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Abstract We have monitored a newly erupted volcanic island in the Kingdom of Tonga, unofficially
known as Hunga Tonga Hunga Ha’apai, by means of relatively frequent high spatial resolution (~50 cm)
satellite observations. The new ~1.8 km2 island formed as a tuff cone over the course of a month-long
hydromagmatic eruption in early 2015 in the Tonga-Kermadec volcanic arc. Such ash-dominated eruptions
usually produce fragile subaerial landscapes that wash away rapidly due to marine erosion, as occurred
nearby in 2009. Our measured rates of erosion are ~0.00256 km3/year from derived digital topographic
models. Preliminary measurements of the topographic expression of the primary tuff cone over ~30 months
suggest a lifetime of ~19 years (and potentially up to 42 years). The ability to measure details of a young
island’s landscape evolution using satellite remote sensing has not previously been possible at these spatial
and temporal resolutions.

Plain Language Summary A new volcanic island in the southwestern Pacific Ocean was monitored
via high-resolution satellite imaging over ~30 months since its time of formation in early 2015. This island,
unofficially named Hunga Tonga Hunga Ha’apai (HTHH), was not expected to persist as land for more than a
few months, but our observations have documented its lifetime for at least 36 months. Using topography
derived from high-resolution satellite images, the above sea level volume of the island was measured over
time, leading to a “volumetric” erosion rate that was compared with other oceanic islands. The HTHH island is
disappearing much faster than Surtsey, but far slower than recent nearby activity indicates. Regional
submarine topography shows that shallow-water topology may be an important factor in explaining the
unanticipated lifetime of this new island, together with internal strengthening by hydrothermal
mineralization. The stages of erosion at the HTHH island may have implications for similar landforms
discovered on Mars and their evolution in association with surface water levels. The range of plausible
lifetimes for this Tonga island system ranges from about 19 to 42 years, at our measured current rates of
erosion (0.0026 km3/year).

1. Introduction and Background
Starting around 19 December 2014, a surtseyan eruption was observed near 20.5°S, 175.4°W in the Tonga-
Kermadec Islands volcanic arc (Bulletin of the Global Volcanism Network, 2015), followed by the emer-
gence of a new island (Hunga Tonga Hunga Ha’apai, HTHH) by early 2015 (Woolaston, 2015). Initial high
spatial resolution satellite observations by Airbus’ Pléiades illustrated the resulting island with a total
new land area of ~1.74 km2 (1.94 km2 including the interior crater lake) and relief of ~120 m (Figure 1,
left). The new island formed between two older Tonga islands (Hunga Tonga to the NE and Hunga
Ha’apai to the W; Figure 1), on the rim of the ~5 km diameter submarine Hunga Caldera (Bryan et al.,
1972). A 2009 eruption (Vaughan & Webley, 2010) that produced a smaller area of new land to the south-
west of Hunga Ha’apai washed away due to intensive marine abrasion after ~6 months. The lifetime of the
2009 island and others that formed via hydromagmatic processes in this region prompted local experts to
suggest that the 2015 HTHH would face a similar demise (Luntz, 2015).
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Given the apparent dominance of ash in this surtseyan style eruption (Cronin et al., 2017), early indications
suggested that the island would wash away in a few months due to intensive marine abrasion, as was
observed at the nearby 2009 eruption (locationmarked in Figure 3; Vaughan &Webley, 2010). Because typical
ash-dominated eruptions rarely produce island landscape systems that survive for more than several months
(Nunn, 1994), we organized a coordinated satellite observation effort involving the Canadian Space Agency
(CSA) Radarsat-2 Synthetic Aperture Radar (SAR) and DigitalGlobe WorldView (WV) high-resolution (~50 cm
panchromatic) visible imagery (via the U.S. Government’s EnhancedView contract) to document what was
believed to be the anticipated “death of the island” by the end of 2015.

