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Abstract

Manam is a frequently active open-vent volcano in Papua New Guinea capable of
both explosive and effusive eruptions. Ground-based monitoring is challenging due
to steep topography, tropical island conditions and frequent eruptions. Remote
sensing observations and probabilistic hazard simulations therefore present
valuable resources for monitoring and risk reduction at Manam. This thesis aims to:
(a) improve understanding of the volcanological processes governing the observed
activity at Manam and open-vent systems generally, and (b) quantify the potential
spatial distribution of lava flows and tephra deposition and their impact on human

activity.

Using satellite remote sensing of thermal and sulphur dioxide emissions and
observations of activity, this thesis quantifies Manam’s magma budget and
variations in excess degassing through time. From these time series, four distinct
phases of volcanic activity are identified between 2018 and 2021. This thesis
proposes that eruptive activity at Manam during the study period was driven by the
injection and eruption of a volatile-rich recharge magma. In this conceptual model,
initial eruptions in August 2018 removed previously degassed magma to re-open
the conduit and promote efficient fluxing of volatiles through the shallow magmatic
system, accounting for the elevated SO; fluxes (4.72 kt day™!) observed in May-June
2019. The subsequent eruptions may have been triggered by the formation and
eventual failure of conduit plugs formed by degassing-driven dehydration

crystallization.



Probabilistic hazard modelling of tephra deposition and lava flow emplacement
have been undertaken using TephraProb and Q-LavHA respectively to constrain the
potential exposure of people and assets to these hazards for a range of observed
eruption scenarios. Combining simulation results with mapped infrastructure and
population data provides insight into the possible impacts of future eruptions at
local and regional levels. Consequently, this thesis examines the implications of
these results for developing emergency protocols and strategies to improve

resilience to Manam'’s eruptions.



Impact Statement

Volcanic eruptions are capable of directly impacting areas hundreds of kilometres
away with an estimated 800 million people estimated to live within 100 km of an
active volcano. This intersection of society and volcanic landscapes has many

benefits but also places these communities at risk from the effects of eruptions.

This thesis aims to improve the understanding of the processes driving the open-
vent volcanism at Manam volcano in Papua New Guinea and assess the hazard
posed by ash fall and lava flows from its eruptions. The persistent activity exhibited
by open-vent volcanoes presents an opportunity for volcanologists to study, over
extended periods, the processes which drive volcanic eruptions. This research has
implications at local and regional levels where the insights into the behaviour can
aid forecasting of future eruptions and the hazard analysis can be incorporated into
emergency planning and efforts to increase resilience of the population and
infrastructure. This work also has global scale consequences due to the
transferrable findings of volcanic processes to other volcanic systems where future

eruptions threaten human life and activity.

A key component of this research is the use of open-access satellite remote sensing
techniques to measure the thermal and sulphur dioxide (SO2) emissions at Manam.
This work demonstrates the utility of these methods at remote and inaccessible
volcanoes where ground-based monitored may be difficult to not only monitor
volcanic emissions but also interpret these signals alongside observed activity in the

context of volcanological processes governing the activity.
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Volcanoes are a component of the Earth’s carbon cycle responsible for releasing
carbon stored in the crust into the atmosphere. Carbon dioxide (CO;) is a long-lived
climate forcing atmospheric gas, or greenhouse gas, directly linked to the currently
observed global warming. As a global societal issue it is paramount that the
contributions of passive and eruptive volcanic activity is understood to prepare for
the consequences of future climate change. Manam is one of the top volcanic
emitters of CO; and so it is necessary to have accurate estimates of its contributions
to atmospheric CO; levels. Previous estimates have been based on short-term field
campaign measures of the volcanic gas plume composition whereby the ratio
between CO; and SO; is used to calculate the CO; flux based on the more easily
measurable SO; emissions. This work presents the first multi-annual SO, emission
time series for Manam, which in turn has been used to estimated the mean CO;

emissions over the different phases of observed degassing at Manam.

Overall this thesis presents a comprehensive view of the volcanic hazard posed by
Manam at a local and regional level in confluence with new insights into the
processes causing its eruptions. Additionally, these findings can be extrapolated for
use at other volcanic systems worldwide as well as demonstrating the ability to gain
such information at volcanoes where ground-monitoring is precluded. A new view
of Manam’s CO, emissions is also provided which is an important in the face of

ongoing climate change due to increasing atmospheric CO; levels
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magma) (red) and cumulative magma input (magma reaching the exsolution level
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for SO, at depth) (blue). The minimum and maximum magma input values are based
on varying the assumed sulphur content (1000-2500 ppm) and vesicularity (0-30%)
(Liu et al. 2020a) of the melt used in the petrological method to calculate magma

volumes from SO, flux (Shinohara 2008). B) The daily net magma balance. ......... 140

Figure 2.25 Measurement of South Crater’s rim in ArcGIS (left) and zoom box
showing the structure of South Crater. Yellow represents the crater rim in both
images. The measurement of the crater rim perimeter is approximate due to the
10m pixel resolution of the MSI true colour imagery. The red marked areas in both
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Figure 2.26 Left - Cross section of a truncated cone used to represent the geometry
of a volcanic crater. Right - Cross section of a truncated cone partially filled by
magma. R1 = radius of the cone bottom representing the magma conduit, Rz =
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Figure 2.27 Example of the relative greater brightness and size of hotspot over
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Figure 2.28 Calculated intra-crater magma heights (top) and volumes (bottom)

based on VRP as measured by MODVOLC using the two assumed upper and lower
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geometry sizes: (1) flare angle = 30° and conduit diameter 10 m (green), (2) flare
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Figure 2.30 VRP-derived in-crater magma heights (green) based on a 30° flare angle
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Figure 2.31 Conceptual model of Manam's shallow plumbing system and processes
responsible for the observed activity, thermal anomalies and SO; emissions.
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Figure 2.32 Manam annual daily SO2 emissions (kt/d) measure by OMI (green) (Carn
et al. 2017), TROPOMI derived annual daily SO, emissions based a 1 day residence
time (blue), trend (red dotted line) and mean annual emissions 2015-2012 — 1.36
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Figure 3.1 Example of release probability density function (PDF) and cumulative
distribution function (CDF) of a 20 km eruption column a =3 and B = 1.8 in the beta
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Figure 3.2 — Histograms showing the erupted masses of each scenario by season.
The bin widths of each scenario’s histograms are 0.25 multiplied by the x axis

exponent. The distribution of erupted masses are different between the season
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Figure 3.3 Map of population in East Sepik and Madang provinces of Papua New
Guinea in the region surrounding Manam (red triangle). Population estimates are
derived from the Oak Ridge National Laboratory LandScan Global Data Set (Sims et

al., 2023) as “ambient” population over a 24 hour period. Pixels are 1 km by 1 km.

Figure 3.4 Map showing the land cover in East Sepik and Madang provinces in the
region surrounding Manam (red triangle). Land cover pixels are 100 m by 100 m
from the Copernicus Global Land Service Global Land Cover v3 dataset (“Copernicus

Global Land Service,” 2020). ....ccoviiiiiiieiiieiee et eeeerreer e e e e sesnabrare e e s e e seaaees 203

Figure 3.5 The road networks of Madang and East Sepik provinces in the region
surround Manam (red triangle). Road network was produced by the Open Street
Map (OpenStreetMap contributors 2023). The North Coast Highway (secondary
road — brown text highlight) runs along the coastline from Madang via Bogia and
Awar to the northwest of Bogia district. The second route from Madang to Bogia
runs inland through the Madang, Middle Ramu and Bogia districts. Madang is the
largest mainland settlement close to Manam, to Madang the provincial capital of
Madang province. Bogia is the district capital of Bogia district which Manam is
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Figure 3.6 Buildings on Manam according to Open Street Map data (OpenStreetMap
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Figure 3.7 Profiles of wind velocity (A) and direction (B) by altitude around Manam
according the NOAA Reanalysis 2 dataset (Kanamitsu et al. 2002) for the years 2001

to 2021. All months (black), dry season (brown), and wet season (blue). .............. 212

Figure 3.8 Roses showing the proportion of wind direction and speeds around
Manam at the wind profile sampling heights defined by TephraProb for the years

2001-2021 according to the NOAA Reanalysis 2 data set (Kanamitsu et al., 2002).215

Figure 3.9 Probabilistic modelled results for Scenario 1 which represents ash-
venting or minor vulcanian explosions in the dry season (left) and wet season
(right). The contours here represent a 50% probability that deposited tephra will

exceed the thickness (in mm) indicated by the contour label/.........cccceeevvieeeneenns 217

Figure 3.10 Probabilistic isomass plot for Scenario 2 during the dry season (left
column) and wet season (right column). Scenario 2 is a Vulcanian eruption lasting 3-
5 hours generating an 5-10 km eruption column. The contours here represent a 90%
(top row) or 50% (bottom row)probability that deposited tephra will exceed the

thickness (in mm) indicated by the contour label. .........cccovvvieeiiiiieiiciiieeee e, 219

Figure 3.11 Probabilistic isomass plot for Scenario 3 during the dry season (left
column) and wet season (right column). Scenario 3 is a Vulcanian eruption lasting 5-
10 hours generating an 10-15 km eruption column. The contours here represent a
90% (top row) or 50% (bottom row)probability that deposited tephra will exceed

the thickness (in mm) indicated by the contour label. ..., 222

Figure 3.12 Probabilistic isomass plot for Scenario 4 during the dry season (left
column) and wet season (right column). Scenario 4 is a sub-Plinian eruption lasting

5-10 hours generating an 10-15 km eruption column. The contours here represent a
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90% (top row) or 50% (bottom row)probability that deposited tephra will exceed

the thickness (in mm) indicated by the contour label. ..........cccoccoireiiiiiieiiciiieees 225

