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ABSTRACT

To inform Scott Base development planning, we discuss the effects of historical earthquakes,
tsunamis and volcanism on Antarctica and then focus on assessing the potential hazard from future
tsunamis in the Ross Sea region. Historically, there have not been many earthquakes, tsunamis or
eruptions reported in Antarctica, which may in part be due to the continent being sparsely and
recently populated. Mount Erebus has an actively convecting lava lake from which two phreatic
eruptions occurred in 1993 and an ash eruption in 1997. Lava flows and Strombolian eruptions from
Mount Erebus pose little threat to the Base, but a Plinian eruption, one of which is known to have
occurred at about 39,000 years ago, could deposit ash at Scott Base with favourable wind
conditions. To examine the possibility of a future large tsunami in the area we use numerical
modelling to establish the sensitivity of the Ross Sea region to distant-source tsunamis caused by
earthquakes on the Pacific Rim. We demonstrate that a large earthquake on the south Mexico coast
could produce a much larger tsunami than anything observed historically. The coast of Antarctica,
and the Ross Sea in particular, is fringed by seasonally-variable floating sea ice and permanent
floating ice shelves. We consider the effect of the ice on tsunami propagation. Finally, we consider
the potential for locally generated earthquakes and tsunamis. We also discuss the possibility that
some sources of local tsunami may become more active with changing climate and ice-retreat.

1 INTRODUCTION

This paper summarises some of the work done to assess the potential geological hazards faced by Scott Base
in Antarctica (Figure 1). This was done to help inform the Base’s planned redevelopment. Many of the detail
of the hazards described in this paper are more fully covered in Power et al (2019). Further details of the
redevelopment are presented in an accompany paper (Lester et al 2020).
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Scott Base lies at 77°50'57"S 166°46'06"E on the Hut Point Peninsula on the southern side of Ross Island, a
volcanic island in the Ross Sea. Scott Base lies close to the boundary between McMurdo Sound which is
seasonally covered by sea ice and the Ross Ice Shelf (Figure 1). The Base potentially faces a range of
geological hazards. Here we examine the potential hazard from distant source tsunami, local earthquakes and
tsunamis and volcanic eruptions.
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Figure 1: Map of McMurdo Sound that provides open sea access presents for tsunamis to Scott Base coast
(map credit: USGS). The McMurdo Ice Shelf is the name given to the part of the Ross Ice Shelf that lies
south and west of Ross Island. Also shown is the location of the Cape Roberts Tidal Gauge.

2 TSUNAMI HAZARD

2.1 Distant Source Tsunami Source

To identify possible sources of distant tsunami (i.e. those with more than 3 hours travel time to the coast) we
searched an existing database of tsunami scenarios to identify those that might be capable of producing large
tsunamis in the Ross Island region. The database was originally developed to inform tsunami forecasts in the
event of a large earthquake on the subduction zone of the Pacific Rim. The database was undergoing an
update at the time of this study, so one of the changes we included in the update was to incorporate the coast
of Antarctica in the modelling domain so it could also be used for this project. Further details of the updated
database can be found in Gusman et al (2019).

To find the potential tsunamigenic earthquake sources that pose the greatest threat to Scott Base, we
extracted the simulated tsunami amplitudes along the coast around Ross Island within 72°-80°S and 162°—
176°N for every scenario in the database. We then calculated the 99™ percentile of the amplitude in this area
to estimate the maximum tsunami without including any outliers. The maximum tsunami around Scott Base
from the all the scenarios of magnitude Mw 9.1 and 9.3 is shown in Figure 2. The circles represent the centre
of the earthquake fault scenario and the colour of the circles represent the maximum simulated coastal
tsunami around Scott Base within the red box shown in the figures.
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Figure 2: The maximum tsunami height around Ross Island in the Ross Sea from (a) the magnitude Mw?9. 1
earthquake scenarios and (b) the magnitude Mw 9.3 scenarios in the tsunami threat database. The red box
shows the area where the 99th percentile of the simulated coastal tsunami heights was calculated. Circles
indicate the location of the earthquake fault model’s centroid.

From these figures the largest tsunami from a distant source for Scott Base comes from the Mexico part of
the Central American subduction zone (Figure 3b). Other sources of significant tsunamis were the Tonga
Trench and Kermadec-Hikurangi subduction zone to the north of New Zealand and the Hjort Trench
subduction zone to the south of New Zealand. This also suggests that the maximum tsunami in the Ross Sea
from these large events could become quite high (up to about 6 m for least one point in the area).