Our initial sequence of satellite observations suggested that the island could persist and offer an opportunity
to quantitatively document the stages of erosion and ultimate destruction in ways not previously possible at
such spatial and temporal scales (Figures 1 and 2). We hoped to evaluate whether island volumetric changes
due to natural causes at meter scales (NRC ES Decadal Survey, 2007) could be effectively measured.
Preliminary results (Figure 1) suggested the following approach:

1. Using meter-resolution satellite observations, document the volumetric rates of change of the overall
island for the purpose of accurately projecting island survival timelines

2. On the basis of volumetric erosion models developed for other oceanic islands (Garvin et al., 2000;
Berrocoso et al., 2012; Ramalho et al., 2013; Perron, 2017), quantify the observed island erosion to inves-
tigate geologic processes that stabilize such fragile landscape systems, such as hydrothermal alteration
(e.g., Jakobsson, 1978)

The continuing survival of the HTHH tuff cone (i.e., ~1.74 km2 in coastline-defined area; Figure 1) over the past
~36 months motivated our development of an island lifetime prediction model using measured volumetric
erosion rates (Perron, 2017).

Figure 2 illustrates the initial (post construction) state of the island (March 2015) from ~2 m spatial resolution
SAR in comparison with its current appearance (February 2018). Deposition of eroded material to the north-
east produced a spit that eventually formed an isthmus connected to the preexisting Hunga Tonga island.
This is defined by specific strandlines identifiable in the high-resolution SAR backscatter data (Figure 2),
which are indications of discrete erosional-depositional pulses.

2. Materials, Methods, and Context

As described in Nunn (1994) and other compilations about volcanic island evolution (Perron, 2017;
Ramalho et al., 2013), there are multiple pathways by which newly formed landscapes erode, due to factors
including geologic setting, local bathymetry, climatological patterns, and predominant composition of the
materials involved. Surtsey offers a well-documented example that has been described comprehensively

Figure 1. The Airbus Pléiades-1A image (left) at the end of the eruptive stage (19 January 2015). This is the initial, preero-
sional expression of the new island (Hunga Tonga Hunga Ha’apai) with an inset showing its location (red circle). The
current state of the island 2.75 years later (right) is shown in a DigitalGlobeWorldView-2 image obtained on 19 September
2017. The evolution of the coastline is depicted in the outlines, with colors ranging from red for January 2015 (early) to blue
for September 2017 (latest).
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by Thorarinsson (1975) and Jakobsson (1978), and it was adopted as a test case (Garvin et al., 2000) for
quantifying volumetric erosion rates. The results of these studies demonstrate how island stabilization at
Surtsey was enabled via low-temperature palagonitization over time (Jakobsson, 1978). This Surtsey erosional
history prompted our investigation of how the new Tongan island would respond to southwestern Pacific
Ocean erosional conditions applied to a basaltic-andesite composition (Cronin et al., 2017).

Opportunities for integrating topographic measurements at landscape scales with meter-class spatial resolu-
tion satellite images (e.g., CSA Radarsat-2 SAR, DigitalGlobe WV, and Airbus Pléiades) for a rapidly evolving,
newly formed island have been rare; thus, our study offers a test case for a sustained monitoring program
relevant to classical evolution models (Wohletz & Sheridan, 1983).

Previous studies (e.g., Surtsey) required multiple aerial photography missions, intensive field work, and epi-
sodic sampling over long periods (Thorarinsson, 1975; Jakobsson et al., 2000) to yield significant results.
Our efforts at HTHH have exploited meter-resolution satellite-based observations with stereo-derived
Digital Elevation Models (DEMs) to constrain above sea level island volume versus time. Given that the
island’s anticipated survival was expected to be only a few months (Cronin et al., 2017; Luntz, 2015), there
was a sense of urgency in order to capture its erosional progression. Why the ash-dominated HTHH island
has survived in a relatively intact state (as a tuff cone) for 3 years (Figures 1 and 2) is a key question
(Garvin et al., 2017).

2.1. Previous Work at Surtsey

Garvin et al. (2000) studied the evolution of Surtsey (63°180N, 20°360W, in a mid-ocean ridge setting) using
airborne and satellite remote sensing data. A volumetric erosion model was developed on the basis of a
time series of DEMs from digitized high-resolution Icelandic maps and National Aeronautics and Space

Figure 2. Canadian Space Agency Radarsat-2 Spotlight SAR images from 16 March 2015 (blue) and 4 February 2018 (red) at
~2 m spatial resolution (C-band HH at 44° incidence), orthorectified using DEMs generated from DigitalGlobe acquisitions
close in date. The loss of ~20% of the island’s initial area from marine erosion over time is evident, with redeposition as
isthmus deposits (in red) to the NE and SW. Zones of incipient slope failure can be observed on the inner crater walls in blue.
RADARSAT-2 Data and Products © Maxar Technologies, Ltd. (2015, 2017)—All Rights Reserved. RADARSAT is an official
mark of the Canadian Space Agency.
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Administration airborne geodetic lidar altimeter measurements. Continuing analysis of Surtsey erosion
suggests a two-stage history (early, rapid response versus later, slower evolution). This most-recent analysis
results in the following relationships, based upon DEMs:

Vearly 1968–1993ð Þ ¼ 131:4� 0:132 t þ 0:000029 t2;

and

V later 1994–2015ð Þ ¼ 0:46� 0:00019 t;

where volumes (V) are in km3 and t is in calendar year format. These relationships estimate a lifetime for
Surtsey of at least ~146 years, consistent with independent projections (Jakobsson et al., 2000). The early-
to-late erosional stage “break” at 1993/1994 was established via optimization of volume versus time relation-
ships by maximizing correlation coefficients (R2 > 0.80) across the widest possible range of solutions.

2.2. Application to HTHH

We determined the initial volume and surface area of HTHH from an early DEM derived from late April 2015
WorldView-3 stereo images (Figure 3). The values are

V above local mean sea levelð Þ ¼ 0:050 km3

SA above local mean sea levelð Þ ¼ 1:80 km2

Figure 3. Initial (upper left) and 2017 (upper right) DEMs of Hunga Tonga Hunga Ha’apai at 1-m ground sample distance.
The April 2015 DEM indicates a volume of 0.0479 km3, whereas the September 2017 DEM (upper right) indicates a volume
of 0.0430 km3, a loss of 0.0049 km3 in 2.5 years. If this simple volumetric erosion rate holds constant, the island will
disappear in ~18.7 years. The lower left panel illustrates the difference of the two DEMs illustrated above (top), with areas
of erosion in red and accretion in green (with levels shown in meters); it reflects �0.004272 km3 lost in the major cliff
erosion zones, leaving another 0.00087 km3 (17%) of loss within the rest of the DEM. The lower right panel depicts the
bathymetry (5 m ground sample distance) of the Hunga Tonga Hunga Ha’apai island vicinity as measured from the R/V
Falkor in April 2016. Total estimated edifice volume above caldera floor (at�155 m) is ~0.50 km3, with ~11% of that above
mean sea level. The basal diameter of the edifice is ~1.5 km, with total relief above this submarine base of ~280 m (relative
to the interior of the Hunga caldera). The red asterisk indicates the location of the 2009 eruption (Vaughan & Webley, 2010)
which washed away after a few months.

10.1002/2017GL076621Geophysical Research Letters

GARVIN ET AL. 3448



where these parameters have uncertainty levels of ~10% due to tidal variations. From these initial values and
those estimated from the ensuing 2.5 years, we see evidence of an approximate mass balance developing
within the overall land area (now a tombolo). Materials from the eroding southern flank of the tuff cone
are being continuously redeposited in shallows to the NE and SW (Figures 2 and 3). This particular balance
is difficult to anticipate, as it strongly depends on the near-shore bathymetry (Figure 3: lower right), and
on the role low-temperature mineralization could be playing within the edifice (Fisher & Schmincke, 1984).

3. Results From Monitoring and Modeling HTHH Evolution

Using a time series of satellite observations through February 2018 encompassing ~36 months of modifica-
tion, in combination with our derived DEM time series (Figures 3 and S1), we investigated erosional changes
using estimated volumes as a proxy for mass (Table S1).

We acquired a series of 75 very high resolution images from DigitalGlobe (Worldview-1, -2, and -3 satellites; 72
images), and Airbus (Pléiades-1A satellite: three images). Although 65 of these were image pairs taken in a
stereo acquisition mode and thus potentially suitable for generation of DEMs, most were too cloudy to be
useful; in the end, we generated 16 DEMs from this series, using PCI Geomatica’s Orthoengine module (ver-
sion 2017; Table S1, Data Set S1, and Figure 3). Lacking geodetic ground control from a site visit, we instead
created an initial DEM (21 April 2015) from the DigitalGlobe level-2A product (orthoready), without ground
control. The resulting DEM was then used to create an ortho image, and the two (orthoimage and DEM) were
then adopted as control for processing all other DEMs (e.g., ground control points and elevations were
obtained from this initial set). Even so, some of the resulting DEMs exhibited unrealistic vertical offsets, which
became apparent in the scatter in a plot of volume over time (Figure 4: inset). To control for these vertical
errors, we selected a bare and visibly unchanging patch of Hunga Ha’apai to normalize elevations across
all DEMs, resulting in a much less noisy volumetric time series (Figure 4 and Table S1). Our primary criterion
for selecting this control patch (among several evaluated) was that the resulting time series show only
decreases (or no change). Figure 4 shows a 3-D perspective of a satellite image from 19 September 2017