Figure 3.13 Probabilistic isomass plot for Scenario 5 during the dry season (left
column) and wet season (right column). Scenario 5 is a sub-Plinian eruption lasting
10-15 hours generating an 15-25 km eruption column. The contours here represent
a 90% (top row) or 50% (bottom row)probability that deposited tephra will exceed

the thickness (in mm) indicated by the contour label. ..........ccoociieiiiiieiiciiieees 228

Figure 4.1 Historical lava flows (pre-1981) mapped by McKee 1981. NW Valley A
flow (light purple) is likely to be the 1958 lava flow observed by Taylor (1958). The
SE Valley 1946/47 flow (dark blue) is debated in the literature as to whether it was a

true lava flow (Best 1953) or debris flow (avalanche) (Reynolds 1957)................... 276

Figure 4.2 Recent (August 2018 — December) northeast valley flows visible in and
mapped from Sentinel-2 MSI and Landsat 8 OLI shortwave infrared (SWIR) imagery.
25% September — 2 October 2018 flow — Sentinel-2 MSI 02/10/2018 SWIR, 8 January
2019 flow Landsat 8 OLI 22/01/2019 SWIR, 28 June 2019 and August 2019 flows —

Sentinel-2 MSI 13/08/2019 SWIR.....ccueieriireriinierieniieieetete sttt sttt sae 277

Figure 4.3 Graphical representation of the lava flow runout distances observed
(Global Volcanism Program 2024) or mapped by McKee (1981) or measured as part
of this work from satellite imagery. Grey zone represents observed flows with no

reported runoUt diStANCE. ..o e e 279

Figure 4.4 Location of labu Rock (pink ring) after which the labu Vent is named and
is presumably in located in nearby. The black ring image A indicates a vent-like

feature on the southwest valley headwall. A — Imagery of fixed wing overpass of the
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southwest valley in October 2018 (Courtesy of E. Nicholson). B — Photo of from the
bottom of the southwest valley looking up towards the summit (Adapted from
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Figure 4.5 Hillshade relief map of the summit area of Manam indicating all eruption
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source locations modelled. Pink “I” indicates approximate location of labu rock from

which the assumed location of labu Vent is based on. ......ceeeeeevvieviiieeiiieeieeeeeeeennnn, 292

Figure 4.6 Fixed-wing drone overpass imagery of Main Crater from October 2018
(Courtesy of E. Nicholson). Topography of Main Crater shown from behind the
crater wall looking approximately southeast (A) and into the crater from the north
(B). Orange line indicates the high back wall that separates Main Crater and the
northeast valley from the northwest valley. Yellow dashed area indicates the area in
which vents form and lava flows originate. White arrows indicate two channels into
which lava typically flow from the Main Crater. South Crater is situated behind

Auroka Peak (Manam’s summit), the plume from which can be seenin B............. 293

Figure 4.7 Fixed-wing drone overpass imagery of South Crater from 22 May 2019
(Courtesy of E. Nicholson). Red line indicates the high crater wall that runs from the
west side all the way round to the south side. The crater wall is lower on the
southwest side and is indicated here as the “crater rim” to differentiate the two. A
— View of the southwest and southeast valley heads below South Crater looking
approximately westward. B — Nadir view of the South Crater where incandescent
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Figure 4.8 Hillshade map of Manam’s southeast valley. The two coloured rings

indicate the two depression features in the mid to upper valley that are potential
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locations for the flank vents that opened in 2012 and 2013 (Global Volcanism
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Figure 4.9 Sentinel-2 MSI shortwave infrared imagery on 9 December 2017 showing

the location of the recurring faint hotspot on the headwall of the south valley. ...297

Figure 4.10 Locations of the projected satellite cones. The green dashed lines were
used to measure the distance between the South Crater (assumed location of the
central conduit) and the centre of the current satellite cones. The average distance
of these were used as the radius to draw the black dashed circle to show the
calculated mean distance from the central conduit. Projected satellite locations
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Figure 4.11 Example of the flow width measurement method used to calculate the
channel ratio input parameter for the FLOWGO lava flow length constraint method
in Q-LavHA. In this exampled the 25 September — 10 October 2018 lava flow extent
was digitised (light grey outline) using QGIS from Sentinel-2 MSI SWIR imagery
(02/10/2018). Centre lines (light blue) were generated from the extent and
transects were drawn every 10 m. The average lengths of these transects was used
as the average width of the lava flow. The channel ratio was calculated using an
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Figure 4.12 Q-LavHA composite scores representing best fits of simulated flows to

real flows, the September & October 2018 flows and the January 2019 flow.
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Composite scores range between 0-100 with 100 representing a perfectly replicated

Figure 4.13 Results of the Q-LavHA modelling of lava flows from Main Crater at 20
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Figure 4.22 Results of the Q-LavHA modelling of lava flows from Main Crater over an
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Figure 7.1 The parameter fim represents the theoretical maximum proportion
occupied by the hot portion of a lava covered pixel. When the f;im of Band 12 (2.19
pum) is greater than that of Band 11 (1.61 um) (orange) a solution to the dual-band
simultaneous equations can theoretically found i.e. the two equations can converge
(Flynn et.al,1004). It is however possible that where a solution is theoretically
possible, a real solution cannot be found (red). Of a total 7710 cloud-free pixels
between 17 November 2015 and 31 December 2021 there are 283 theoretically

solvable pixels. Of these 243 (86%) actual found a solution (orange)..................... 426

Figure 7.2 Time series of showing the difference between Band 12 and 1 fjim values

for all pixels where a solution to the dual-band simultaneous equations is
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theoretically possible. Instances where a solution was not found all occur at
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Figure 7.4 Time series of observed ash plume heights by Rabaul Volcanological
Observatory (Global Volcanism Program 2024) and Darwin Volcanic Ash Advisory
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1 Chapter One - Introduction
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1.1 Prelude

Volcanoes are perhaps the most charismatic geological feature found on Earth, and
indeed within our solar system, with over 800 million people living within 100 km of
an active volcanic system (Freire et al. 2019). Many choose to do so for reasons
such as the agriculture benefits of fertile volcanic soils (Delmelle et al. 2015),
religious beliefs and cultural connections surrounding volcanoes (Pardo et al. 2015;
Wood et al. 2019a), access to geothermal energy (Shortall et al. 2015; Shortall and
Kharrazi 2017) or in the case of volcanic islands, eruptive activity has created the
land itself (Wilkinson et al. 2016). These beneficial aspects of volcanic landscapes
however come with the threat from the multiple hazards posed by volcanoes.
Volcanic hazards such as lava flows, pyroclastic flows and lahars can impact areas
up to tens of kilometres from the erupting vent and tephra deposition from large
eruptions can affect areas hundreds of kilometres from the eruption site (McGuire
et al. 1995). The human impacts of volcanic eruptions include displacement, loss of
livelihood, famine, wide ranging health impacts, and loss of life (Auker et al. 2013;

Brown et al. 2015).

One such volcano is Manam, an open-vent island volcano approximately 10 km
wide with an estimated population of 4,000-7,000 (James Sukua, Pers. Comms.;
Sims et al., 2023) and is one of the most frequently active volcanoes in Papua New
Guinea (PNG) (Palfreyman and Cooke 1976; Global Volcanism Program 2024). A
complicated combination of socio-economic and historical circumstances mean that
the residents of Manam have chosen to remain on the island despite often being

impacted by the regular explosive and effusive eruptions (Mercer and Kelman 2010;
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Connell and Lutkehaus 2017). Compounding this issue was the fact that Manam’s
on-island monitoring equipment was destroyed by an eruption in 2005 reducing the
capability for the Rabaul Volcanological Observatory (RVO) to forecast eruptions
(Global Volcanism Program 2005). Fortunately, during the course of this project
seismic monitoring equipment was reinstalled on Manam itself (PNG Dept. of

Minear Policy and Geohazards Management 2024) .

Typically, volcanic eruptions are often presaged by one, or a combination of,
seismicity, surface deformation, degassing fluctuations or surface temperature
increases depending on the whether the conduit is open or closed (Acocella et al.
2024). Volcanological monitoring equipment are able to detect pre-eruptive activity
and are used to identify eruption precursory signals (Scarpa and Gasparini 1996;
Pallister and McNutt 2015). Interpreting monitoring parameter signals can be
complex and this is no less true for open-vent systems, like Manam, where
precursory signals of the transition from regular activity to paroxysmal eruptions
are difficult to identify (Rose et al. 2013; Vergniolle and Métrich 2021). Permanent
monitoring allows for the establishment of baselines within these parameters,
enabling improved identification of these precursory signals (McGuire et al. 1995;
Neuberg 2006; Aiuppa 2015). Therefore monitoring systems are critical to
mitigating the impact of volcanic eruptions, but the cost of monitoring equipment
and installation, the inaccessibility of many volcanoes, and the risk when installing
equipment means that most volcanoes globally are not comprehensively monitored

(Wakeford et al. 2019).
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The economic limitation often preventing volcanological monitoring is
unfortunately compounded by the negative correlation identified between regional
development and the number of fatalities caused by volcanic eruptions (Auker et al.
2013). Developing regions such as Indonesia, the Philippines, the eastern Caribbean,
and Melanesia rank among the highest for historical volcanic fatalities globally
(Auker et al. 2013; Jenkins et al. 2022). The improvement of volcanic monitoring
capabilities and understanding potential volcanic hazards in economically
developing nations are key factors in reducing the impact of eruptions by building

effective community response and increasing resilience (Andreastuti et al. 2019).