2.2 Ross Sea Digital Elevation Model and Ice Shelf Model

To work out in more detail just how big the tsunami from these sources might be offshore the Base, as
opposed to in the Ross Sea more generally, we need to model their propagation to the coast using a high
resolution bathymetry grid centred on the Base. For this we need as accurate as possible Digital Elevation
Model (DEM) for both the Ross Sea and for the floating sea shelves, e.g. the Ross Ice Shelf.

2.2.1 Ross Sea Bathymetric DEM grids

To generate the DEM grids, we combined the most recent GNS bathymetry grid with a 100m spatial
resolution (Black et al 2020, in prep) with the Bedmap?2 data (Fretwell et al 2013). Two grids were created,
one covering the Ross Sea at a spatial resolution of 30 arc-seconds (Figure 3a) and one covering Scott Base
and its surrounding areas at a spatial resolution of 10 arc-seconds (Figure 3b). For further details on the
construction of these grids, see Power et al (2019).

For the global grids to model the propagation across the Pacific to Antarctica, we used the ETOPO2v2 as a
base model. ETOPO2v2 is a 2 arc-minute global relief model of Earth’ surface that integrates land
topography and ocean bathymetry. The Ross Sea DEM data described above was then used to update the
Ross Sea section of this global grid as described in Power et al (2019).
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Figure 3: (a) Bathymetry data covering the Ross Sea at a grid spacing of 30 arc-seconds (about 500 m at
Scott Base),; (b) bathymetry data covering the surrounding area of Ross Island at a grid spacing of 10 arc
seconds (about 100 m at Scott Base). Colour scale illustrates elevations of the landward areas (fixed at 200
m above MSL) and the seaward areas of ice shelf grounding lines in metres.

2.2.2 Ross Ice Shelf

The Ross Ice Shelf is the world’s largest body of floating ice, lying at the head of the Ross Sea with an
estimated area of roughly 500,809 km? and is about 800 km across (Rignot et al 2013). The nearly vertical
ice front to the open sea is more than 600 km long and between 15 and 50 m high above the water surface
(Scheffel et al 1980). The shelf’s mean ice thickness is about 330 m along a line at about 79°S latitude
(Rafferty 2011). Figure 4 shows the extent and spatial distribution of ice shelf coverage layer we have
developed for this project using the data of the floating ice shelves in Bedmap2 (Fretwell et al 2013) together
with our Ross Sea DEM grid.
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Figure 4: Coverage of floating ice shelves in the Ross Sea (in white). Black lines outline the grounding lines
of floating ice shelves and the coastal lines in the areas without ice. Green colour illustrates the landward
area of ice shelf grounding lines. Blue colour indicates water areas without ice shelves. Also shown is Ross
Island and Cape Ross on the mainland.
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An additional ice tongue, Erebus Glacier Tongue west of Hutt Point Peninsula of Ross Island (Figure 4), was
also added to our ice shelf coverage layer as it may have potential effects on tsunamis traveling through
McMurdo Sound toward Scott Base. Further details on the construction of this model are again provided in
Power et al (2019).

2.3 Hydrodynamic and Ice Shelf Modelling

For this study we will use the numerical simulation model, COMCOT (Cornell Multi-Grid Coupled Tsunami
model) to simulate tsunami generations and propagations from their sources to the Antarctic coast.
COMCOT was originally developed at Cornell University, USA in the 1990s (Liu et al 1998; Wang 2008)
and since 2009 it has been under development at GNS Science, New Zealand (Wang & Power 2011). For
this study we needed to use a spherical coordinate system to simulate the tsunami at such a high latitude.
Details of how this was done is provided in Power et al (2019).