Figure 4. Perspective view of the 19 September 2017 DigitalGlobeWorldView-2 image as viewed from the southeast, with
superimposed outline of the late January 2015 coastline and reconstructed initial topography. The tan/orange region is the
footprint of the preerosional primary tuff cone that formed Hunga Tonga Hunga Ha’apai island, before a land-bridge
connected it to the older Hunga Tonga (right). Marine erosion due to wave action from the south and SE in this near-shore
shallow-water region is dominantly responsible for the pattern of island system response, with deposition of most of
the eroded materials on the widening northeastern isthmus. The inset graph illustrates the volumetric change over time
since January 2015. See text for details (Table 1 and Figure S1).
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draped over its DEM, with the rendering of the initial tuff cone (January 2015) superimposed to illustrate areas
where it has since eroded away, together with a graph of the change in volume over time (Figure S1).

The rate of volumetric landscape change is well-known at Surtsey and we have established this rate for HTHH
using the time series of 16 DEMs over the past ~30 months (Figures 3 and 4 and Table S1). From these DEMs,
we computed tuff cone volume (Vtc), using a basal contour defined by the initial island posteruption coastline
(green contour line in the lower-left panel of Figure 3). This was adopted in order to maintain a common basis
of reference for measured volumes. By interpolating the April 2015 DEM (Figure 3) back in time to match the
coastline of the island in late January 2015, we determined an approximate initial volume of ~0.050 km3

above sea level, as shown in Figure 4.

It is clear from our time series of DEM-based volumemeasurements (Figure 4 inset and Table S1) that an early
stage linear model does not predict island evolution reliably. Indeed, if we were to use only the initial
~6 months of volume estimates, a linear “early stage” model projects island lifetime of ~7.2 years, a value
not consistent with the current state of the island topography (Figure 3).

By examining the full sequence of volumes from the 16 DEMs extending out to September 2017 (Table S1),
we can fit linear, log linear, and piecewise linear models to this time series, as illustrated by the equations in
Table 1 (also Figure S1). Piecewise linear approximations provide an effective “temporal” separation of the
initial rapid erosion trajectory (mentioned above), with the slower ongoing trajectory, but only future mea-
surements will inform how this trend will ultimately evolve. Table 1 lists the estimated lifetimes for these fits.

On this basis we conclude that the primary tephra/lava tuff cone will persist at least for another ~18.7 years
and possibly up to ~42 years. More accurate projections of tuff cone lifetime require DEMs with submeter
geodetic control, over a longer temporal baseline. While the primary tuff cone may degrade from its present
subconical form in ~18.7 years, it is likely that a low-relief “land bridge” between Hunga Ha’apai to the SW and
Hunga Tonga to the NE will persist for much longer (~42 years), subject only to the frequency and intensity of
tropical cyclonic storms (e.g., Gita on 11 February 2018) that could wash over the barrier-island-like land-
scapes. Thus, the volumetric evolution of the primary tuff cone at HTHH illustrates the stages of erosion for
an ash-dominated basaltic-andesite volcano in a setting dominated by marine erosion.

4. Discussion

A time series of satellite observations was acquired to capture and analyze the volumetric evolution of the
rapidly evolving landscapes and coastal outline of the new HTHH tuff cone in Tonga. This ~36 month-long
study based upon a combination of WV optical and Radarsat-2 SAR observations has provided comprehen-
sive documentation of the island’s evolution throughout its early modification and subsequent adjustment
stages. Our measurements frommonthly Radarsat-2 SAR images (Figure 2), episodic WV optical observations
(Figure 1), the Pléiades image (19 January 2015; Figure 1), and WV-based DEMs (Figure 3) allowed us to char-
acterize the pattern and rate of erosional modification, as described above.