Over the last 25 years the quality and accessibility of satellite-based remote sensing
of thermal anomalies, gas emissions and ground deformation have bolstered the
efforts of volcanologists to monitor and forecast volcanic eruptions (Blackett 2017;
Furtney et al. 2018; Poland and Anderson 2020). Open-access online platforms such
as MODVOLC (Wright et al. 2004; Wright 2016a), MIROVA (Coppola et al. 2016) and
MOUNTS (Valade et al. 2019) automatically process these parameters for volcanoes

globally allowing monitoring of non-instrumented volcanoes at a daily frequency.

The body of work seeks to demonstrate the utility of the open-access satellite
remote sensing to investigate the volcanological processes responsible for the
observed volcanic activity at Manam. This research employs open-source tephra
deposition and lava flow models to assess the hazard associated with Manam’s
explosive and effusive eruptions. The remainder of this chapter will evaluate the
literature surrounding mafic open-vent volcanism and volcanic hazard assessments.
Manam will then be introduced as the case study volcano, its historical activity and
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the impacts its eruptions have had on human activity. Finally, the outline of this
thesis will be presented including the overarching project aims and objectives and

those of the individual chapters.

1.2 Open-Vent Volcanism

The basic definition of an open-vent volcano is where a long-term direct connection
between the magmatic plumbing system and the surface is maintained (Rose et al.
2013) and where outgassing persists alongside mild or low-intensity explosive
activity between major eruptions (Andres and Kasgnoc 1998; Vergniolle and
Métrich 2021; Edmonds et al. 2022a; Vergniolle and Métrich 2022). Open-vent
volcanoes represent a small proportion of the active volcanoes globally (Siebert et
al. 2011). However, open-vent volcanoes provide excellent insight into
volcanological processes due to the ability to measure long-term timeseries from
gas and thermal emissions, geophysical signals, surface activity (Edmonds et al.
2022a). Manam’s open-vent state has persisted since at least the 1880s based on
historical records and is speculated to go back as far as the 17t" century based on
accounts from European sailors (Palfreyman and Cooke 1976). Manam is
consistently ranked as a top contributor to volcanic emissions globally (Carn et al.
2017; Aiuppa et al. 2019; Fischer et al. 2019a) yet the few studies focused on
Manam published in the last 40 years (Mori et al. 1987; Weissel et al. 2004; Tupper
et al. 2009; Liu et al. 2020a) investigate Manam’s open-vent behaviour (McCormick
et al. 2012; Liu et al. 2020a). Given that this research seeks to interpret the
processes driving Manam’s open-vent behaviour, the literature surrounding open-

vent volcanism is here reviewed to allow it to be placed within this wider context.
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1.2.1 Maintaining Open Conduits

Open-vent systems exist across the full range of magma viscosities and the manner
in which they present at the surface is broadly dependent on viscosity (Rose et al.
2013). More viscous silicic magmas form plugs within the conduit which produce
Vulcanian eruptions upon failure (e.g. Tungurahua (Ecuador) - Battaglia et al., 2019;
Gaunt et al., 2020; Hall et al., 2015, and El Reventador (Ecuador) - Vasconez et al.,
2022) or these magmas can extrude magma to form lava domes that can fail
producing Pyroclastic Density Currents (PDCs) and Vulcanian eruptions (e.g. Nevado
Del Ruiz (Colombia) - Lages et al., 2024, Popocatépetl (Mexico) - Campion et al.,

2018; Gémez-Vazquez et al., 2016, La Soufriere (St Vincent and the Grenadines) -

lakes (e.g. Kilauea (Hawaii, USA) - Patrick et al., 2019, Masaya (Nicaragua) - Aiuppa
et al., 2018; Pering et al., 2019, Villarrica (Chile) - Liu et al., 2019; Moussallam et al.,
2016, Nyiragongo (D.R. Congo) - Barriere et al., 2022; Burgi et al., 2014, Ambrym
(Vanuatu) - Firth and Cronin, 2023; Shreve et al., 2022, Yasur (Vanuatu) - Woitischek
et al., 2020, Erebus (Antarctica) - Davies et al., 2008; Grapenthin et al., 2022, and
Erta Ale (Ethiopia) - Oppenheimer et al., 2004; Spampinato et al., 2008), exposed
magma columns (e.g. Manam (PNG) - Liu et al., 2020, Stromboli (ltaly) - Vergniolle
and Métrich, 2022), or most commonly those that emitting large fluxes of gas (e.g.
Bagana (PNG) - McCormick Kilbride et al., 2019, and Etna (ltaly) - Aiuppa et al.,

2007; Laiolo et al., 2022, 2018).
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Lava domes and conduit emplaced plugs are semi permeable allowing the
movement of volatiles from the molten conduit to the surface (Gaunt et al. 2014;
Calder et al. 2015a; Gaunt et al. 2016). All expressions of open-vent volcanism
maintain an open conduit between eruptions and therefore a mechanism providing
heat to maintain the liquid state of column magma is required. Three models for

this temperature conservation are currently considered as viable explanations.
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\ Eout = 4
Exogenous d
Growth
Mout & Eout - A Endogenous | j
Growth
/ Mout & Eout =
Cryptic - 5 km H,0
Growth

Mout & Eout - \ viIvY

- 10 km SO,

Qn = Min + Eiy - 15 km CO,
Qout = Mout + Eout
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Figure 1.1 A simplified schematic of an open vent volcanic system showing the volcanic edifice height (h),
subsurface magmatic system depth (D), and the height of the magmatic column within the conduit (d). Mass
(Min) and energy (Ein) enter the system in the form of magma (Qin) from depth. Mass (Moy) and energy (Eout)
leaves the system (Qout) through eruption (exogenous growth), intrusion within the volcanic edifice (endogenous
growth), or sub-edifice emplacement (cryptic growth). Energy can also be lost by radiated thermal energy with
the cooled denser magma sinking to be replaced by less dense hotter magma. Thermal and gas emissions can be
measured and used to interpret the mass balance within a volcanic system. Gas composition provides insight into
the depth of magmatic degassing and thus the system’s eruptive potential
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The first and most widely invoked model is that of bi-directional flow where less
dense, volatile-rich hot magma ascends replacing the descending more dense,
volatile-poor cool magma first proposed by Kazahaya (1994). Magma ascends due
to its lower density than the magma above due to its volatile content and the
buoyancy affects of exsolved volatiles. As it reaches the upper reaches its volatiles
more easily exsolve and this degassed magma now has increased density and in
turn sinks to be replaced by fresh magma (Kazahaya et al. 1994; Shinohara 2008;
Beckett et al. 2014) (Figure 1.1). Experiments have shown that this convective
exchange most readily takes the form of a core-annular flow (Stevenson and Blake
1998; Huppert and Hallworth 2007). The exact form of core-annular flow has been
shown to be dependent on the viscosity difference between the upwelling and
downwelling magmas (Stevenson and Blake 1998). At low viscosity ratios, the
descending magma initially flowing in the annulus, along the walls, but detaches
midway down the conduit and flows down the core, while the ascending magma
moves within the annulus. At higher ratios the descending magma separates into
parcels or blobs in the centre of the conduit. At even higher ratios descending
magma flows down within the annulus the full length of the conduit, leaving the
ascending magma to rise via the core. Further experiments by Hupper and
Hallworth (2007) and Becket et al. (2011) identified that a side-by-side flow could
form at lower viscosity ratios where both the ascending and descending magma had
contact with the conduit wall and one interface between the magma bodies. A
transitional side-by-side flow was also found to occur at very low viscosity ratios
where core-annular flow occurred in the upper conduit simultaneously with side-

by-side flow in the lower conduit (Beckett et al. 2011).
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A second model, proposed by Witham et al. (2006), suggests a fluctuating uni-
directional flow where volatile-rich magma ascends while volatile-poor magma
descends, but critically either the upward or downward flow dominates at any given
time. This model specifically attempts to explain the maintenance of lava lakes.
While up-flow dominates, the lake fills until reaching a critical depth where the
magmastatic pressure (hydrostatic pressure in the experiments) begins to slow the
up-flow rate until gas slugs form. These reduce the gas content of the magma when
escaping at the surface and allows down-flow to dominate which drains the lake
until up-flow reasserts itself due to the decreased magmastatic pressure. This
model has so far been shown to be inconsistent with strong gas-driven drainage
events at Kilauea’s lava lakes (Orr and Rea 2012; Patrick et al. 2016; Moussallam et
al. 2016). This may however be a valid explanation for the fluctuations in the height

of exposed magma columns but this connection has not yet been made.

The third model hypothesised by Bouche et al. (2010) posits that a bubbly wake
forming behind a larger spherical cap gas slug detach from the slug within the lava
lake transferring heat to the lake. This model does not require a convective
downflow of magma and relies totally on volatiles migrating from deeper sources. It
is possible that these three models may be superimposed upon one another likely
on different timescales, and should theoretically be distinguishable in the field

based on observed gas emissions (Moussallam et al. 2016).

Much of this work deciphering the flow regimes providing sustained heat to open-
vent volcanoes is focused on lava lakes (Davaille and Jaupart 1993; Oppenheimer et
al. 2004; Harris et al. 2005; Harris 2008; Pering et al. 2019; Campion and Coppola
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2023) and strongly degassing non-plugged systems (Kazahaya et al. 1994; Palma et
al. 2011; Beckett et al. 2014; Coppola et al. 2022)(Figure 1.1). Lava domes are at a
basic level slow extrusion of highly viscous magma and the associated continual
ascent of magma that feeds the extrusion maintains the open-vent (Melnik and
Sparks 2005; Husain et al. 2018). What is yet unclear is what mechanisms maintain
heat supply in transiently plugged open-vent systems (Diller et al. 2006; Hall et al.
2015). For example whether bi-directional flow continue beneath the plug driving
increasing pressure or does it cease allowing other processes to dominate until the

plug fails (Gaunt et al. 2020).

