mata is identifying significant depth changes between repeated ship-based multibeam sonar bathymetric surveys. The volcano has been mapped nine times between 1996 and 2018, with eight of those since 2008 (Table 1 and Figure 3). The first survey in 1996 was collected with a lower resolution sonar system and before reliable GPS navigation, so it is notably lower in quality and comparisons with it have higher uncertainty [as discussed by Clague et al. (2011) and Embley et al. (2014)]. Nevertheless, all the surveys since 2008 are of relatively high quality and we generally can use a threshold to identify significant depth changes of ±10 m. Still, not all depth changes above this threshold are real, but false positives can be eliminated by comparing with visual ground truth from submersibles and/or whether they make geologic sense, based on their location and morphology. The timing of the eruptions associated with each confirmed area of depth change is constrained by the dates of the before-and-after bathymetric surveys. All the bathymetric data at West Mata were processed using MB-System software (Caress and Chayes, 2016) and were gridded at a 25-m grid-cell spacing for this analysis.

TABLE 1. Multibeam sonar bathymetric surveys at West Mata volcano.
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FIGURE 3. The timeline showing the timing of multibeam sonar bathymetric surveys (MB), AUV and ROV dives in 2009, 2012, and 2017, and the transition in eruptive style from continuous summit activity to episodic rift zone eruptions (represented by red “E’s” below the timeline).



In this paper, we focus on the depth changes discovered since those documented by Embley et al. (2014) by using the two most recent ship-based bathymetric surveys in March 2016 and in November 2017 (Table 1). We use the positive depth changes between bathymetric surveys to calculate the thicknesses, areas, and volumes of erupted material at each site (Table 2). We have not re-calculated the volumes reported by Embley et al. (2014) for the depth changes before 2012. For those after 2012, we calculate the areas and volumes of change using ArcMap GIS software by subtracting one bathymetric grid from another within a polygon that was manually drawn to isolate the area of significant depth change. We do not use the AUV bathymetry for the volume calculations because the AUV surveys do not cover all the eruption sites and so the ship data provide a more uniform and consistent way of comparing multiple events.

TABLE 2. Estimates of the thicknesses, areas, and volumes of recent eruption sites at West Mata based on depth changes between ship-based bathymetric surveys.
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Most of the new data presented in this paper were collected during a two-leg expedition on R/V Falkor to the NE Lau Basin between 10 November and 18 December 2017 (FK171110). The first leg included dives with AUV Sentry to collect high-resolution (1 m) bathymetry (at 70 m altitude) and near-bottom photo surveys (at 5 m altitude) of selected areas. Four of six AUV Sentry dives were made at West Mata (dives 457, 458, 460, and 463) and the first three collected useful data with its Reson 7125 (200 kHz) multibeam sonar (Merle et al., 2018a); unfortunately the multibeam sonar malfunctioned during the later dive. Where they overlap, the 2017 AUV Sentry bathymetry can be compared with the 2009 survey by the MBARI AUV D. Allan B. (Clague et al., 2011; Clague, 2015).

During the second leg of the R/V Falkor expedition, dives were made with ROV SuBastian, and 7 of 21 dives were made at West Mata (S85–S88, S93, S95, and S103) to make visual observations and collect samples at most of the recent eruption sites documented by bathymetric depth changes. Both cruise legs collected ship-based multibeam bathymetry at West Mata and the surrounding area with the ship’s EM302 sonar system (Merle et al., 2018b). Other results from this expedition are described in Rubin et al. (2018), Walker et al., under review2, and Baker et al. (2019).

RESULTS

The summary timeline in Figure 3 shows the timing of all the ship-based multibeam sonar bathymetric surveys at West Mata between 1996–2018 (black arrows labeled with “MB”), as well as the years with ROV and AUV dives, and how the new data reported here fit into the longer time-series of observations. Remarkably, there is evidence for eruptive activity between almost every bathymetric survey, except between the surveys less than a year apart in 2008 and 2009, and those in 2011 and 2012, which showed no change. The red “E’s” in Figure 3 denote episodic eruptions on the rift zones, whose timing is constrained by the bathymetric surveys. The arrows at the bottom highlight the major transition that occurred in early 2011 when the continuous eruptive activity at the summit ended (Embley et al., 2014). At about the same time, the summit collapsed and a landslide occurred on the SE flank with a headwall just east of the summit (blue arrows in Figure 3). Since 2011, all the eruptions at West Mata have been episodic eruptions on the rift zones. Although this was clearly a major change in eruptive behavior, note also that there was some overlap in time between the continuous and episodic activity. The first episodic rift eruption was documented between May 2009 and May 2010 (Embley et al., 2014), and there was an even earlier one sometime between the 1996 and 2008 surveys (although it’s possible that event occurred before the continuous activity began).

In this section, we focus on six recent eruption sites: the four discovered on and near the ENE rift zone from the two most recent bathymetric surveys in 2016 and 2017 (sites #1–4 in Figure 2), and two previously identified on and near the WSW rift zone by Embley et al. (2014) where we have new data to ground-truth previous interpretations (#5–6 in Figure 2). We describe the eruption sites roughly from youngest to oldest, starting with the 2016–2017 site, then the three 2012–2016 eruption sites, and then the older two sites on the WSW rift. However, for the 2012–2016 sites, note that their relative ages are unknown (the positioning of the “E’s” in Figure 3 between 2012 and 2016 is arbitrary), and we therefore proceed from shallowest to deepest among those three sites. Note also that to compute depth differences at the 2012–2016 eruption sites (Table 2), we have chosen to compare the 2016 survey to the 2011 survey rather than the one in 2012 because the latter is noisier. So even though we show depth changes between the 2011 and 2016 surveys in the figures and tables, we know that the timing of those depth changes is constrained in time between 2012 and 2016.