These efforts have produced the time series that documents HTHH coastline area and primary tuff cone
volume (Figures 1–4). We have observed apparent pulses of deposition to the northeast on the isthmus

Table 1
Model Fits for Total Tuff Cone Volumes Vtc (in km3) From Full Time Series of All 16 DEMs

Model Intercept Slope R2 Lifetime

Linear 0.0477 �0.00256 0.84 18.7 years
Log 0.0444 �0.00195 0.93 a

Piecewise linear—first segment 0.0488 �0.00451 —
Piecewise linear—second segment 0.0449 �0.00108 0.97 41.7 years

Note. Time is in years, starting at 1 January 2015. For the piecewise linear model, values are provided for each segment,
with the optimal breakpoint found at 16 February 2016. The R2 goodness of fit values listed is the overall R2 of both
temporal segments (see also Figure S1).
aThe logarithmic model does not converge to a zero-crossing (end of island state) given the present data and its
uncertainties (Table S1).
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(connecting to Hunga Tonga) that developed initially as a spit in February–March 2015 after initial island
formation (Figure 2). Our results suggest the following four stages of erosional development at HTHH:

Stage 1 Initial erosional response in which early development of a northeast trending spit from intensive
marine erosion and deposition is first established. Timeline: from eruption to early April 2015
(approximately 3 months).

Stage 2 Stabilization (up to ~6 months after end of the eruption) with wash over of the low-relief southern
bounding rim of the crater and subsequent closure due to sediment deposition via a shallow
near-shore submarine shelf to the south. Timeline: April–June 2015.

Stage 3 Incremental erosion of island from the south via sustained marine erosion with episodic, pulsed
deposition of a low-relief isthmus from the initial HTHH tuff cone to the older Hunga Tonga (NE).
Timeline: June 2015 to present.

Stage 4 Future modification of the quasi-equilibrium (piecewise linear model) with partial inner crater wall
collapse and eventual lowering of the tuff cone rim, combined with accelerated marine erosion
from the south. Timeline: the duration of this island evolution stage is unknown, and not well
constrained by any single-stage erosionmodel given frequency of extreme events such as typhoons
(e.g., Gita in February 2018).

5. Summary and Conclusions

Evaluation of the sensitivity of relatively high temporal resolution monitoring at HTHH demonstrates the
potential of this approach for characterizing volcano erosion rates. Wohletz and Sheridan (1983) have
described the general stages of erosional evolution of volcanic tuff cones, and this work (HTHH) offers a sam-
ple of their erosional sequence as a snapshot in time. Field-based observations at HTHH (Grouille & Sabau,
2017) acquired samples guided by our satellite images, including an initial search for evidence of hydrother-
mal alteration products. We suggest that satellite remote sensing and associated analysis of volumetric evo-
lution of new islands such as HTHH is relevant to landscape erosion on volcanoes in general (Perron, 2017),
even if the HTHH tuff cone lifetime is as brief as ~19 years. Ultimately, these results have established a frame-
work for scientific observations of ephemeral oceanic islands from which predictive models for island life-
times and evolutionary pathways can be further refined. The results presented herein offer quantitative
estimates for the pace of island erosion in one specific oceanic erosional regime for comparison with others.
Our findings indicate that the shallow submarine bathymetry around the southern margin (shelf?) of the new
HTHH edifice (Figure 3: lower right) plays a potentially significant role in the island’s evolution and deserves
detailed near-term characterization.

On the basis of our measurements and analysis it is likely that hydrothermal alteration of some form is
mechanically supporting the primary HTHH tuff cone, allowing for a lifetime with a projected range of values
between ~19 and 42 years. It is clear that HTHH is eroding at a rate many times faster (0.00256 km3/year) than
basaltic Surtsey, marking it as an important example of volcanic island erosion in action. Future studies of the
predominant direction of swells to the south of the new island in association with the regional seafloor topo-
graphy within the submarine Hunga Caldera (Figure 3, lower right) may further explain the survival modes of
the primary tuff cone, especially if the near-shore bathymetry can be measured within ~500 m of the south-
ern coast. Finally, application of these results to other volcanic island settings on Earth and potentially to
Mars, where evidence of ancient (~2–3 billion years ago) hydrovolcanic eruptions has been documented
(e.g., Broz & Hauber, 2013), is a potentially exciting next step.