1.2.2 Persistent Degassing

An open-vent provides a direct connection between shallow magma storage and
the atmosphere therefore facilitating the free movement of volatiles to the surface.
Persistent degassing is a key characteristic of open-vent volcanism across the
compositional spectrum (Rose et al. 2013; Edmonds et al. 2022a; Vergniolle and
Métrich 2022). Indeed, all three of the models discussed in the previous section
explaining the maintaining of open conduits all in some respect aree controlled by
magmatic volatile content or the exsolved volatiles themselves (Stevenson and

Blake 1998; Witham et al. 2006; Huppert and Hallworth 2007; Bouche et al. 2010).

A common aspect of persistently degassing open-vent systems is that the volume of
magma required to supply the observed volatile flux exceeds the volume of magma
erupted, commonly referred to as the “excess degassing phenomenon” (Kazahaya

et al. 1994; Shinohara 2008). The fate of the unerupted degassed magma is most
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often explained by conduit convection (Kazahaya et al. 1994; Edmonds et al. 2010;
Palma et al. 2011; Beckett et al. 2014; Coppola et al. 2022; Lages et al. 2024) but
intrusion and endogenous crustal growth has also been suggested in some cases
(Allard 1997; Coppola et al. 2019; Ruth and Costa 2021). Foundational work in the
1980s and 1990s estimated the mass balance at open vent systems and postulated
that the substantial excess non-erupted magma mass found at, Etna (ltaly) (Allard
1997), Masaya (Guatemala) (Stoiber et al. 1986), Stromboli (Italy) (Francis et al.
1993; Allard et al. 1994), and Kilauea (Hawai’i, USA) (Francis et al. 1993) were
accommodated by sub-edifice intrusive or cryptic growth (Francis et al. 1993; Allard
1997) (Figure 1.1). At Etna specifically, this excess magma was found to align with a
series of gravity anomalies (Rymer et al. 1995) indicative of plutonic growth from

the intruded degassed magma (Allard 1997).

To estimate the extent of the excess degassing phenomenon at a given volcano the
volumes of erupted and degassed magmas must be estimated. A widely accepted
and utilised approach for calculating the volume of degassed magma is the
petrological method (Devine et al. 1984) which requires known or estimated S
content in the melt and other magmatic properties. With these properties the
observed SO; flux can then be used to estimate the volume of magma required to

supply the flux (Allard et al. 1994; Andres and Kasgnoc 1998; Shinohara 2008).

The more troublesome aspect is calculating the volume of erupted magma. For
effusive eruptions, the physical lava flow deposits can be physically mapped
manually or more typically in recent times digital elevation models can be produced
from satellite and aerial remote sensing methods allowing more accurate estimate
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of emplaced flow volumes (Murray and Stevens 2000; Coltelli et al. 2007; Behncke
et al. 2016; Naranjo et al. 2016). Thermal remote sensing has become a prevalent
technique for estimating the mass flux at lava lakes and open-vent systems (Harris
et al. 1999; Gonzdlez et al. 2015; Laiolo et al. 2018; Coppola et al. 2019, 2022; Lages
et al. 2024). This magma output rate is derived from Volcanic Radiative Power
(VRP), a measure of radiated energy (Coppola et al. 2012, 2019), based on the
relationship between the radiating surface area, surface temperature and discharge
rate (Pieri and Baloga 1986; Harris and Baloga 2009a; Coppola et al. 2013). A
question surrounding the application of this method at open-vent systems where
magma is not physically being expelled from the vent. If convection in the shallow
plumbing system is operating and then magma is potentially being recycled and
mixed with fresh magma, resupplied with volatiles and subsequently transported
back to shallower depths (Harris et al. 1999; Landi et al. 2008; Lerner et al. 2021).
The time-scales for such recycling is undoubtably variable between systems, and
therefore it is unclear how often the same “parcel” of magma is being measured by
remote sensing methods and what the impact of this is on the resulting erupted
magma output estimates. Nonetheless satellite-based methods of estimating
magma output have repeatedly demonstrated the scale of the excess degassing
phenomenon at open-vent systems globally. It has been shown that the volume of
degassed magma is often several times greater than the erupted magma (Steffke et
al. 2011; Coppola et al. 2019; Laiolo et al. 2022; Valade et al. 2023) with the excess
at lava domes potentially several orders of magnitude greater than the extruded

magma (Coppola et al. 2022; Lages et al. 2024).
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One of the main issues surrounding conduit convection as the mechanism
facilitating excess degassing is what happens to the downwelling magma. Conduit
convection requires degassed magma to be stored within the shallow crust
(Edmonds et al. 2022a) which should result in detectable surface deformation, but
inflation is typically followed by deflation at open-vent systems indicative of a
transient period of pressure increase rather than an intrusion (Chaussard et al.
2013; Kondo et al. 2019; Shreve et al. 2022). It has been suggested that excess
volatiles are supplied by a more primitive, deeply stored magma (Wallace 2001,
2005; Gerlach et al. 2008; Wallace and Edmonds 2011). Edmonds et al. (2022a)
propose that plutons forms at depths greater than about 2-3 km accommodated by
regional crustal extension. As the plutons crystalise, they undergo second-boiling
forming a segregated magmatic volatile phase which is able to migrate upwards
independently of magma flow. This model points to deep long-period earthquakes
as an indicator of this deep-derived magmatic volatile phase inducing stress
changes via their formation (cooling of the plutons) and bubble growth (Aso and
Tsai 2014; Melnik et al. 2020; Wech et al. 2020). This model allows for convective
processes to dominate in the upper plumbing system but does not require intrusion
of the downwelling magma but offers a source for the excess volatiles observed at

the surface.

1.2.3 Monitoring Open-Vent Behaviour

As open-vent volcanism can present at low to high viscosity magma systems it
follows the associated volcanic hazards at these systems are many. From lava flows

at mafic systems (Pieri and Baloga 1986; Kilburn and Guest 1993) to tephra fall and
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PDCs from vulcanian and sub-Plinian eruptions typically associated with more
evolved magmas (Cioni et al. 2015; Clarke et al. 2015; Arzilli et al. 2019; Sparks et al.
2024). Mafic volcanism is more readily associated with effusive to mild explosive
strombolian (Taddeucci et al. 2015; Laiolo et al. 2018; Woitischek et al. 2020b;
Métrich et al. 2021) or lava fountaining activity (La Spina et al. 2021; Lamb et al.
2022; Scott et al. 2023) yet basaltic systems have are also capable of sub-Plinian
eruptions (e.g. Fuego (Guatemala) Rose et al., 2008) and even Plinian eruptions (e.g.
Masaya (Nicaragua) Bamber et al., 2022, 2020; and Tarawera (New Zealand) Carey
et al.,, 2007; Walker et al., 1984). The capability of mafic open-vent volcanoes
generating sub-Plinian eruptions (Rose et al. 2008a; Tupper et al. 2009) and the
transition from persistent degassing behaviour to explosive paroxysms are often
heralded by precursory signals over short timescales. The processes that govern the
transition from effusive to explosive in activity are better understood for more
silicic magmas than for more mafic magmas (Williamson et al. 2010; Cassidy et al.

2018a).

At closed-vent systems the propagation of magma to the surface can be detected as
earthquakes (Endo and Murray 1991; McNutt 1996; White and McCausland 2016;
Obermann et al. 2019), surface deformation as magma causes the edifice to inflate
(Murray 1995; Mattioli et al. 1998; Hooper et al. 2004; Kilourn 2012; Spaans and
Hooper 2016; Morales Rivera et al. 2017), and the onset of degassing (Sparks
2003a; Wallace et al. 2015b). Although these signals might not always precede an
eruption they do indicate an increased likelihood of eruptions. Identifying such

precursory signals in open-vent systems is more complex as the transitions from
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background activity to paroxysms are often sudden to such a degree where there

may be no precursory signal (Aiuppa et al. 2021).

At open-vent systems establishing baselines in these monitoring parameters is
critical so that deviations from these can be identified (Aiuppa et al. 2007, 2021;
Aiuppa 2015; Pallister and McNutt 2015). Multi-annual and multi-parametric
monitoring datasets have been used to establish baseline activity and reveal
patterns or cycles in open-vent behaviour (Lyons et al. 2010; Flower and Carn 2015;
Naismith et al. 2019; Andronico et al. 2021; Valade et al. 2023). For example, Fuego
(Guatemala) has been shown to cycle through stages of effusions with subordinate
strombolian activity, followed by paroxysmal sustained explosive eruptions, and
then periods of discrete degassing explosions (Lyons et al. 2010; Nadeau et al. 2011;
Waite et al. 2013). The great benefit of multi-parametric studies are the ability to
interpret volcanological processes where a single parameter may only indicate
unrest (Taddeucci et al. 2021; Spina et al. 2021; Calvari et al. 2022b, a). The two key
parameters used in this work are gas and thermal emissions; the detection and

monitoring of these are reviewed in the following sections.