Site 1: The 2016–2017 Eruption on the Middle ENE Rift at 1500 mbsl

The most recent known eruption at West Mata occurred between March 2016 and November 2017 and was discovered during the FK171110 expedition on R/V Falkor. This eruption was located on the middle part of the ENE rift zone, between 1.0 and 1.5 km east of, and about 300 m below the summit (Figure 2). Figure 4 shows the before-and-after AUV bathymetry at the eruption site. Comparing the AUV bathymetry from 2009 and 2017 shows that the eruptive vents were located along the southern edge of the rift zone, within the headwall of a previous landslide on the SE side of the rift (Figure 4). The depth changes between ship-based bathymetric surveys in 2016 and 2017 were greatest near the eruptive vents where lava flows accumulated (up to 71 m thick). Smaller positive depth changes (up to 34 m) extend at least 2.2 km downslope, where the smooth texture in the post-eruption AUV bathymetry and photographs from AUV Sentry show that these are volcaniclastic deposits. The area between the thick lava flows and the thinner fragmental deposits downslope had small negative depth changes (up to 5–10 m, not shown in Figure 4c), suggesting that some scouring occurred as the volcaniclastic material moved downslope. The total area enclosing the eruptive deposits (black outline in Figure 4) is 0.60 × 106 m2, and their total volume is 14.0 × 106 m3 (Table 2).
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FIGURE 4. Broad-view maps of eruption site #1, on the middle ENE rift zone of West Mata (see Figure 2) showing (a) pre-eruption MBARI AUV bathymetry from 2009, (b) post-eruption Sentry AUV bathymetry from 2017, and (c) positive depth differences between ship-based surveys in 2016 and 2017 overlain on 2017 AUV bathymetry (see Table 2). Black outlines enclose the site #1 eruption deposits. In this and subsequent figures, the pre-eruption AUV bathymetry was collected in May 2009 by the MBARI AUV D. Allan B. (Clague et al., 2011; Clague, 2015), and the post-eruption AUV bathymetry is from surveys in November 2017 with AUV Sentry (Merle et al., 2018a).



A zoomed-in view of the upper part of the eruption site (Figure 5) shows that the new lava flows form a series of flat-topped or slightly domed plateaus with steep margins, arranged in an overlapping, shingle-like or stepped pattern, descending to the ENE in the direction parallel to the rift axis. Adjacent to the rift, there are five somewhat equi-dimensional overlapping lava plateaus, each 100–150 m across with downward steps of 20–30 m between them (Figure 5b). Below these are a series of lava benches that become progressively smaller and less well-defined with distance downslope, eventually merging into a hummocky lobe of pillow lava that extends 600 m from the rift (Figure 5b). The steep downslope margins of the lava benches and plateaus are constructional in some places, but are cut by landslide scarps in others (for example along the scalloped southern edge of the upper-most lava plateaus in Figure 5b). Because the lava plateaus are relatively flat-topped but were built outward from the rift on a steeply descending slope, each lava plateau is actually wedge-shaped in cross-section; the bathymetric depth-changes between the AUV surveys show that the lava plateaus are thinnest on their upslope edges and thickest on their downslope edges (Figure 5c). This is consistent with their mechanism of formation being similar to that of perched lava ponds on land, as proposed by Clague et al. (2011), in which the relatively flat upper surface of a flow lobe is maintained behind a levee that is constructed from overflows at the edge of the impounded lava flow. In this interpretation, the levee grows upward along with the upper surface of the ponded lava flow. In any case, this “shingled lava plateau” morphology is very common along both rift zones of West Mata.
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FIGURE 5. Close-up maps of eruption site #1 showing (a) pre-eruption MBARI AUV bathymetry from 2009, (b) post-eruption Sentry AUV bathymetry from 2017, (c) positive depth differences between the AUV surveys (after the 2017 Sentry AUV grid was co-registered by shifting it 8 m east and 16 m south), and (d) trackline of SuBastian ROV dive S86 (white line) on post-eruption Sentry AUV bathymetry, with locations of images in Figure 6 (white numbered circles). Part of SuBastian ROV dive S103 also crossed this area, but is not shown in (d). In (c) note that shingled lava plateaus thicken downslope away from the rift zone (see text for discussion). Black outlines enclose the site #1 eruption deposits and mark the edges of individual shingled lava plateaus.



Visual observations of the 2016–2017 eruptive deposits were made during ROV SuBastian dives S86 and S103 in December 2017 (Figure 5d). The hummocky lobe of pillow lavas on the lower reaches of the eruption site lies on a moderate slope and has a thin dusting of tephra (Figure 6a). Further upslope, the steep margins of the lava plateaus and lava benches are constructional in some places, formed by near-vertical intact pillow tubes (Figure 6b), and in other places are vertical cliffs of truncated pillows (Figure 6c), where they have been cut by landslides. Below the landslide headwalls are ramps of talus made up of pillow fragments (Figure 6d). In contrast, the upper surfaces of the lava plateaus (near the eruptive vents) consist of pillow lavas that are deeply buried by coarse volcanic tephra (Figure 6e). The thickness of the tephra appears to be 1–2 m, based on the fact that most pillows are buried and only the largest poke above the tephra (Figure 6f). The tephra layer is pock-marked by numerous bowl-shaped, circular pits, about 0.5–1 m across (Figures 6e,f) that apparently formed when tephra “drained” downward into empty cavities among the underlying pillow lavas. Locally, these circular pits have accumulated small yellow flocculent particles of microbial mat (Figure 6f), which apparently originally formed on the upper surface of the tephra, but were subsequently dislodged and transported into the pits by bottom currents. Locally, a mosaic of white and yellow microbial mat still blanketed the tephra in some areas (Figure 6g). We measured a temperature of 5°C (a few degrees above ambient) in one such area with the ROV’s temperature probe as it was pushed downward about 10 cm into the tephra deposit. The steps between the lava plateaus are constructional levees of nearly vertical pillow lava tubes, and were relatively unburied by tephra because of their steepness (Figure 6h).
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FIGURE 6. Images of eruption site #1 from ROV SuBastian dive S86. All are 2016–2017 eruption products. Numbers in parentheses are time of photo in GMT and horizontal scale. See Figure 5d for photo locations. (a) Pillow lavas on the slope below the rift zone (19:17:22, 5 m). (b) Nearly vertical cliff face of intact pillow lavas (20:09:42, 4 m). (c) Nearly vertical cliff of truncated pillows on the headwall of a landslide scarp (20:52:51, 4 m). (d) Talus with pillow fragments below a landslide scarp (20:48:50, 10 m). (e) Tephra-covered pillow lavas on a shingled lava plateau near the eruptive fissures, with circular pits containing yellow microbial floc in the distance (21:40:18, 10 m). (f) Closer view of collapse pit in tephra deposit with yellow microbial floc (bottom) and large partially buried pillow at center (21:47:06, 4 m). (g) Colorful microbial mats growing on tephra completely burying pillow lavas on a shingled lava plateau near the eruptive fissures (23:41:48, 6 m). (h) Exposed tubular pillow lavas on the steep step between shingled lava plateaus (22:27:47, 3 m).