The other unique factor of this study is the potential effect of the ice shelf on tsunamis traveling in the Ross
Sea. The bedrock beneath the Ross Ice Shelf can be as deep as 1 km from the Mean Sea Level and the ice
shelf only grounds on a few high points within the sub ice shelf cavity. It is challenging to try to model
tsunami wave propagation into an ice shelf cavity. In this study we consider three types of ice boundary
conditions to model the effect of the ice:

1. Ice Boundary Condition 1 (BC1): which assumes that the Ross Ice Shelf front is a fixed wall boundary
(i.e. this assumes that the ice shelf grounded to the bedrock at its present day frontal margin);

2. Ice Boundary Condition 2 (BC2): which assumes that the West Antarctic Ice Sheet (WAIS) grounding
line is a fixed wall boundary (i.e. complete ‘removal’ of the ice shelf);

3. Ice Boundary Condition 3 (BC3): which assumes that the wave attenuates from the outer edge of Ross
Ice Shelf through to a fixed wall boundary at the WAIS grounding line and tries to approximate the
energy dissipation effect of the floating ice shelf. Two dissipating effects are considered in this study:
wave reflection by the nearly vertical frontal edge of ice shelf facing to open sea and wave dissipation by
the floating ice shelf as tsunamis travel further beneath it.

Details of how all these Boundary Conditions were included, and their limitations, are in Power et al (2019).

2.4 Model validation

Observed tsunami waveforms recorded at tide gauges or offshore sea bottom pressure gauges are typically
used to validate/calibrate a tsunami numerical model and its modelling setup. For this study we used the tide
gauge record of the 2011 Tohoku tsunami recorded on the station at Cape Roberts near Scott Base (Figure 1).
This record shows that the Tohoku tsunami arrived at Cape Roberts approximately 20 hours after the
earthquake with a very small amplitude less than 5 cm (Figure 5). However, clear and larger wave
amplitudes appear in later waves. The maximum amplitude of the later phases is about 10 cm and the
oscillations lasted for at least 40 hours after the first arrival. The wave signals recorded at -5 and 15 hours
after the earthquake are probably not generated by the 2011 Tohoku earthquake as the tsunami should
theoretically arrived at the station ~20 hours after the earthquake.
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Figure 5: a) Tide gauge record at Cape Roberts during the 2011 Tohoku tsunami. The x-axis is for time after
the earthquake start time in hour. b) Tsunami waveform of the 2011 Tohoku earthquake recorded at Cape
Roberts after de-tiding.

To test the accuracy of our model and the effect of the different boundary conditions, we use the 2011
Tohoku earthquake source model by Gusman et al (2012) to model the tsunami to the gauge. To simulate the
resulting tsunami propagation, we use COMCOT to model the tsunami using three different boundary
conditions assumed for the ice shelf and then apply the phase correction method of Watada et al (2014) to
include the effects from the dispersion of the surface gravity wave, elastic loading, gravitational potential
change and seawater compressibility. These are not included in COMCOT but can be important for
modelling tsunamis that have travelled large distances.

The general patterns of the simulated tsunami waveforms from the three boundary conditions (BC1, BC2,
and BC3) are similar (Figure 6). The simulated tsunami waveforms from all three boundary conditions can
all approximately reproduce the observed tsunami waveforms. Only through careful inspection can we
notice small differences in the wave amplitude for the different BCs. The maximum simulated tsunami
amplitude within the 72 hours of simulation time for BC1, BC2, and BC3 were 0.129, 0.140, and 0.104 m,
respectively.

All models slightly underpredict the largest tsunami wave that arrived 24.5 hours after the earthquake
occurred. This peak may have been caused by resonant oscillations in bays close to Cape Roberts which may
not have been well represented in the relatively low-quality bathymetric data. The same may be true of the
slightly-larger peak occurring after approximately 33 hours (Figure 5) which was also slightly
underpredicted. However, given the uncertainties in both the source and bathymetry we feel that the fit to
observations is accurate enough for an initial pilot study into the potential tsunami hazard faced by the base.
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Figure 6: Comparison of observed (black lines) and simulated tsunami waveforms (blue lines) from the
source model for the 2011 Tohoku earthquake with the three different model boundary conditions for the
Ross Ice Shelf (BC1, BC2, and BC3).
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2.5 Distant source tsunami scenarios

We then did detailed modelling for four tsunami scenarios originating from the four subduction-zone
earthquake sources listed above, Central America, Tonga-Kermadec, Hikurangi and Hjort. This was done as
a pilot study to assess the potential tsunami hazard to the base. The magnitude and centroid location of each
scenario is shown in Table 1. The other details of the earthquake source parameters are in Power et al (2019).
Table 1 also shows the maximum tsunami amplitude (zmax) observed off the coast of Scott Base for each
scenario and boundary condition combination.