References
Berrocoso, M., Torrecillas, C., Jigena, B., & Fernandez-Ros, A. (2012). Determination of geomorphological and volumetric variations in the

1970 land volcanic craters area (Deception Island, Antarctica) from 1968 using historical and current maps, remote sensing and GNSS.
Antarctic Science, 24(04), 367–376. https://doi.org/10.1017/S0954102012000193

Bulletin of the Global Volcanism Network (2015). BVGN, vol. 40, no. 1 (January 2015). http://volcano.si.edu/showreport.cfm?doi=10.5479/si.
GVP.BGVN201501-243040

Broz, P., & Hauber, E. (2013). Hydrovolcanic tuff rings and cones as indicators of phreatomagmatic explosive eruptions on Mars. Journal of
Geophysical Research: Planets, 118, 1656–1675. https://doi.org/10.1002/jgre.20120

Bryan, W. B., Stice, G., & Ewart, E. (1972). Geology, petrography, and geochemistry of the volcanic islands of Tonga. Journal of Geophysical
Research, 77(8), 1566–1585. https://doi.org/10.1029/JB077i008p01566

Cronin, S. J., Brenna, M., Smith, I. E. M., Barker, S., Tost, M., Ford, M., et al. (2017). New volcanic island unveils explosive past. Eos, 98. 18–23.
https://doi.org/10.1029/2017EO076589

10.1002/2017GL076621Geophysical Research Letters

GARVIN ET AL. 3451

Acknowledgments
This work was supported by NASA Rapid
Response and Novel Research in Earth
Science (RRNES) grant RRNES-20 (NASA
HQ Earth Sciences Division, c/o Jack
Kaye and Gerald Bawden) and via a
cooperative research partnership with
CSA and MDA (MURF #: CG0046(2)-10-
2010). Additional support from the lea-
ders of the Schmidt Ocean Institute
Research Vessel Falkor expedition to the
Pacific (expedition FK160407) is grate-
fully acknowledged, as well as NSF grant
OCE-1536650. The assistance and
patience of the USGS CRSPP team,
including Brenda Ellis and James Hak,
was instrumental for obtaining the fre-
quent DigitalGlobe WorldView acquisi-
tions. Our special thanks to Cardenia
Funganitao of Natural Resources
Division, Ministry of Lands, Survey and
Natural Resources (Kingdom of Tonga)
for granting us permission for HTHH
field sampling via French Citizen
Scientist/Sailors Damien Grouille and
Cecile Sabau (of the French sailing vessel
Colibri). Supporting information Data
Sets utilized in this analysis are provided
in Figure S1, Table S1, and Data Set S1
and are available online via AGU.
Youtube videos showcasing our time
series of DEMs are available online
(YouTube, 2018). We are grateful for the
helpful reviews of Scott Rowland
(U. Hawaii) and an anonymous reviewer
both of whom substantially improved
the manuscript.

https://doi.org/10.1017/S0954102012000193
http://volcano.si.edu/showreport.cfm?doi=10.5479/si.GVP.BGVN201501-243040
http://volcano.si.edu/showreport.cfm?doi=10.5479/si.GVP.BGVN201501-243040
https://doi.org/10.1002/jgre.20120
https://doi.org/10.1029/JB077i008p01566
https://doi.org/10.1029/2017EO076589


Fisher, R. V., & Schmincke, H.-U. (1984). Pyroclastic rocks, (p. 472). NY: Springer-Verlag. https://doi.org/10.1007/978-3-642-74864-6
Garvin, J. B., Slayback, D., Giguere, C., Frawley, J. J., Asrar, G., Andersen, K., & Ferrini, V. (2017). The story of Hunga Tonga Hunga Ha’apai Island

in the Kingdom of Tonga, Apogeo Spring 2017 (June 6, 2017), p. 36–39; URL: http://apogeospatial.com/the-story-of-hunga-tonga-hunga-
haapai-island-in-the-kingdom-of-tonga/of-hunga-tonga-hunga-haapai-island-in-the-kingdom-of-tonga

Garvin, J. B., Williams, R. S. Jr., Frawley, J. J., & Krabill, W. B. (2000). Volumetric evolution of Surtsey, Iceland, from topographic maps and
scanning airborne laser altimetry. Surtsey Research, 11, 127–134.