Site 2: The 2012–2016 Eruption East of the Summit at 1300 mbsl

The first of the three eruption sites constrained in time between 2012 and 2016 is located on the uppermost ENE rift zone just east of the summit (Figure 7). The shallowest point at the eruptive vent is 1255 mbsl and the deepest extent of the erupted deposits is at least 1950 mbsl on both the SE and N flanks of the rift zone. The area and volume of the 2011–2016 depth differences from this eruption are 0.53 × 106 m2 and 13.8 × 106 m3, respectively (Table 2).


[image: image]

FIGURE 7. Broad-view maps of eruption site #2, just east of the summit of West Mata (see Figure 2) showing (a) pre-eruption MBARI AUV bathymetry from 2009, (b) post-eruption Sentry AUV bathymetry from 2017, and (c) positive depth differences between ship-based surveys in 2012 and 2016 (Table 2). Black outlines enclose the site #2 eruption deposits. White dots show locations of Hades and Prometheus eruptive vents in May 2009.



Figure 8 shows a smaller area near the summit and eruptive vent in more detail. The 2009–2017 time period between the two AUV surveys captures changes due to several events during that span. A new pit crater formed at the summit between December 2010 and November 2011 when the area that included the Hades and Prometheus vents collapsed (Figures 8a,b), perhaps associated with the end of continuous eruptive activity (Embley et al., 2014). The crater has a roughly oval outline, about 200 × 100 m wide and 100 m deep, with the long axis parallel the rift zones (Figure 8c). The crater rim on the NW edge displays elongated pillow lava lobes, probably originally fed from Hades vent but now truncated by the collapse (see Figures 10c,d of Embley et al., 2014). The deepest part of the crater (1290 mbls), just 25 m W of the former location of Hades vent, hosted diffuse venting of clear shimmering fluids up to 22°C in 2017. The former location of Hades is now a high-standing pinnacle within the crater, and the former location of Prometheus vent is along the eastern rim of the crater (Figure 8c), where it abuts the east-facing headwall of the landslide that also occurred between December 2010 and November 2011 (Embley et al., 2014). The high-standing areas remaining between Hades and Prometheus may have escaped significant collapse (Figure 8), perhaps because the former vent areas are underlain by relatively massive intrusive rocks. These are also areas of continuing extensive diffuse hydrothermal venting.
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FIGURE 8. Close-up maps of eruption site #2 showing (a) pre-eruption MBARI AUV bathymetry from 2009, (b) post-eruption Sentry AUV bathymetry from 2017, (c) geological interpretation on 2017 AUV bathymetry and (d) tracklines of SuBastian ROV dives S85, S87, and S103 (white lines) on post-eruption Sentry AUV bathymetry, with locations of images in Figure 9 (white numbered circles). Thick white arrows in (c) indicate lava flow directions from eruptive vent; thick black hachured lines are crater rims or landslide headwalls. Thin black outlines enclose the site #2 eruption deposits. White dots show locations of Hades and Prometheus eruptive vents in May 2009.



The 2012–2016 eruptive vent is 70 m below and 300 m east of the summit, and was clearly centered within the headwall scar of the 2010–2011 landslide (labeled in Figure 8c), where the new lavas are shallowest and the largest depth differences (up to 93 m) form a circular bullseye pattern (Figure 7c). From there, it appears that lava and clastic debris were first deposited downslope to the east >1 km, more or less down the axis of the previous landslide chute, but as the eruption built a constructional mound over the vent, it gained enough elevation to also feed pillow lava flows down the northern flank of the rift zone (Figure 8c). The thickest accumulation of lava on the north side of the rift (67 m) is mid-way down the flank (Figure 7c). The morphology of the downslope eruptive deposits are notably different on the two sides of the rift zone; on the SE side they are smooth, whereas those on the N side are hummocky (Figure 7b). This contrast indicates the early deposits on the SE side are mainly volcaniclastic, suggesting more explosive or higher-effusion rate activity at the beginning of the eruption, whereas those on the north are intact pillow lava flows, suggesting the later phase of the eruption developed a more stable lava distribution system from the vent to the north slope, perhaps at a lower effusion rate. On the axis of the rift zone, the depth differences are relatively thin (4–11 m, Figure 7c), but it is clear there is new lava there because of different morphology in the 2017 AUV bathymetry (Figure 8b) and our ROV dive observations. Nevertheless, there are some older high-standing features in that area that did not get buried by the new lava flows. The 2017 AUV bathymetry also shows that the 2012–2016 lava flows are themselves cut by east-facing landslide scarps on the south side of the rift zone (Figure 8c). These appear to have formed both during and after the eruption since there are some pillow-lava deposits on the slope below the landslide headwall (Figure 8c).

ROV SuBastian dives S85, S87, and S103 were made in this area (Figure 8d) and showed that the near-vent deposits are pillow lavas that form a steep flow front where they abut the 2010–2011 landslide headwall west of the eruptive vent (Figures 9a,b). As the eruptive vent was approached, thick deposits of tephra were observed mantling the pillows (Figure 9c), and were locally covered by white and yellow microbial mats (Figure 9d). Near the eruptive vent spatter-like deposits were observed (Figure 9e) providing more evidence for a pyroclastic component to the eruption. Diffuse venting of clear hydrothermal fluids was observed over a large area that was colonized by abundant vent animals including shrimp, squat lobsters, and polychete worms (Figure 9f). The edge of the pillow mound that had been cut by a landslide was marked by truncated pillows, some of which were hollow with drained-out interiors (Figure 9g). Within the landslide headwall, cross-sections of the pillow mound could be seen in near-vertical outcrops oriented downslope, showing layer upon layer of elongate pillows (Figure 9h).
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FIGURE 9. Images of eruption site #2 from ROV SuBastian dives S85, S87, and S103. All show 2012–2016 eruption products. Numbers in parentheses are dive number, time of photo in GMT and horizontal scale. See Figure 8d for photo locations. (a) 2012–2016 flow front at left against the 2010–2011 landslide headwall at right (S85, 01:52:19, 10 m). (b) Close up of pillow lavas on flow front (S85, 01:58:13, 3 m). (c) Tephra partly burying pillows close to eruptive vent (S85, 02:59:14, 5 m). (d) Tephra with white and yellow microbial mats mantling pillows (S85, 03:18:12, 3 m). (e) Near-vent spatter deposits with yellow hydrothermal sediment (S85, 02:50:48, 5 m). (f) Hydrothermal vent shrimp swarm at active diffuse vent with shimmering cloudy water (S87, 03:19:25, 3 m). (g) Hollow drained-out pillow where new lavas are cut by landslide scarp (S103, 02:42:53, 1.5 m). (h) Cross-section of stack of elongate pillow lavas cut by landslide scarp, with downslope direction to the left (S85, 02:45:15, 10 m).