All these events have very large magnitudes, much larger than any earthquake that has been observed for that
particular subduction zone. Since they are so large, it is hard to estimate the probability of these events with
any confidence, but it is likely to be very low. The magnitude-frequency distribution for earthquakes on
subduction zones is not well constrained for any zone in the world, including these ones. For example, in
Berryman et al (2015) the maximum possible magnitude (Mmax) estimate for these particular zones goes
from as low as Mw7.2 (the minimum Mmax estimated for Hjort) to as high as Mw9.6 (the maximum Mmax
estimated for Hikurangi-Kermadec or Central America). So at one extreme, these earthquakes could be
above the maximum possible magnitude for the zone concerned and so the probability of an event of this size
could potentially be zero. Even if these earthquakes are possible, they are still not very likely to be very
frequent and probably have return intervals of at least several thousand years or potentially much more.
However, as this is a pilot study, it is still useful to model them as it gives a reasonable upper plausible limit
to the potential size of a distant tsunami that could affect the Ross Sea.

Table 1: The subduction zone name, centroid location, magntiude and the maximum tsunami elevation
(zmax) off the coast of Scott Base for the four distant source tsunami scenarios. The zmax value is calculated
using the three different boundary conditions (BC1,2 or 3). See text for details.

i id Magni BC1 BC2 B
Subduction Zone Name Centroid  Centroid Magnitude BC1 zmax BC2 zmax C3 zmax

Longitude Latitude (Mw) (m) (m) (m)
Central America 103.3°W  18.0°N 9.3 1.44 0.95 0.81
Hjort 158.5°W  56.9°S 9.1 0.78 0.46 0.36
Hikurangi-Kermadec 179.9°E 37.1°S 93 0.73 0.63 0.61
Kermadec-Tonga 173.6°W  20.7°S 93 0.69 0.61 0.44

For all scenarios, BC1 consistently produced the highest zmax near Scott Base and BC3 the lowest. The
Mw9.3 off the Central American coast had consistently higher zmax values than any other scenario
considered here. Figure 7 shows the zmax across the Pacific for this event using BC1. Figures showing the
other zmax plots for all the other scenarios and boundary conditions are in Power et al (2019).

A tsunami of about 1.4m offshore is a potential tsunami inundation hazard. In New Zealand, any tsunami
with a zmax over 1m would trigger an onshore evacuation. Without detailed modelling of the inundation, not
done here, it is not possible to precisely estimate whether the base itself would be inundated by this tsunami.
In addition to the tsunami itself, the amount of inundation would also depend on the tide at the time of the
tsunami and any potential sea level rise due to global warning. However, it is large enough to suggest that a
tsunami from a distant source could be a very rare, but plausible, onshore tsunami hazard to the base. A
marine threat tsunami, mainly hazardous to people or boats in the water due to the unusual currents, is more
likely and a range of different sources could produce such a tsunami. In New Zealand, any tsunami
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amplitude between about 0.3 and 1m offshore is classified as a potential marine threat. That would true for
all the scenarios considered here.
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Figure 7 The simulated maximum tsunami in (a) the Pacific Ocean or (b) near Scott Base from a Mw?9.3
earthquake off the Mexican coast with BC1 boundary condition.

2.6 Local tsunami sources

In addition to the hazard posed by distant earthquakes, tsunamis may also be generated from the following
sources:

e Rockfall and icefall landslides into the sea from Ross Island or Victoria Land

e Submarine landslides on the continental shelf edge

e Volcanic events on Ross Island or Victoria Land volcanoes

e Glacier or ice shelf calving events, and iceberg capsizing.

e Local earthquakes

The absence of historically recorded tsunamis in McMurdo Sound from these sources, and the very few
reports of similar tsunami-causing events elsewhere in Antarctica, provides some reassurance that the
current-day hazard posed by these sources to Scott Base is likely to be low. This must be interpreted in the
context that the historic record is relatively short as McMurdo Sound has only been continuously occupied
for ~75 years, and that in Antarctica generally the population and instrumentation is quite sparsely
distributed, so local tsunamis could have been missed. Consequently, few conclusions can be made about
less frequent tsunami-causing events such as volcanic eruptions and submarine landslides.