1.2.3.1 Gas Monitoring

The near-continuous gas emissions of open-vent systems provide a reliable source
of information about sub-surface activity compared to other monitoring parameters
that may be more infrequent. As discussed in section 1.2.2, SO; flux can be used to
calculate the volume of magma feeding the observed degassing. Ground and
satellite remote sensing methods are commonly used to estimate SO, emissions at

volcanoes due to the relatively low atmospheric SO, levels and the strong
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absorption of ultraviolet light by SO, (Kantzas et al. 2010; Tamburello et al. 2011;
Steffke et al. 2011; Theys et al. 2019; Arellano et al. 2021). The high atmospheric
H20 and CO: levels make these more troublesome to measure and so do not lend
themselves as easily to remote sensing methods. Instead direct sampling of the gas
plume is typically required to measure the fluxes of these other gas species. The
MultiGAS (Multiple Gas Analyser System) (Shinohara 2005; Aiuppa et al. 2007)
enables the direct measurement of SO,, CO,, H>S and the calculation of H,O from
temperature and relative humidity, recorded by the equipment. The ratio of SO,
versus other species (X/SO2) are often used to extrapolate the long-term flux in
tandem with the remotely-sensed SO flux (Shinohara et al. 2008; Conde et al. 2014;
Aiuppa et al. 2014; Lages et al. 2019, 2020). The MultiGAS has also been mounted
onto Unoccupied Aerial Systems (UAS) and flown into gas plumes inaccessible by
foot to enable quantification of compositions and fluxes (Schellenberg et al. 2019;
Liu et al. 2019; Pering et al. 2020; Liu et al. 2020a; llyinskaya et al. 2021a; Mason et

al. 2021).

As a first order the gas flux itself is an indicator of changing sub-surface activity. An
increased SO; flux indicates the rise of magma to shallow depths that may become
involved in an eruption or a low flux may be linked to reduced eruptive activity
(Laiolo et al. 2018; McCormick Kilbride et al. 2023). Decreases in gas flux have also
been shown to be related to conduit plugging that temporarily inhibits efficient gas

release until the plug fails (Hall et al. 2015; Liu et al. 2020b; Vasconez et al. 2022).

The primary constituents of magmatic gas plumes are H,0 (75-98%), CO, (0.3-13%),
S0; (0.3-3%), and H»S (0.02-2%) (Gerlach 2004; Fischer and Chiodini 2015; Kern et
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al. 2022). Each these gas species have differing solubilities within the melt
(Giggenbach 1996) with a exsolve volatile phase shown to exist as magma reaches
depths of ~10-15 km which is initially composed of CO, (Edmonds and Wallace
2017; Aiuppa et al. 2019, 2021)(Figure 1.1). Sulphur species (chiefly SO, and H>S)
have been shown generally to exsolve at depths as great as 10 km in H;O-rich
magmas but as shallow as a few hundred metres in H,O-poor magma (Wallace and
Edmonds 2011) (Figure 1.1). The solubility of H,O is such that it exsolves from the
melt at depths <5 km (Johnson et al. 2010; Wallace et al. 2015a, 2015b) (Figure 1.1).
It is through these known solubilities that monitoring of gas plume composition can
used to infer the depth of degassing magma (Aiuppa et al. 2007, 2022; Shinohara et
al. 2008; Werner et al. 2013) and the change in composition, notably the CO,/SO;
ratio, can be identified as a precursor such as the 2015 eruption of Villarrica (Chile)

(Aiuppa et al. 2017) and in some cases to forecast eruptions (Aiuppa et al. 2007).

1.2.3.2 Thermal Monitoring

Satellite-based remote sensing of temperature and thermal radiation (often
referred to as emissions) for volcanological research has been become prevalent
over the last four decades (Rothery et al. 1988; Pieri et al. 1990; Oppenheimer
1991, 1993; Harris et al. 1999; Coppola et al. 2009, 2013; Ramsey and Harris 2013;
Laiolo et al. 2018). In the last 20 years ground-based thermal cameras have also
been increasingly used for volcanological research providing high spatial and
temporal resolution imagery of thermal structures of lava lakes, lava domes,
fumaroles and gas plumes (Calvari et al. 2004; Spampinato et al. 2008, 2011; Patrick

et al. 2014; Marotta et al. 2019). Despite the benefits offered by ground-based
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thermal cameras, the proximity required to capture various volcanic thermal
features (Spampinato et al. 2011) and the infrastructure required for permanent
installation, means that satellite-based thermal remote sensing remains the most
convenient monitoring method at many volcanoes. The volcanological applications
of thermal remote sensing has been organised into four themes (Ramsey and Harris
2013; Harris 2013a): 1) the detection of hotspots (Wright et al. 2004; Coppola et al.
2016; Massimetti et al. 2018; Campus et al. 2022), 2) thermal and compositional
unmixing of pixel-level data (Harris, 2013b; Lombardo et al., 2006; Rothery et al.,
1988)), 3) calculation of heat and mass flux (Gonzalez et al.,, 2015; Harris et al.,
1999; Harris and Baloga, 2009b), and 4) eruption and unrest investigations utilising

thermal time series (Coppola et al., 2012; Girona et al., 2021; Laiolo et al., 2018).

Thermal anomalies are areas on the earth surface at which higher thermal radiation
is emitted than the surrounding area. Volcanic temperatures emit most radiation
within the thermal infrared (TIR) (8-15 um) and shortwave infrared (SWIR) (0.9-2.5
pum) portions of the electromagnetic spectrum and it is within these that thermal
anomalies are identified (Blackett 2013, 2017). Automatic detection of thermal
anomalies from satellite-borne sensors are readily available to the volcanological
community through platforms such as MODVOLC (Wright et al. 2004) and MIROVA
(Coppola et al. 2016) covering a large proportion of current and recently active
volcanoes. These platforms also classify the intensity of thermal anomalies using
Volcanic Radiative Power (VRP), a measure of radiated energy, which was derived

from Middle-Infrared (MIR) method of calculation Fire Radiative Power (Wooster et
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al. 2003). Changes in VRP are related to changes in temperature, surface area, or

emissivity of the radiating body (Coppola et al. 2012).

The volcanological interpretation of a thermal anomaly is the presence of magma at
shallow depths which may erupt or indeed its presence at the surface during an
eruption (Blackett 2013; Harris 2013a; Coppola et al. 2016). Sub-surface magma
heats the surrounding crust and as it reaches shallower depths the surface
temperature increases, leading to increased energy radiation from the surface. VRP
therefore provides a metric to assess the relative proximity of magma to the surface
as the volcanic edifice temperature increases. At the surface VRP provides a
measure of the temperature of a fixed-position magma body (i.e. lava domes, lava
lakes or exposed magma columns) (Coppola et al. 2022; Campion and Coppola
2023; Lages et al. 2024) or, the relative areal extent or time average discharge rates
of lava flows (Coppola et al. 2013). Coppola et. al. (2012) calculated the VRP of
magma covering the surface area equal to that of Stromboli’s crater rim and how
this related to lava overflowing the crater. This method requires the assumption
idealised truncated cone crater geometry but could be used to infer the height of
lava columns or lakes at volcanoes with flaring cone crater geometry. Changes in
lava lake level have been attributed to pressure modulations in magmatic plumbing
systems at Kilauea and Nyiragongo (Patrick et al. 2015a; Barriére et al. 2022). This
method of remotely inferring lava lake or magma conduit levels could be used to

infer pressure dynamics at inaccessible and remote open-vent volcanoes.

Resolving sub-pixel temperatures can be achieved using a technique known as the
“dual-band method” (Dozier 1981), which requires a sensor with two SWIR or TIR
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bands. The highest resolution open-access satellite-borne thermal sensors currently
available have pixel resolutions of several metres to tens of metres in size (Francis
and Rothery 1987; Lombardo et al. 2004; Massimetti et al. 2018). Therefore a pixel
over a land surface will often contain more than one surface material, each of which
will have a specific temperature. The temperature calculated from the pixel
radiance is effectively an average of the various thermal contributions from these
different materials and the way this is averaged depends on the wavelength of the
sensor (Blackett 2013). These are known as brightness or pixel integrated
temperatures (PIT). If one part of the pixel is much warmer than the remainder,
then it will contribute proportionally more radiance to the signal in shorter
wavelengths than in longer wavelengths. Dozier (1981) found that by manipulating
the Planck function for different wavelength bands from a sensor it is possible to
calculate one of two properties: 1) the radiant temperature of one of the
contributing surface materials of subpixel resolution, or 2) the portion of the pixel

that each surface material occupies (Chapter 2 for detail).

Rothery et al. (1988) first demonstrated the use of the dual-band method in
volcanology by calculating temperatures of volcanic features. Since then, this
technique has been widely used to estimate the temperatures of lava flows (Pieri et
al. 1990; Oppenheimer 1991, 1993; Oppenheimer et al. 1993; Harris et al. 1999;
Flynn et al. 2001; Wright et al. 2002), lava domes and lava lakes (Oppenheimer
1993; Wooster and Kaneko 1998; Harris et al. 1999; Wooster et al. 2000; Gray et al.
2019). For example, studies using the dual-band method have provided insights into

the cooling rates of active lava flows from the sub-pixel scale up to flow-wide scale,
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allowing the thickness of lava crust to be estimated (Pieri et al. 1990; Oppenheimer
1991). Improvements in the spatial resolution of multi-spectral instruments have
allowed the mapping of bifurcation and braiding of subsurface lava tubes using
dual-band method providing new understanding of lava field development and
propagation (Flynn et al. 2001). The dual-band method has also been applied to
estimating the mass flux at active lava lakes at Mt Erebus (Antarctica), Erta Ale
(Ethiopia) and Kilauea (USA) (Harris et al. 1999). The dual-band method has also
been used to distinguish different volcanic phenomena such as outgassing, lava
pooling or lava flows at Mt Etna. This is done by examining the relationship
between the temperature of the measured cool component and the proportions of
the pixels occupied by the hot and cold components (Lombardo et al. 2004, 2006,

2012).

1.3 Volcanic Hazard Assessments

Despite open-vent volcanoes’ proclivity for passive degassing and mild explosive
eruptions they are also capable of more substantial eruptions that have often
resulted in direct impact to human activity and deaths. Etna has produced lava
flows that have destroyed towns and resulted in fatalities (Kilourn and Guest 1993;
Branca et al. 2013, 2017), unrest at Nevado del Ruiz in 1985 resulted in lahars that
killed at least 25,000 people (Naranjo et al. 1986; Voight 1990), and the 2008
eruption of Fuego left at least 187 dead (Naismith et al. 2019; Jiménez 2020).
Fortunately it is increasingly common that the hazard posed by volcanoes is
assessed and communicated to neighbouring communities as part of volcanic

emergency procedure planning. It has been postulated that there is a link between
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the declining rate of volcanic deaths in recent decades and the improvement of
hazard assessment and communication, alongside better monitoring capabilities

(Brown et al. 2017).