Site 3: The 2012–2016 Eruption on the NE Flank at 2400 mbsl

The second recent eruption site constrained in time between 2012 and 2016 is located on the NE flank of West Mata (Figure 2). It is unusual because it is well off the ENE rift zone and the smooth morphology of the rest of the NE flank (from volcaniclastic debris produced upslope) makes it clear that eruptions do not occur here often. This site was beyond the coverage of the 2009 AUV survey, so we do not have high-resolution bathymetry before the eruption, but pre-2012 ship-based bathymetry shows a featureless slope. The post-eruption AUV survey in 2017 (Figure 10a) shows that the eruption produced a linear ridge of coalesced pillow lava mounds that is rotated ∼26°clockwise to the radial direction from the summit. The orientation of the pillow ridge may have been influenced by basement structure nearby, as it is parallel to an older sedimented and tectonized ridge NE of the volcano (Figure 2). Lava was apparently erupted along a fissure ∼1 km long, extending from 2365 to 2635 mbsl on a slope averaging 15–20°. The depth differences between ship-based surveys (Figure 10b) show the maximum thickness of the lavas is 57 m, the area of erupted material is 0.25 × 106 m2, and the volume is 6.7 × 106 m3 (Table 2).
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FIGURE 10. Maps of eruption site #3, the pillow ridge on the NE flank of West Mata (see Figure 2) showing (a) post-eruption Sentry AUV bathymetry from 2017, (b) positive depth differences between ship-based surveys in 2012 and 2016 (Table 2), (c) trackline of SuBastian ROV dive S93 (white line) on Sentry AUV bathymetry, with locations of images in Figure 11 (white numbered circles), and (d) close-up showing hummocky intact pillow lavas on the gentler upslope side of the ridge contrasting with smooth talus ramps below landslide scarps on the steeper downslope side. Black outlines enclose the site #3 eruption deposits.



ROV SuBastian dive S93 traversed from the NE base of the volcano upslope along the length of the 2012–2016 pillow ridge (Figure 10c). The hummocky areas of lesser depth change that extend as fingers downslope from the thick pillow ridge (Figures 10a,b) are thinner (<10 m) flows of pillow lava. These were apparently produced in an early phase of the eruption when lava was fed from the fissure at a slightly higher effusion rate before it slowed and became localized at discrete points along the eruptive fissure to produce the thicker pillow mounds. The thinnest margins of the flow field (probably the earliest flows) are covered with rippled deposits of tephra (Figure 11a), suggesting downslope transport by turbidity currents during a pyroclastic phase of this eruption. Deposits of tephra are ubiquitous on the thicker pillow lavas, but are less obvious on steeper slopes. On the upslope sides of the pillow mounds, the constructional slopes are nearly vertical (Figure 11b) with elongate pillow lava tubes that remained intact all the way to the flow margins (Figure 11c). In contrast, on the unbuttressed downslope sides of the pillow mounds, the pillow lavas did not remain intact and formed vertical cliffs of truncated pillows in the upper reaches (Figure 11d) and aprons of pillow talus below (Figure 11e). This contrast in morphology is evident in the high-resolution AUV bathymetry with intact hummocky flows on the upslope side of the pillow mounds, and cliffs with smooth ramps of pillow talus below on the downslope side (Figure 10d). On the flatter tops of the pillow mounds, a thin dusting of yellow sediment (Figure 11f) and abundant polychete worms were evidence for low-level diffuse hydrothermal venting. The tops of the upper-most pillow mounds are marked by small pit craters (Figure 10a) with overhanging edges (Figure 11g), indicating that some of the mounds had a core of molten lava that drained out and collapsed during the later stages of the eruption. Locally, the tops of the pillow mounds were covered with pyroclastic tephra deposits up to several 10s of cm thick, with occasional collapse pits as seen at site #1 (Figure 11h).
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FIGURE 11. Images of eruption site #3 from ROV SuBastian dive S93. All show 2012–2016 eruption products. Numbers in parentheses are time of photo in GMT and horizontal scale. See Figure 10c for photo locations. (a) Rippled tephra-rich sediment deposited on thin pillow lava flow margin downslope of pillow ridge (21:26:05, 5 m). (b) Nearly vertical constructional slope on upslope side of pillow ridge (23:19:35, 5 m). (c) Margin of young lavas (at right) on upslope side of pillow ridge (22:48:40, 4 m). (d) Truncated pillows in landslide scarp on steeper downslope side of pillow ridge (01:39:25, 8 m). (e) Ramp of pillow talus below landslide scarp on downslope side of pillow ridge (01:33:28, 10 m). (f) Thin yellow hydrothermal sediment and tephra on lavas at top of pillow ridge (00:32:02, 3 m). (g) Overhanging rim of collapse pit at top of pillow mound due to drain-out of molten interior (02:33:15, 4 m). (h) Tephra deposit mantling pillow lavas at upslope end of pillow ridge (02:48:08, 5 m).



Site 4: The 2012–2016 Eruption at the NE Base at 2650 mbsl

The third of the recent eruption sites between 2012 and 2016 is also in an unusual location, at the NE base of the volcano in a basin 1–2 km north of the axis of the deepest part of the ENE rift zone (Figure 2). Before the eruption, ship-based bathymetry showed a broad oval basin in the area, 1–1.5 km across and relatively flat at ∼2700 mbsl. The 2009 AUV survey did not extend over this site. After the eruption, ship-based bathymetry shows positive depth changes throughout the basin up to 64 m (Figure 12b), covering an area of 0.73 × 106 m2, and amounting to a volume change of 17.1 × 106 m3 (Table 2).
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FIGURE 12. Maps of eruption site #4, at the NE base of West Mata (see Figure 2) showing (a) post-eruption Sentry AUV bathymetry from 2017, (b) positive depth differences between ship-based surveys in 2012 and 2016 (Table 2), (c) geological interpretation on 2017 AUV bathymetry, and (d) trackline of SuBastian ROV dive S88 (white line) on Sentry AUV bathymetry, with locations of images in Figure 13 (white numbered circles). In (d) note that the navigation for this dive was considerably noisier than for others on this expedition due to problems with the acoustic tracking system on R/V Falkor. Black outlines enclose the site #4 eruption deposits; white outlines in (c) delineate uplifted sediments and inset shows detail of tumuli structures in young lava flows.