Also, several of the above processes may become more frequent due to climate change:

e Rock and ice falls: if melting and refreezing of ice happens more frequently and more likely late in the
summer each year

e Submarine landslides: if the nature and volume of sediment deposition changes due to retreat of ice
shelves and deglaciation

e Volcanic events: due to isostatic rebound and/or changes in sub-surface pressure if the weight of ice
reduces

e Glacier or ice shelf calving: if the calving process accelerates and/or changes in style.

The anticipated time frames over which these processes take place is quite variable; changes to patterns of
freezing-thawing and to ice calving may respond fairly-quickly to climate change, while isostatic rebound
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and changes to sediment accumulation are cumulative environmental responses to climate change that may
take place over decades or centuries. Many of these processes are only poorly understood.

3 LOCAL EARTHQUAKE HAZARD

In addition to these sources of geological hazard, there is both a potential earthquake shaking and a tsunami
hazard to the Base from local earthquake sources. The Antarctic plate is unusual in that it is almost
completely surrounded by divergent or conservative margins. It is viewed as relatively seismically inactive
for a continental plate (Reading 2002), although studies have shown that its seismic activity is still
comparable to that of other plates of similar size and kinematics (Okal 1981). Ice may play a role in
supressing earthquakes (Reading 2007). The apparent lack of activity is also due at least in part to the lack of
seismic stations (see USGS 2019).

The largest instrumentally recorded earthquakes on the Antarctic plate have occurred at its offshore
boundaries. On 25 March 1998 a M 8.1 earthquake occurred near the Balleny Islands, and in 17 November
2013 a M 7.7 earthquake occurred in the Scotia Sea, both produced small instrumentally observed tsunamis
at distant tide-gauge stations. In the western Ross Sea, the largest earthquakes have been a M 5.5 in 1993 and
aM 5.1in2012. A M 6.0 earthquake also occurred in northern Victoria Land in 1952 (United States
Geological Survey earthquake catalogue online search).

Henrys et al (2008), identified several normal faults in the Ross Sea rift basin west and northwest of Ross
Island in seismic data. In particular, there is a small normal fault just east of the Hut Point Peninsula, which
has may be associated with the line of volcanism passing through Mt Erebus and Mt Bird and to the area of
rifting north of Ross Island (Naish et al 2007).

3.1.1 Potential effect of isostatic rebound

If significant loss of ice were to occur from the ice sheets, the isostatic rebound effect may lead to additional
earthquakes (McGuire 2012). This is generally thought to be a relatively slow process operating on
timescales of centuries. Isostatic rebound from an earlier phase of ice retreat appears to be currently ongoing.

Several raised beach ridges have been identified both on the west side of McMurdo Sound and on Ross
Island. These probably reflect deposits from past storm events, but that they are raised above the modern-day
storm line suggests that they indicate changes in past local sea level (Butler 1999), probably a consequence
of isostatic rebound (Butler 1999; Hall et al 2004). The ridges may also reflect tectonic movement (Cox et al
2012), perhaps on faults related to the rifting of McMurdo Sound. The highest preserved beach ridges on the
Scott Coast are at 34m at Cape Ross (Figure 4), with the maximum ridge height reducing towards the south
to about 8 m at Granite Harbour. Individual ridges show up to about 2 m of relief (Hall et al 2004). The
origin of the ridges is considered to be isostatic and/or tectonic uplift following deglaciation and grounded
ice retreat in this part of McMurdo Sound about 6500 years ago — this process appears to be continuing to the
present day though at a lower rate than initially after the ice retreat (see Figure 5 of Hall et al 2004). Butler
(1999) suggests that the raised beaches are storm beaches, deposited and stranded as the land rebounded.

The presence of normal faults in McMurdo Sound as identified by Henrys et al (2008), and the raised beach
ridges of up to 2m high (Hall et al 2004), raise the question of earthquake and possible tsunami generation by
local fault movement. An alternative to the explanation of the beach ridges by stranded storm deposits is that
some of the raised beaches may indicate discrete uplift events due to isostatic rebound in the form of
earthquakes. It appears plausible that the isostatic rebound could take the form of movement on pre-existing
faults such as the normal fault that runs parallel to the Victoria Land coast about 15 km offshore. The rate of
isostatic rebound (and therefore of potentially associated earthquakes) has reduced since the grounded ice
shelf retreated from this coast approximately 6500 years ago, but continues to the present day at a reduced
rate. Consequently, the possibility of further earthquakes of this type remains. An earthquake capable of 2m
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of uplift (under the precautionary assumption that this is the origin of some of the raised beaches) would
likely be much larger than any historically recorded earthquake in the interior of Antarctica and, assuming
the deformation continues offshore, would be tsunamigenic. The amount of shaking and size of tsunami
generated would depend on the details of the earthquake.