Historically disaster risk reduction (DRR) plans have been based on a zero tolerance
of deaths that fail to properly prioritise and protect the livelihoods of volcanic
communities (Barclay et al. 2019). This meant that often only an assessment of a
probable worst-case scenario was considered to ensure the complete and
successful evacuation in emergencies. It has been found that 63% of primary
volcanic deaths occur after the first week of activity and 44% of these deaths occur
due to people returning to established high hazard zones (Barclay et al. 2019).
People often feel compelled to return to do volcanic evacuation zones during crises
to collect or protect assets initially left behind or due to socio-economic issues in
the areas to which they have been evacuated (Mercer and Kelman 2010; Mei et al.
2013; Connell and Lutkehaus 2017; Barclay et al. 2019; Mafuko Nyandwi et al.
2023). The zero-tolerance of fatality approach typically has lacked an understanding
of the priorities of those living alongside volcanoes. This paradigm is slowly being
replaced by the sustainable livelihoods approach which involves identifying
community priorities, which often prioritise securing livelihoods above all other
factors (Kelman and Mather 2008; Few et al. 2017; Barclay et al. 2019; Rozaki et al.
2022; Miller et al. 2022). This approach allows local communities to thrive in their
volcanic environment, improving their resilience to volcanic eruptions and
understanding their specific socio-economic needs in relation to evacuation to

prevent individuals returning to risk zones (Kelman and Mather 2008; Mercer et al.
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2009; Barclay et al. 2019). It has been found that DDR planning is more successful
when local communities are consulted (Mercer and Kelman 2010; Hicks and Barclay
2018) at the beginning of planning and their priorities are taken in to account
(Kelman and Mather 2008). Therefore the impetus on DRR planning should be
understanding and managing vulnerabilities and risk in conjunction with local
perceptions of vulnerability and risk beyond just threat to life (Kelman and Mather

2008; Mercer and Kelman 2010).

For DDR methods like the sustainable livelihoods approach to be most effective
requires accurate assessment of the differing hazards the volcano is capable of
producing, under different eruption scenarios and with a view of the probability of
these scenarios (Thompson et al. 2015; Barclay et al. 2019; Dewanti et al. 2019). A
variety of deterministic and stochastic models have been developed to simulate the
various volcanic hazards to provide this view of potential hazard footprints: tephra
(Folch et al. 2009; Schwaiger et al. 2012; Biass et al. 2016), lahars (Schilling 1998),
lava flows (Harris and Rowland 2001; Crisci et al. 2004; Del Negro et al. 2008;
Tarquini and Favalli 2011; Mossoux et al. 2016) and pyroclastic flows (Kelfoun and
Druitt 2005; Patra et al. 2005; Sheridan et al. 2005). Hazard maps were previously
based on observed phenomenon or inferred from deposits (Yun et al. 2018) but the
development of volcanic hazard models has enabled the hazard assessment of
speculative scenarios based on analogous systems. The inclusion of possible
magnitude scenarios allows not only for proportional evacuations to be planned but
also allow policy makers and communities to better prepare. The combination of

multi-scenario modelling and effective communication and hazard maps can inform
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simple yet effective measures to mitigate the impact of less intense eruptions
(Haynes et al. 2007; Calder et al. 2015b; Thompson et al. 2015, 2018; Lindsay and
Robertson 2018). For example the application of the sustainable livelihood
approach has led to moving high value community and livelihood assets to lower
hazard areas or changing to more resilient crop types in higher tephra hazard areas
(Kelman and Mather 2008; Connell and Lutkehaus 2017; Few et al. 2017; Barclay et

al. 2019).

1.4 Introducing Manam Volcano

Manam is a mafic open-vent island stratovolcano located ~13 km from the
northeast of mainland Papua New Guinea (-4.078, 145.038) (Figure 1.2). The
emergent portion of the volcanic edifice is sub-circular, approximately 10 km in
diameter, with the summit reaching to ~1800 m (Palfreyman and Cooke 1976;
McKee 1981). Manam is intersected by four radial so-called “avalanche valleys”
approximately 90° apart (Weissel et al. 2004) and roughly aligned to the northeast,
southeast, southwest and northwest (Figure 1.2). All historical lava flows and the
majority of pyroclastic density currents (PDCs) are focused down these valleys until
~300 m asl where the valleys open out and the volcanic flows fan out towards the
coast (McKee 1981). Four distinct wedges have formed between the valleys, known
as planezes. It is on the coastal margins of these planezes where most settlements

are located (Figure 1.2).

Manam has two summit craters from which all historical explosive eruptions have

been generated and are also responsible for much of the effusive activity observed
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(Cooke et al. 1976; Palfreyman and Cooke 1976; McKee 1981; Tupper et al. 2007;
Global Volcanism Program 2024). Main Crater is situated at the northern end of the
summit area and has an approximate diameter of 300 m. Its eastern side is
completely open to the northeast valley giving the impression that the high western
crater wall is the head of the northeast valley. The northeast valley is directly
behind the western wall of Main Crater (McKee 1981) (Figure 1.2). South Crater is
positioned at above the southeast and southwest valleys and has a more confined
conical shape than Main Crater (McKee 1981; Liu et al. 2020a). Historically South
Crater has varied in size generally, between 70-100m, and has been observed to
shift its location slightly from eruption to eruption (Cooke et al. 1976) although the
dimensions and location of the crater seem to be relatively stable in more recent

decades (Liu et al. 2020a; Global Volcanism Program 2024).
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Figure 1.2 A) Location of Manam (M) within Papua New Guinea and other notable volcanoes: Kadovar (K),
Ulawun (U), Rabaul (R), and Bagana (B). B) Manan is approximately 13 km from mainland Papua New Guinea. C)
Manam island with summit craters and avalanche valleys outlined. Villages locations are shown as yellow dots.
Panels B and C use a Sentinel-2 MSI True Colour Image taken on 17 August 2020.

In recent decades Main and South Crater have exhibited different activity. Main
Crater hosts a persistent fumarole field and eruptive behaviour has been
predominately effusive, with most lava flows issuing from this vent in the last two
decades (Global Volcanism Program 2024). South Crater emits a near-constant
dense gas plume (McCormick et al. 2012; Liu et al. 2020a) and typically is the vent

from which explosive eruptions are generated (Global Volcanism Program 2024).

Another indicator of the direct connection between magma and the atmosphere at
Manam is the frequent observation of incandescence at Manam’s summit craters,
particularly South Crater, outside of eruptions (Global Volcanism Program 2024). A
UAS overpass on 22 May 2019 directly observed magma present at shallow depths,
passively degassing, within South Crater (Liu et al. 2020a). It remains unclear how
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prevalent this state of high standing magma within South Crater is and raises
questions surrounding the processes and mechanisms in which Manam transitions

from passive degassing to erupting explosively and effusively.

1.4.1 Regional Tectonic Setting

Manam volcano is located on the Adelbert Microplate which is separated from the
South Bismarck Plate to the east by the West Bismarck fault (Wallace et al. 2004;
Holm and Richards 2013) (Figure 1.3). The Adelbert and South Bismarck plates meet
the north migrating Australian and Solomon Sea plates at their southern boundary.
Here the Australian and Solomon Sea plates have subducted beneath the Adelbert
and South Bismarck plates fuelling the Bismarck Volcanic Arc. The arc is divided into
eastern and western segments by a volcanically inactive stretch of approximately
100km between Langila volcano and the other volcanoes of New Britain island

(Johnson 1977).
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Figure 1.3 Regional tectonic setting from Liu et al. (2020) (used with permission). Manam is shown as a yellow
star on the Adelbert Plate. Other volcanoes along the Bismarck Volcanic Arc are marked as white circles. The
approximate 100 km gap between the West and East Bismarck Volcanic Arcs can be seen between Langila
(furthest west white circle on New Britain) and the other New Britain volcanoes. Abbreviations: AT - Adelbert
Terrane, FT — Finisterre Terrane, BFZ — Bundi fault zone, RMF — Ramu-Markham fault, BSF — Bismarck Sea fault,
WBF — West Bismarck fault, WF — Weitin fault.

The East Bismarck Volcanic Arc is fuelled by the ongoing northwards subduction of
the Solomon Sea Plate beneath the South Bismarck Plate (Tregoning et al. 1999;
Cunningham et al. 2012; Tollan et al. 2017). The northwards subduction of the
Australian Plate beneath the South Bismarck and Adelbert plates formed the West
Bismarck Volcanic Arc. Subduction ceased first in the west around 15 Ma when the
Australian plate began to collide with the forearc of the Adelbert Plate, what is now
the Adelbert Range (Cloos 2005). The subduction stopped in the eastern West
Bismarck Volcanic Arc between 3.7 to 3 Ma due to the collision with the forearc on

the South Bismarck plate forming the Finisterre Range (Abbott et al. 1994; Abbott
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1995). This forearc now makes up the northern coast of the PNG mainland along
the Adelbert and Finisterre Ranges and the Huon Peninsula, what is termed the
Adelbert-Finisterre Terrane (Wallace et al. 2004; Abbott 1995) (Figure 1.3). The
remnants of the subducted oceanic crust which previously divided the Adelbert and
South Bismarck plates and the Australian Plate is thought to still be driving
volcanism along the West Bismarck Volcanic Arc as it continues to sink into the

mantle (Abers and Roecker 1991).