The AUV bathymetric survey over this site in 2017 was particularly revealing (Figure 12a). The high-resolution map showed that much of the eastern half of the basin appeared to be uplifted sediments (Figure 12c), smooth seafloor that had been domed upward and cut by numerous longitudinal spreading cracks, like those on a loaf of bread when it comes out of the oven (suggesting a nickname we used for the site: “the muffin”). The uplifted sediments were surrounded by hummocky seafloor that appeared to be young lava flows that flowed around the uplift without a clearly defined eruptive vent (Figure 12c).

Observations during ROV SuBastian dive S88 confirmed this interpretation (Figure 12d). The edges of the young lava flow are marked by thin pillow lobes over the surrounding sediment, with occasional larger higher-standing pillows that have undergone inflation, expansion, and cracking (Figure 13a). The new lavas and the surrounding sediments are both covered with volcaniclastic-rich ripple marks that form a zebra-striped polygonal pattern with darker tephra on the ripple crests and lighter-colored pelagic sediment in the troughs (Figures 13a–d). The volcaniclastic-rich sediment is about 1–2 cm thick on the young lavas and appears to be evenly distributed throughout the area (on both sediments and lava), with no locally thicker accumulations observed. Because of this, we interpret that the majority of volcaniclastic material is not juvenile (syn-eruptive). Instead, we hypothesize that it was probably deposited by turbidity currents from further upslope after the eruption, such as those documented by Walker et al., under review3. This interpretation implies that pyroclastic tephra was not a major component of the eruptive products at this site, the deepest of the four most recent eruption sites (2650–2700 mbsl).
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FIGURE 13. Images of eruption site #4 from ROV SuBastian dive S88. Numbers in parentheses are time of photo in GMT and horizontal scale. See Figure 12d for photo locations. (a) Margin of 2012–2016 pillow lavas at right (21:32:51, 8 m). (b) Closer view of 2012–2016 pillow lavas (21:11:48, 3 m). (c) Lava lobe with rippled volcaniclastic-rich sediment on surface (21:05:22, 2 m). (d) Close up of rippled volcaniclastic-rich sediment (21:47:26, 0.5 m). (e) Uplifted lava at tumulus structure (23:18:54, 8 m). (f) 2012–2016 pillow lava (left) lapped up on south edge of uplifted sediment dome at right (23:50:51, 3 m). (g) Broad swale (left) and edge of extension crack (right) in southern part of uplifted sediment dome (00:32:58, 10 m). (h) Yellow microbial mat growing on edge of extensional crack with stratigraphy in central part of uplifted sediment dome (00:35:18, 5 m).



A series of sinuous tumulus structures, up to 125 m long and 5 m high are located between the two areas of uplifted sediment in the AUV bathymetry (Figure 12c). Tumuli are formed by internal pressure within inflating lava flows that pushes up the overlying solidified crust in a trap-door fashion on either side of an axial crack (Walker, 1991; Appelgate and Embley, 1992). These tumuli are the shallowest features on the 2012–2016 lava flows (Figure 13e), and are in line with the long-axis of the large dome of uplifted sediment, so may overlie the eruptive vents for the lava flows. From there, pillow lavas flowed mostly to the west and then northward, around the uplifted sediment, but also flowed a shorter distance to the east (Figure 12c). North of the tumuli, the young lavas lap up onto the uplifted dome of sediment (Figure 13f). The longitudinal cracks on the sediment dome that are evident in the AUV bathymetry appear as broad swales, 10–40 m wide and 3–8 m deep, with little or no stratigraphy evident in their walls in the southern half of the dome (Figure 13g). However, in the center of the uplifted sediment dome, where the swales are wider and deeper, stratigraphy was exposed in the side walls and yellow microbial mat showed evidence of local diffuse hydrothermal discharge (Figure 13h). At that site the ROV’s temperature probe measured a temperature of 15°C within the sediments, apparently residual heat from magma intruded below.

Site 5: The 2010–2011 Eruption on the Deep WSW Rift at 2950 mbsl

In December 2017, we also made ROV SuBastian dive S95 on two older areas of depth change (sites #5–6, Figure 2) documented on the deep WSW rift zone by Embley et al. (2014). These are the first visual observations of these eruption sites and provide ground-truth that these depth changes are indeed associated with young lava flows. They also give additional information on the character of recent eruptions at West Mata, particularly at the deepest depths.

The first of the two eruption sites (site #5) visited on ROV dive S95 (Figure 14c) is constrained in time between May 2010 and November 2011 (time period IV + V of Embley et al., 2014). Because this area is beyond the obvious morphological extent of the rift zone, it was not mapped during the 2009 AUV bathymetric survey. We attempted to map the site with AUV Sentry in 2017, but unfortunately the multibeam sonar failed on this dive (#463) and so no high-resolution bathymetry exists for this site (although a photo survey was collected by Sentry). The post-eruption ship bathymetry (Figure 14a) and the 2010–2011 depth differences (Figure 14b) show that the lava flows that were erupted cover an area of 1300 by 700 m across (0.61 × 106 m2), are up to 63 m thick along a ridge oriented ENE-WSW in the southern half of the flow field (probably overlying the eruptive fissure), and have a total volume of 16.0 × 106 m3 (Embley et al., 2014).
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FIGURE 14. Map of eruption sites #5 (left) and #6 (right), at the SW base of West Mata (see Figure 2) showing (a) post-site-#5-eruption ship-based bathymetry (left) overlain with post-site-#6-eruption MBARI AUV bathymetry from 2009 (right), (b) positive depth differences between ship-based surveys (2010–2011 at left, 1996–2008 at right, see Table 2), and (c) trackline of SuBastian ROV dive S95 (white line) on post-eruption bathymetry, with locations of images in Figure 15 (white numbered circles). Note that the navigation for this dive was considerably noisier than for others on this expedition due to problems with the acoustic tracking system on R/V Falkor. Black outlines enclose the site #5 and #6 eruption deposits.