Grouille, D., & Sabau, C. (2017). Field sampling expedition to HTHH in support of NASA Project RRNES-20 by private citizen scientists (sailing
on Colibri), June 3–5, 2017, with acquisition of 16 samples with GPS location documentation.

Jakobsson, S. P. (1978). Environmental factors controlling the palagonitization of the tephra of the Surtsey volcanic island, Iceland. Bulletin of
the Geological Society of Denmark, 27, 91–105.

Jakobsson, S. P., Gudmundsson, G., & Moore, J. G. (2000). Geological monitoring of Surtsey, Iceland 1967–1998, in Surtsey Research Progress
Report, Volume XI, 135–143 (Reykjavik, Iceland).

Luntz, S. (2015). Newly emerged Pacific “Island” photographed for the first time, IFLSCIENCE (posted 13 March 2015. Accessed March 2015.
Retrieved from http://www.iflscience.com/physics/newly-emerged-pacific-peak-photographed-first-timeemerged-pacific-peak-photo-
graphed-first-time

NRC Earth Sciences Decadal Survey (2007). Earth science and applications from space: National imperatives for the next decade and beyond,
NRC Earth Science Decadal Survey (p. 428). Washington, DC: National Academies Press.

Nunn, P. (1994). Oceanic islands (Natural Environment) (p. 360). London: Wiley-Blackwell Press.
Perron, J. T. (2017). Climate and the pace of erosional landscape evolution. Annual Review of Earth and Planetary Sciences, 45(1), 561–591.

https://doi.org/10.1146/annurev-earth-060614-105405
Ramalho, R. S., Quartau, R., Trenhaile, A. S., Mitchell, N. C., Woodroffe, C. D., Ávila, S. P., (2013). Coastal evolution on volcanic oceanic islands: A

complex interplay between volcanism, erosion, sedimentation, sea-level change and biogenic production. Earth Science Reviews, 127,
140–170. https://doi.org/10.1016/j.earscirev.2013.10.007

Thorarinsson, S. (1975). The Surtsey eruption: Course of events and the development of the new island. Surtsey Research Progress Report I: 51–
55, Reykjavik, Iceland.

Vaughan, R. G., & Webley, P. (2010). Satellite observations of a surtseyan eruption: Hunga Ha’apai, Tonga. Journal of Volcanology and
Geothermal Research, 198(1–2), 177–186. https://doi.org/10.1016/j.jvolgeores.2010.08.017

Wohletz, K., & Sheridan, M. (1983). Hydrovolcanic explosions II: Evolution of basaltic tuff rings and tuff cones. American Journal of Science,
283(5), 385–413. https://doi.org/10.2475/ajs.283.5.385

Woolaston, V. ( 2015). Web article first accessed (July 2015). http://www.4thmedia.org/2015/02/new-island-in-the-pacific-land-mass-forms-
following-eruption-of-underwater-hunga-haapai-volcano-but-it-wont-last-for-long/forms-following-eruption-of-underwater-hunga-haa-
pai-volcano-but-it-wont-last-for-long/

YouTube (2018). Web-based animation of data produced in this study (by C. Starr of NASA Goddard). https://youtu.be/sIXyxvSEKFY

10.1002/2017GL076621Geophysical Research Letters

GARVIN ET AL. 3452

https://doi.org/10.1007/978-3-642-74864-6
http://apogeospatial.com/the-story-of-hunga-tonga-hunga-haapai-island-in-the-kingdom-of-tonga/
http://apogeospatial.com/the-story-of-hunga-tonga-hunga-haapai-island-in-the-kingdom-of-tonga/
http://www.iflscience.com/physics/newly-emerged-pacific-peak-photographed-first-time
https://doi.org/10.1146/annurev-earth-060614-105405
https://doi.org/10.1016/j.earscirev.2013.10.007
https://doi.org/10.1016/j.jvolgeores.2010.08.017
https://doi.org/10.2475/ajs.283.5.385
http://www.4thmedia.org/2015/02/new-island-in-the-pacific-land-mass-forms-following-eruption-of-underwater-hunga-haapai-volcano-but-it-wont-last-for-long/
http://www.4thmedia.org/2015/02/new-island-in-the-pacific-land-mass-forms-following-eruption-of-underwater-hunga-haapai-volcano-but-it-wont-last-for-long/
https://youtu.be/sIXyxvSEKFY


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