1.4.2 Geochemical Context

The erupted products from Manam include mafic tholeiitic basalts and basaltic
andesites (Figure 1.4), both of which are notable in the West Bismarck Volcanic Arc
for the low TiO, content (Johnson et al. 1985). It is thought that the primary melts
produced beneath Manam are formed by high degrees of melting in the upper
mantle under conditions of slow to negligible subduction and therefore high heat
flux (Johnson et al., 1985; Woodhead et al., 2010). The low TiO; contents of Manam
lavas are indicative of a highly depleted mantle source region (Johnson et al. 1985),
and Pb isotope and incompatible trace element data (Woodhead et al. 2010)
suggest the addition of a limited terrigenous sediment component. In the context of
geophysical constraints, petrological signatures are consistent with progressive
heating and melting of a remnant slab into a stagnant mantle wedge no longer

rejuvenated by corner flow (Liu et al. 2020a).
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Figure 1.4 Total alkali-silica diagram for Manam lava samples from McKee, 1981; Palfreyman and Cooke, 1976.
Manam’s erupted lava has broadly been basaltic to basaltic andesite with one outlying sample designated as a
trachy-basalt.

1.4.3 Open-Vent Activity

Manam produces a near-continuous gas plume, a phenomenon that has been a
common characteristic since the earliest observations in the 17" century
(Palfreyman and Cooke 1976). Persistent degassing between eruptions is a defining
feature of open-vent volcanism as it indicates the existence of an open pathway for
magmatic volatiles to reach the atmosphere (Rose et al. 2013). Both Main and
South craters contribute to Manam’s prodigious degassing which has been ranked
the 11t highest volcanic SO, emission source between 2005-2015 at 1480 + 750
tonnes day? (Carn et al. 2017). Over the same time interval, Aiuppa et al. (2019)
estimated Manam’s CO; flux at 2760 + 1570 tonnes day!, making it the 10t highest
volcanic emitter of CO; globally. In May 2019, field campaign sampling of Manam’s
plume using an UAS mounted MultiGAS in May 2019 revealed an elevated average

SO, flux of 5150 + [336/733] and CO; flux of 3760 * [313/595] (Liu et al. 2020).
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These fluxes would place Manam, albeit transiently, at 2" and 5-7" respectively for

volcanic SO, and CO; production globally.

1.4.4 Eruptive History

The oldest confirmed observation of Manam erupting was in 1616 followed by a
further three observations in 1643, 1700 and 1830 by European sailors (Palfreyman
and Cooke 1976). Reliable historical records began in 1887 initially from
observations of European missionaries in Haltzfeldhaven and Potsdam on the
mainland, Karkar island and Bieng Mission on Manam itself (Palfreyman and Cooke
1976). Scientific observations of Manam began in 1937 initially by the Australian
Bureau of Mineral Resources and then RVO following the independence of Papua
New Guinea. Since 1887 Manam has produced regular eruptions with the longest
period of repose lasting nine years (Palfreyman and Cooke 1976; Global Volcanism
Program 2024). Manam’s frequent eruptions are typically minor ash-venting
episodes ejecting ash 3-5 km asl and this activity generally has very little to no
impact on the island’s settlements. These low-level eruptions are punctuated by
more explosive periods lasting from weeks to years. Manam has been capable of
erupting effusively and also producing Strombolian, Vulcanian and sub-Plinian
explosive eruption styles (Cooke et al. 1976; Palfreyman and Cooke 1976; Johnson

et al. 1985; Tupper et al. 2007; Global Volcanism Program 2024).

The earliest record of a major eruption at Manam was the 11 August 1919 eruption
which noted for its violence and is possibly the largest historical eruption based on

the speed and the extent to which the ash cloud spread (Palfreyman and Cooke
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1976). From 1919 to 2000 there were 11 periods of heightened eruptive (Figure 1.5)
activity marked by more explosive strombolian or ash-column generating eruptions
with both often being accompanied by lava effusions and the latter often producing
PDCs. The most notable of these were the 1957/58, 1992/93, 1996, and 1998
eruptions. The 1957/58 eruptions were a period of frequent explosive eruptions
generating lava flows and PDCs at both craters lasting from January 1957 to May
1958 (Reynolds 1957; Taylor 1958a, 1958b, 1963). A remarkable feature of this
eruption was the only historical observation of a lava flow flowing down the
northwest valley (Taylor 1958a). The entire island was evacuated in December 1957
just six weeks before parts of villages around the southwest valley were destroyed
by PDCs (Taylor 1958a, 1958b). The 1992/93 eruptions represented a departure
from the strombolian activity leading to PDC generating paroxysms that had marked
heightened outbursts the interceding years since 1958 (Cooke et al. 1976;
Palfreyman and Cooke 1976; Global Volcanism Program 2024) (Figure 1.5). This
activity began with violent strombolian eruptions but was remarkable for the series
of strong explosive eruptions. The largest of these generating a 19 km asl ash
column, indicative of a possible sub-Plinian eruption mechanism, and produced a
PDC that destroyed 18 buildings (Global Volcanism Program 1992a, b, 19933, b; De
Saint Ours and McKee 1995). The 1996 eruptions culminated in a paroxysmal
eruption generating a PDC down the southwest valley spreading 1.5 km either side
of the main channel and overran Badua Old village killing 19 people (Global
Volcanism Program 1996a). The 1998 eruptions followed a similar pattern as the
1996 unrest and with explosive eruptions in November and December generating

PDCs that flowed via the southwest valley (Global Volcanism Program 1998).
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Figure 1.5 Eruptive history of Manam. Top time sees shows notable or major eruptions at Manam between 1900
and 2022. Bottom time series shows a detailed eruptive history of Manam between 2015-2021.

Minor explosive behaviour continued sporadically into the 21t century until the
2004-06 eruptive period which generated eruptions considered comparable to the
1919 and 1957/1958 eruptions (Global Volcanism Program 2004a, b, 2005, 2006).
This eruptive phase began in October 2004 following several months of low-level
degassing, occasional minor ash emissions and low but steadily rising seismicity
(Global Volcanism Program 2004a, 2004c). The eruption was preceded by an
escalation in low-frequency earthquakes culminating in a felt earthquake on the
island. The eruption began explosively, generating a 10 km ash column from the
South Crater and a PDC down the southeast valley to the sea (Global Volcanism
Program 2004a, 2004b). The eruption entered a violent Strombolian phase which
produced PDCs and lava flows that narrowly missed villages situated in the east of
the island. By December 2004, the intensity of eruptions further increased resulting
in a mandatory evacuation of the approximately 9,000 inhabitants to the mainland

(Mercer and Kelman 2010; Connell and Lutkehaus 2016, 2017).
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The 27 January 2005 sub-Plinian phase generated a 21-24 km asl ash column
(Tupper et al. 2009) causing ashfall 200 km away on the PNG mainland (Global
Volcanism Program 2005) and SO, being observed from the eruption 2,200km away
(Tupper et al. 2007). Heavy scoria fall injured 14 people and killed one when they
returned to their villages on the east of the island and the RVO station near the
eastern village of Warisi was destroyed (Global Volcanism Program 2005). Explosive
activity continued through 2005 and decreased to a lower intensity following the
27-28 February 2006 eruption which produced a 19 km asl eruption column (Global
Volcanism Program 2006). A final explosive outburst produced a PDC on 7 March
2006 killing one person and destroyed numerous homes in Warisi village (Global

Volcanism Program 2006).

Following the 2004-2006 major eruptive phase Manam remained persistently
active. Through the period 2006-2017 activity at Manam ranged from gentle gas
emissions to explosive episodes characterised by ash emissions of up to 8 km asl
and PDC generation down the avalanche valleys (Global Volcanism Program 2024).
The exception during this period was an eruption on 31 July 2015 which injected ash
19.8 km asl and caused 10-20 cm tephra to fall on the eastern side of Manam
(Global Volcanism Program 2017). This eruption lasted 10 days with several days of
consistent ash column generation reaching up to 6.7 km asl (Global Volcanism

Program 2017).

During 2017-2021 the frequency of large explosive eruptions increased compared to
the preceding 10 years. Two large eruptions in May 2017 both generated 12 km asl
high ash columns and strong lava fountaining (Global Volcanism Program 2018).
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After over a year of relative quiescence a major eruption took place on 25 August
2018, unusually from Main Crater, injecting ash 15.2 km asl into the atmosphere
and generating a PDC down the northeast valley that buried 6 houses in Bokure
village (Global Volcanism Program 2019a). Further notable eruptions occurred in 23
September, 5 October and 8 December generating 8.5 km asl, 10.4 km asl and 15.2
km asl eruption columns respectively (Global Volcanism Program 2019a). A series of
three large eruptions on 7, 11 and 23 January 2019 with the earlier two generating
ash columns of 15 km asl and the later eruption reaching 16.5 km asl (Global
Volcanism Program 2019b). This continued explosive period led to a three month

self-evacuation of a portion of the population (Global Volcanism Program 2019b).

The last major eruption took place in 28 June 2019 which generated an ash column
of 15.2 km asl, a ¥4 km lava flow in the northeast valley, and PDCs descending down
the northeast valley and unusually, the western flank (Global Volcanism Program
2019b). The west and north western areas of Manam have been the main areas of
resettlement following the 2004-2005 eruption as they have been less frequently
impacted by subsequent eruptions. However, the PDC directed down the western
flank destroyed 455 homes and agricultural gardens, and led to the evacuation of
3775 people, the majority of these people living on western Manam (Global

Volcanism Program 2019b).