The lava flow field is composed entirely of intact lava flows, with no landslide scarps or talus ramps, due to the relatively low slopes that existed in this area before the eruption. The lavas have a fine dusting of light-colored sediment on them. The northern margin of the lava flow field has broad pillow lava lobes (Figure 15a), which grade locally into lobate and ropy sheet flow morphology, in some areas with very flat upper surfaces that are locally uplifted into tumuli structures (Figure 15b), providing evidence for flow inflation. Further south, long tubular pillows mantle the northern slope of the ENE-WSW eruptive ridge (Figure 15c). Near the crest of that ridge, the pillows again broadened on the gentler slope, and sheet-like lava morphology with local drainback were observed near an apparent eruptive fissure (Figure 15d). On the north side of the flow field where it sloped down and abutted a sedimented ridge, tephra-rich ripple marks in the sediment were oriented perpendicular to the axis of the rift zone with volcaniclastic accumulations on the lee sides (Figure 15e), consistent with sediment transport from further upslope by bottom currents. No significant accumulations of tephra were observed on the 2010–2011 lava flows. This is the deepest of the recent eruption sites (2890–2975 mbsl).
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FIGURE 15. Images of eruption sites #5 (2010–2011) and #6 (1996–2008) from ROV SuBastian dive S95. Numbers in parentheses are time of photo in GMT and horizontal scale. See Figure 14c for photo locations. (a) Broad lobes of 2010–2011 lava near northern flow margin (20:34:50, 5 m). (b) Uplifted sheet lava in tumulus structure near northern 2010–2011 flow margin (22:21:14, 5 m). (c) elongate pillows on north slope of 2010–2011 pillow ridge (23:14:48, 8 m). (d) Eruptive fissure with lava drain-out at crest of 2010–2011 pillow ridge (01:24:04, 8 m). (e) Volcaniclastic-rich sediment ripples at southern margin of 2010–2011 pillow ridge, oriented perpendicular to the downslope direction (00:05:08, 5 m). (f) Crest of 1996–2008 pillow lava mound with intact lavas (03:35:11, 3 m). (g) Landslide scarp of truncated 1996–2008 pillows on downslope edge of pillow mound (03:31:13, 5 m). (h) Pillow talus below landslide scarp in 1996–2008 lavas (02:39:27, 5 m).



Site 6: The 1996–2008 Eruption on the Deep WSW Rift at 2750 mbsl

On the same ROV dive (SuBastian S95) we also traversed the eruption site that is just upslope on the WSW rift zone (site #6, Figure 2), which was discovered and constrained between the 1996–2008 bathymetric surveys by Embley et al. (2014) (their time period I). In contrast to the previous site, this eruption was on the deepest morphologic expression of the WSW rift zone and so was included in the 2009 AUV bathymetric survey, which is a post-eruption survey in this case (Figure 14a). The depth differences between the ship-based surveys in 1996 and 2008 are up to 101 m (Figure 14b), with an area of 0.22 × 106 m2 and a volume of 12.0 × 106 m3 (Embley et al., 2014).

The morphology of this site is considerably different than the previous one, mostly because the eruption occurred on the much steeper slopes on the rift zone. Consequently, the flow field is composed of repeated sequences of gently sloping intact pillow lavas on the crests of constructional mounds (Figure 15f), surrounded by steep slopes of truncated pillows on the margins of the mounds (Figure 15g), where the pillows have broken apart and formed talus ramps below (Figure 15h), which in turn lap onto the next constructional pillow mound downslope (Figure 14). Again, no significant tephra accumulations were observed on these lava flows. Neither site #5 or #6 displayed any evidence of active hydrothermal venting (shimmering water, microbial mats, vent animals, etc.), but local accumulations of yellow hydrothermal sediment showed that it had occurred previously.

DISCUSSION

Comparison of Recent Eruption Sites

The most recent ROV dive observations show that all four of the most recent eruption sites at West Mata (#1–4; 2012–2018) have deposits that were still warm and cooling in December 2017 (from months to perhaps up to 5 years after they were erupted), exhibiting some combination of diffuse hydrothermal venting colonized by vent animals (particularly shrimp, squat lobsters, and polychetes), microbial mats, and elevated temperatures measured in tephra or sediments just below the surface. In addition, diffuse hydrothermal venting was observed all around the summit, both inside and outside of Hades Crater, despite the end of eruptive activity there by early 2011. This implies that active diffuse hydrothermal activity exists more or less continuously at West Mata due to the heat delivered or mined from recent eruption sites and the relatively short recurrence interval between eruptions. This is important for the continuity of local vent-dependent ecosystems. In contrast, no evidence for continued venting was observed at the two older eruption sites visited by ROV in 2017 (#5–6; 1996–2011), suggesting that venting usually does not persist for longer than 5–10 years at eruption sites on the rift zones.

The ROV dive observations also show that there is a variation in eruptive character with depth at West Mata. The shallower recent eruption sites (sites #1, #2, and to some extent #3) have very significant deposits of tephra near the eruptive vents (up to 1–2 m thick and extending for 100s of m laterally), showing that violent degassing and lava fragmentation are common. We envision this eruptive behavior as similar to the spectacular video observations of explosive activity at the summit vents during ROV Jason dives in May 2009 (Resing et al., 2011; Rubin et al., 2012). In addition, there is some evidence that the eruptive style evolves during a single eruption, with a progression from more pyroclastic to more effusive with time. On the other hand, at site #1 a thick tephra deposit overlies pillow lavas, so it appears that pyroclastic activity continued throughout the eruption there. In contrast, the deeper recent eruption sites (sites #4, #5, and #6) do not have locally thick, near-vent deposits of tephra, suggesting that little tephra is produced by eruptions at West Mata below a depth of about 2500 m. Nevertheless, we did observe tephra on the recently erupted lava flows, but these deeper deposits were evenly distributed (on and off the new flows) and heavily rippled, suggesting the tephra was transported from areas further upslope and deposited by episodic turbidite-like bottom currents that move fragmental material downslope, as envisioned by Walker et al., under review4.