The beach ridges on the western side of McMurdo Sound may provide an indication of the future course of
events further south if the grounded ice shelf retreats further from its current position. In other words,

seismic activity due to isostatic rebound may occur in areas from which the grounded ice shelf retreats and/or
onland glaciers retreat. Faults associated with rifting occur south of Ross Island (Naish et al 2007) and these
might become more active if the stresses on them change due to reduced weight of ice in this area.

4 VOLCANIC HAZARD

4.1 Volcanic Eruption

Mt Erebus

Figure 8 Aerial photograph of the Mt Erebus summit looking south along Hut Point Peninsula to Scott Base.
Steam can be seen rising out of the main crater. Photo: Christopher Dean, National Science Foundation.

Mt Erebus volcano above Scott Base is active. There is a convecting lava lake in the main crater (Figure 8)
and a historic and ancient record of explosive eruption. The periodicity of eruption before 1972 is poorly
known (Harpel et al 2004). Strombolian eruptions in the main crater that eject material a few hundred metres
have been commonly observed since regular monitoring commenced in 1972 (Caldwell and Kyle 1994).
Occasionally, such as in 1984, the frequency and energy of the Strombolian eruptions increase to eject
material up to 1 km from the vent in the main crater. In 1993, two phreatomagmatic eruptions were recorded
that ejected material over the rim of the main crater and excavated a new, c. 80 m-wide vent, likely caused
by steam build-up associated with melting snow in the crater. Ash erupted from the main crater on 15
December 1997 (Harpel et al 2008). Ten lava flows have been recorded in the rock-record post-caldera
collapse, and are dated between 8.5 and 4.5 ka during a period of effusive eruption (Parmelee et al 2015).

Additionally, 37 phreatomagmatic eruptions are recorded in englacial tephra on Mt Erebus, erupted between
71 £ 5 ka, up to several hundred years ago. These eruptions were found between 2 and 20 km from the main
crater, which are the minimum distances covered by each eruption. One eruption in this sequence at 39 ka is
thought to be Plinian in scale, affecting areas up to 200 km away in East Antarctica (Harpel et al 2008). A
theoretical eruption with 5 km high plume erupting 1x10'° kg of material has been modelled to deliver 0.5 —
1 cm of ash to Scott Base under favourable wind and wind speed conditions (Gilles 2017). Plume heights
during the 1993 phreatic eruptions were estimated at 2 km with an unknown volume of material.

At Mt Erebus, changes in eruption frequency and intensity have been linked to changing magma chemistry
or vent geometry, and under future climate scenarios may also be affected by ice de-loading. Ballistic ejecta
from Strombolian eruptions and lava flows are unlikely to pose a hazard to Scott Base, but ash fall from
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phreatomagmatic eruptions can have a potential effect. This is supported by rare yet important occurrences in
the tephra record and preliminary modelling. A volcanic hazard model does not yet exist for Mt Erebus.

4.2 Volcanic Tsunami

There are many volcanoes in Antarctica, but little is known regarding their potential to cause tsunamis.
Tsunamis caused by eruptions and slope failures are inferred to have occurred on Deception Island in the
South Shetland Islands of Antarctica (Bartolini et al 2014), the evidence for this is a raised beach area of
abundant driftwood thought to be a consequence of tsunami waves caused by an eruption in 1969 (Smellie
2002). Seiching has also been observed on Deception Island caused by volcanic activity in 1967 (Smellie
2002).

5 CONCLUSIONS

In this paper we summarise what is known about the potential geological hazards in the Ross Sea,
particularly near Scott Base. There is much we do not know about geological hazards in this area, but there
are clearly a number of potential hazards in the area including:

e distant source tsunami from around the Pacific, particularly from the Central American subduction zone
near Mexico

e local tsunami from rockfall and icefall landslides, submarine landslides, volcanic events, glacier or ice
shelf calving events, iceberg capsizing or tectonic motions caused by local earthquakes

e damaging ground shaking from local earthquakes and

e volcanic eruption

Several of these sources may be affected by climate change. Further study would be needed to try to estimate
the likelihood and extent of the influence of that on the various types of hazards.
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