The observations also demonstrate that the map-scale morphology of individual eruption deposits is highly dependent on the underlying slope of each site. For example, the “on-rift” eruption sites that are located on relatively steep slopes (sites #1 & 2, and to some extent site #6) are characterized by pillow lava flows that are locally emplaced as “shingled lava plateaus,” which form inflated lava flows with slightly domed upper surfaces that are impounded by levees of nearly vertical elongate pillow lavas at their downslope edges, like perched lava-ponds on land. At sites #1 and #2 there is clear evidence that the recent eruptive vents were localized within the headwall scars of previous landslides on the steep margins of the rift zone. We know the landslide at site #2 occurred between December 2010 and November 2011, whereas at site #1 the slide scar had been there since the first bathymetric survey in 1996. There is also ample evidence for landslides occurring during or soon after eruptions where the recent lava flows are cut by scarps exposing truncated pillows in nearly vertical cliffs with local evidence for lava drain-out, showing that parts of the flow interiors were still molten when the landslides occurred. These processes produce ramps of pillow talus and finer clastic debris downslope. In places, late-stage pillow lava flows were also emplaced within the co-eruption landslide chutes, providing additional evidence for the overlap of volcanic construction and mass-wasting processes at the eruption sites on steep slopes.

In contrast, eruption sites on gentler slopes at “off-rift” sites produced a different set of eruption deposits and morphologies. These sites include #4 and #5, which are both located beyond the morphological expression of West Mata’s rift zones on flatter terrain off the main edifice (Figure 2). At site #4, based on the distinctive morphologies evident in the AUV bathymetry, we interpret that magma first intruded into the sedimented basin as a sill that thickened and uplifted the overlying sediments. Eventually, continued intrusion allowed the magma to reach the surface, probably along faults on the edge of the uplifted sediment, and lava then erupted onto the seafloor and flowed around the domed uplift. This is similar to the scenario envisioned for intrusions/eruptions into sediment on the Escanaba Trough of the Gorda Ridge (NE Pacific) (Denlinger and Holmes, 1994; Morton and Fox, 1994; Zierenberg et al., 2013) and for several locations on the Pescadero and Tamayo transform faults in the Gulf of California (Clague et al., 2018). At site #5, lava flows erupted onto the gently sloping seafloor adjacent to the rift zone and spread out to form low-relief sheet flows. Both sites produced broad lava flows with evidence of inflation and morphologies ranging from pillows to lobate flows to ropy lava, with local tumulus structures that formed due to internal pressure within the molten interior of the sheet-like flows. Co-eruption landslides or auto-brecciation and talus formation were not components of these eruptions on gentler slopes. These two eruption sites are also the deepest documented at West Mata and show that eruptions can take place beyond the obvious morphological limits of the rift zones at the base of the volcano.

Eruption site #3, the pillow ridge on the NE flank of West Mata, is somewhere in between these end-members, in that it has evidence for both constructional pillow lava mounds and local co-eruption mass-wasting on the steeper downslope side of the pillow ridge. On the other hand, it clearly did not form within a previous landslide scar nor on one of West Mata’s rift zones, and indeed its location is hard to explain. One possibility is that if it was the last of the three eruptions that occurred between 2012 and 2016, then because the previous two (sites #2 and #4) would have presumably been fed by dikes that intruded along the ENE rift zone, perhaps the compressional stresses across the rift from those intrusions would not have had enough time to relax so that the next dike intrusion was forced to take a different path to the surface. Instead, a dike intruded outward from beneath the summit in a direction close to radial, but outside of the rift zone. Another possibility is that this eruption site was controlled by deeper crustal structure related to the older ridge NE of the volcano. In any case, this must be a relatively rare event based on West Mata’s morphology and the lack of other similar examples. It is clear that most eruptions at West Mata occur either at the summit or along the rift zones.

Common Patterns in Submarine Effusive Volcanism

Despite the differences in tectonic setting and magma composition, the characteristics of the recent eruption deposits at West Mata volcano are notably similar to the results from studies at many other recent submarine eruption sites. In particular, our observations are quite similar to those at other basaltic submarine volcanoes where high-resolution AUV bathymetry and ROV dives allow direct comparisons of map-scale morphology of lava flows and interpretation of their emplacement. Commonalities include the construction of thick hummocky flows of pillow lava with evidence of molten interiors and steep flanks locally modified by co-eruption landslides forming aprons of talus, as well as evidence for inflation of more fluid lava flows on gentler slopes, and intrusion and eruption processes in sedimented basins. Such comparable AUV/ROV datasets include those from the Juan de Fuca and the Gorda spreading ridges and the Alarcon Rise in the NE Pacific (Caress et al., 2012; Chadwick et al., 2013, 2016; Yeo et al., 2013; Zierenberg et al., 2013; Clague et al., 2014, 2017, 2018), the East Pacific Rise (White et al., 2000, 2002; Fornari et al., 2004; Soule et al., 2007; Fundis et al., 2010; Klein et al., 2013; Deschamps et al., 2014), and the Galapagos spreading ridge (Haymon et al., 2008; White et al., 2008; McClinton et al., 2013). The combined results of these high-resolution geological studies show that the effusive eruptive processes we describe here are not unique to West Mata, but are widespread and common to mafic submarine eruptions in diverse tectonic settings, demonstrating their importance on a global scale and a convergence of scientific understanding about submarine effusive volcanism. On the other hand, the significant deposits of pyroclastic tephra at the shallower eruption sites at West Mata are quite unusual, and probably reflect the high volatile content of its boninite parent magma (Resing et al., 2011; Rubin et al., 2018). These tephra deposits and their implications will be the subject of future studies.

This study shows that the combination of high-resolution bathymetry with visual observations of the seafloor and a time-series of repeat mapping surveys can provide insights into the emplacement processes of effusive submarine eruptions. The documentation of multiple eruptive events over a significant depth range illustrates a variety of eruption styles, products, and environments. Observations over an extended period of time reveal the spatial and temporal evolution of volcanic activity, can constrain rates of magma supply, and show how construction and mass wasting events are closely linked.

Recent Eruption History at West Mata

If we consider the history of known eruptions at West Mata since 1996 (Figure 3), the most significant change in the character of that activity was the shift from continuous eruptive activity at the summit to episodic eruptions on the rift zones that occurred around early 2011 (although admittedly we know far less about the activity before 2008 than afterward). This change was accompanied or followed closely in time by the collapse of the summit and the formation of Hades crater. It is possible that the site #5 eruption was directly related to the crater collapse, due to magma withdrawal from shallow levels beneath the summit to the deep WSW rift zone, similar to the recent activity at Kilauea volcano, Hawaii (Neal et al., 2019). However, this connection cannot be demonstrated conclusively because the time constraints on the two events are slightly different. Hades crater formed between December 2010 and November 2011, whereas the site #5 eruption occurred between May 2010 and November 2011, but the difference is only because the site #5 eruption was beyond the coverage of the December 2010 multibeam survey (Embley et al., 2014).

In any case, the transition from continuous to episodic eruptions overlapped in time and it is likely that the onset of activity on the rift zones destabilized the conditions that allowed continuous eruption at the summit. The first three episodic events between 2009 and 2011 were along the WSW rift zone (while activity at the summit was waning), and subsequent events have all been along the ENE rift zone between 2012 and 2018 (after the summit activity had stopped). Over longer periods of time, this distributed volcanism along the rift zones may be the norm at West Mata, intermixed with occasional extended periods of eruptive activity at the summit. Nevertheless, it is remarkable that over the last 22 years the locations of eruptive activity have spanned the entire volcano from the deepest parts of both rift zones, to the summit, to locations in between, and even off the rifts such as on the NE flank. This suggests that when dikes are intruded at West Mata they tend to seek regions within the edifice with relatively low compressive stress, which are likely areas that have not experienced the most recent intrusions and eruptions (Acocella and Neri, 2009). This is similar to the way in which individual dike intrusions were spatially distributed along different parts of the extensional plate boundary during the 1975–1984 Krafla rifting episode in Iceland (Björnsson et al., 1979; Björnsson, 1985; Buck et al., 2006).

The time-series of repeat bathymetry at West Mata allows us to quantify the volume of eruptive products added to the volcano with time. Figure 16 shows the recent history of cumulative erupted volume at West Mata, with the volume changes from individual eruptive periods plotted in the year they were discovered (that is, the year of the first subsequent ship-based bathymetric survey), using data from Table 2 and from Embley et al. (2014). An average linear eruption rate of ∼7.8 × 106 m3/yr over this time interval fits the cumulative erupted volume time-series remarkably well (Figure 16). For comparison, this is about the volume of the 2012–2016 pillow ridge eruption on the NE flank of the volcano (site #3), but most of the other recent eruptions are about twice this volume (Table 2), implying an average recurrence interval of about 1–2 years between episodic rift eruptions, which is relatively short. Of course, we have little information about the eruptive activity between 1996 and 2008 – we only know the net volume change between the surveys at the beginning and the end of that period, that most of the volume was added at the summit and on the north flank, and that West Mata was in a state of continuous eruption from the summit near the end of that period. However, it is reasonable to assume that the 1996–2008 erupted volume accumulated over a significant amount of time and that the actual cumulative eruption curve between 1996 and 2008 was probably closer to the longer-term average rate.
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FIGURE 16. Cumulative erupted volume at West Mata vs. time, based on volumes of depth change between nine repeated ship-based bathymetric surveys listed in Table 1. Volumes are from Table 2 and Embley et al. (2014) and are plotted at the time they were discovered (the second of each pair of surveys). Trend is remarkably linear and implies volume-predictable eruptive behavior in which the volume of the next eruption is predictable from the time since the previous one.



If the recent rate of erupted volume at West Mata is approximately linear, it suggests that eruptions are volume-predictable at West Mata, such that the volume of a future eruption can be estimated simply by knowing how much time has elapsed since the previous one. It also suggests that the magma supply is relatively steady over time, which has implications for the underlying magmatic system (Wadge, 1982). The relatively low magma supply rate (for comparison, the magma supply rate to Axial Seamount from 2011 to 2015 was about an order of magnitude higher, Nooner and Chadwick, 2016) and the apparent high frequency of eruptions implies that the magma storage reservoir at West Mata must also be relatively small. In other words, we interpret that a steady rate of magma is being supplied to West Mata’s shallow reservoir beneath the summit (at about the long-term eruption rate), but it is only 1–2 years before the pressure within the reservoir exceeds its failure threshold and eruptions occur, which implies the volume of the reservoir is relatively small since it can only accommodate a small increase in volume before failing. Conversely, if the reservoir volume were large, then it would be able to accommodate a small magma supply for longer before eruptions are triggered by high internal pressure. Additional support for this conceptual model comes from the changes in the chemistry of lavas erupted between 2009 and 2011, which are consistent with a small and frequently replenished magma body at West Mata (Rubin et al., 2015, 2018). The apparently low strength of the magma reservoir might be related to the largely clastic character of the volcano. In any case, its recent history implies that West Mata will likely continue to experience frequent eruptions, perhaps every few years, and therefore is an important target for continued re-mapping efforts and perhaps even an ideal candidate for long-term instrumental monitoring. Thus, West Mata continues to be one of the best natural laboratories in the world for the study of active submarine volcanism.

CONCLUSION

The combination of nine repeated ship-based bathymetric surveys, two high-resolution AUV surveys, and the three expeditions that conducted ROV dives provides valuable information about the recent of eruptive history at West Mata submarine volcano since 1996. From this study we make the following conclusions:

(1) The latest two ship-based bathymetric surveys in 2016 and 2017 document four new eruption sites on the ENE rift zone, on the NE flank and at the NE base of the volcano since the previous survey in 2012. AUV and ROV dives in November and December 2017 mapped, sampled, and documented these and other recent eruption sites on the seafloor for the first time.

(2) Early 2011 marked a change in the eruptive behavior of West Mata, from mostly continuous summit activity (1996–2011) to episodic rift eruptions since then (2012–2018).

(3) At the same time, the summit collapsed and the location of subsequent eruptions shifted from the summit and WSW rift zone (1996–2011) to ENE rift zone (2012-present).

(4) Since 2009, there has been an episodic rift eruption every 1–2 years, spanning locations from near the summit to beyond the end of both rift zones at the base of the volcano, a depth range of 1200–3000 mbsl.

(5) These eruptions have had both pyroclastic and effusive components, due to the high volatile content of West Mata’s boninite magma. The proportion of tephra decreases with depth, with little or no tephra produced by eruptions below 2500 m. However, downslope tephra transport from shallower parts of the volcano by turbidity currents is common.

(6) The morphology of the recent eruption sites highly depends on the underlying slope, with shingled lava plateaus, landslide scarps, and co-eruption talus more common on steeper slopes, and inflated lava flows with local tumuli but lacking significant fragmental deposits on the gentler slopes at the base of the volcano.

(7) The eruptions at West Mata appear to be volume-predictable with time, suggesting a constant magma supply rate and a relatively small magma storage reservoir that can only accommodate a modest influx of magma between eruptions.

(8) The wide range of recent eruptive sites at West Mata provide well-documented examples of the range of eruption styles and emplacement processes that are common to basaltic submarine volcanoes worldwide.
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