Following this eruption, activity at Manam has generally returned to its state of
background persistent degassing, interrupted by sporadic ash venting eruptions and
occasional more explosive eruptions. The most notable explosive eruptions
reported since the 28 June 2019 occurred on 20 October 2021 (15.2 km asl eruption
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column), 22 December 2021 (10.7 km asl eruption column), 8 March 2022 (15.2 km
asl eruption column), and 18 April 2022 (13.7 km asl eruption column) (Global

Volcanism Program 2021a, 2022a, 2022b).

1.4.5 Anticipating Eruptions and Ordering Evacuations

Manam’s eruptions have led to voluntary and mandatory evacuations most notably
in 1957 and 2004 (Taylor 1958a; Mercer and Kelman 2010; Connell and Lutkehaus
2017). These two evacuations likely prevented the major loss of life by successfully
anticipating a potential climatic eruption. Unfortunately, eruptions at Manam have
still resulted in deaths (Global Volcanism Program 1996a, 1998) acting as a reminder
that the forecasting of eruptions is inherently difficult. The last evacuation of
Manam in 2004 led to a prohibition for residents to return to Manam with it being
declared a disaster zone (Connell and Lutkehaus 2016, 2017). Evacuees were
housed in several mainland temporary sites, known as care centres, which became
essentially permanent as no permanent relocation solution has been decided upon
(Connell and Lutkehaus 2016). Issues with neighbouring communities, agricultural
practice differences and other socio-economic ramifications of a people removed
from their homes long-term led many residents to return to Manam, preferring the
threat of ongoing volcanic eruptions to the physical and financial insecurity
represented by the care centres (Mercer and Kelman 2010; Connell and Lutkehaus

2017).

Mandatory evacuations cannot be ordered at the smallest sign of unrest as many

times these do not culminate in activity that affects the lives of residents. This is
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especially true for Manam residents whose previous experience with evacuation
has been negative (Mercer and Kelman 2010; Connell and Lutkehaus 2017). The act
of ordering perceived unnecessary eruptions leads to mistrust in the capabilities of
authorities as was seen after the 1970 and 1983 evacuations of Pozzouli (Italy) after
significant uplift that suggested an upcoming eruption within the Campi Flegrei
caldera (Charlton et al. 2020; Kilburn et al. 2023). Doubt of scientific competency in
understanding volcanic behaviour can lead to non-compliance when an evacuation
is ordered (Woo 2008; Bird et al. 2011). This therefore underlines the need for
greater understanding of eruptive processes and triggers especially for open-vent
systems where pre-eruptive signals can be less clear and for volcanoes where

communities live in close proximity like Manam.

1.5 Thesis Outline

This section introduces the two primary aims of this project, which are met through
three individual science chapters. The structure of this thesis is then outlined
sequentially by chapter, including a brief summary of the aim, objectives (see each

chapter for more detail), methods and key findings for each.

1.5.1 Motivation

This project was conceived in response to the impaired monitoring capabilities at
Manam following the 2004/05 eruption (Global Volcanism Program 2005) and
which meant that those that had returned to Manam in the intervening years did so
in spite of the unmonitored, and therefore unpredictable, continued eruptive

activity (Kelman and Mather 2008; Connell and Lutkehaus 2017). The ambition was
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to utilise satellite remote sensing methods to investigate volcanic processes at
Manam and attempt to identify precursory signals. In addition, to this it was hoped
that an enhanced view of hazard could be provided by modelling lava flows and
tephra deposition produced by Manam. The wider desire was that this work would
demonstrate the possibility of monitoring and analysing the activity and assessing

the hazard at remote and inaccessible volcanoes in general.

1.5.2 Aims

The overarching aims of this thesis are: (a) to improve understanding of the
volcanological processes driving observed transitions between passive, explosive
and effusive activity at Manam volcano, and explore the implications for open-vent
volcanism more generally, and (b) to quantify the potential spatial distribution of
volcanic hazard and risk exposure posed by tephra deposition and lava flows for a
range of eruptive scenarios observed in Manam’s recent eruptive history. To
achieve these aims, this thesis is divided into three chapters that each examine a

distinct topic relevant to meeting these aims.

1.5.3 Chapter Two — Remote Sensing of Open-Vent Volcanism

Manam volcano exhibited a period of elevated eruption frequency and intensity
between 2015-2021. The aim of Chapter Two is to determine the volcanological
processes responsible for driving the observed activity at Manam volcano during
this period. The objectives for this chapter are to use open-access satellite remote
sensing data to produce a multi-annual timeseries of Manam’s SO, and thermal

emissions; explore the relationships between changes in remotely-sensed emissions
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and observed eruptive activity; and interpret these observations in the context of
magma storage, ascent and degassing processes to produce a conceptual model of
magmatic processes. Together, thermal and SO, emissions provide insight into the
extent of the “excess degassing” phenomenon at Manam, a key characteristic of
open vent volcanoes globally, as well as tracking changes in magma column height
within Manam’s South Crater, often considered a representative surface proxy for

varying pressure in a shallow magma reservoir.

The key findings of this chapter show that a) Manam experienced significant
variations in SO flux between 2018 and 2021, b) Manam degassed 0.1 km3 more
magma than it erupted over the same period between March 2019 and December
2021, c) Manam experiences fluctuating pressure within its magmatic plumbing
system that appears to have resulted in the level of the magma column rising high
enough to appear within the crater on as many as 76 occasions not related to
eruptions over the study period. This chapter presents a conceptual interpretive
model to explain, in tandem, observed eruptive activity and remotely sensed
parameters, which centres on the recharge of volatile-rich magma to shallow
depths, commencing some time in 2018. This recharge magma is interpreted to
have stimulated renewed eruptive activity from August 2018, ultimately
culminating in the major eruption on 28 June 2019. Extensive dehydration-driven
crystallisation, due to observed high degassing rates, likely formed transient low
permeability plugs in the upper conduit on several occasions. These plugs ultimately
failed under the pressure of volatile accumulation beneath, resulting in the series of

explosive eruptions observed particularly between August 2018 and August 2019.
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1.5.4 Chapter Three — Tephra Deposition Modelling

This chapter aims to place quantitative constraints on tephra hazard, through a
probabilistic assessment of the spatial distribution of tephra thicknesses, for a range
of relevant explosive eruption scenarios at Manam. The objectives for this chapter
are to define realistic explosive eruption scenarios based on the historical eruptive
record at Manam; to model the footprint and mass accumulation of tephra
deposition under each of these eruptive scenarios using the probabilistic model,
TephraProb (Biass et al. 2016). These hazard outputs are then combined with
geospatial datasets to quantify the exposure of populations, agriculture, buildings
and road networks affected under each scenario. This chapter examines how
different sectors would be affected by varying accumulations of tephra, and

discusses the implications of these results in the context of emergency planning.

Modelling highlighted a seasonal influence on tephra hazard, due to changing
prevailing winds on tephra deposition; the wet season (November to April) has a
more pronounced east to southeast dispersal compared to the dry season (May to
October) which is dominated by a westward dispersal. Bogia is a mainland town
that acts as a hub for healthcare and infrastructure to the surrounding district, and
is consequently a focal point for emergency response and evacuations of Manam
island itself. The results presented in this chapter found that, importantly, during
the wet season there is a higher probability of tephra fall impacting Bogia. These
findings have implications for emergency and mitigation planning for the region
centred around reestablishing transport access to Bogia and ensuring its own

resilience and capability to support the wider district during an eruption.
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1.5.5 Chapter Four — Lava Flow Modelling

Chapter Four aims to quantify the potential runout lengths of future lava flows at
Manam and, from this, assess the hazard posed by effusive eruptions to local
settlements and their resident populations. The objectives in this chapter are
centred around understanding which vents and what effusion rates are capable of
either inundating settlements directly or alternatively reaching the sea and
generating secondary hazards such as laze plumes (“lava haze”) or littoral
explosions. Lava has previously flowed down the northwest valley and outside the
bounds of the southwest valley threatening populations. However, repeated
instances of these events have not been observed subsequently, raising questions
as to whether similar flows may occur in the future and whether they pose a threat
to settlements around the northwest and southwest valleys. Additional objectives
in this chapter therefore focus on investigating the topographic and eruptive

conditions that led to emplacement of these lava flows.

This chapter found that lava flows sourced from summit and upper flanks are not
likely to directly impact settlements in their current positions. The biggest direct
threat of inundation is found to be the formation of future satellite cones on the
lower flanks, which historically have formed much closer to populated areas.
However, the probability of future lower flank eruptions is unknown, given the lack
of age constraints on previous events. The most likely impact of lava flows at
Manam is from the generation of laze from lava entering the sea, either originating
from Main Crater and travelling down the northeast valley or from vents within and

flowing down the southeast valley. The results in this chapter also provide the basis
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for the future creation of hazard communication materials to aid stakeholders
(residents and monitoring agencies) to assess whether a lava flow may reach the

sea based on the location of the vent.
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2 Chapter Two - Insights into
Open-Vent Processes
Through Remote Sensing of
Thermal and SO, Emissions
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2.1 Introduction

Open-vent activity is sustained by the ascent and degassing of magma at shallow
depths (Kazahaya et al. 1994; Harris et al. 1999; Shinohara 2008; Johnson et al.
2010; Palma et al. 2011), with variable contributions from deep-derived segregated
fluids that transfer both heat and volatiles to shallow reservoirs (Caricchi et al.
2018; Edmonds et al. 2022b). A common characteristic of open-vent volcanoes is
persistent degassing (Rose et al. 2013; Vergniolle and Métrich 2021) where the
volume of magma required to supply the observed volatile flux exceeds that of the
volume of erupted magma, known as the “excess degassing phenomenon”
(Kazahaya et al. 1994; Shinohara 2008). While this strong degassing during
interruptive periods is widespread among open-vent systems the eruptive style of
these systems is varied and dependent upon each systems magmatic composition.
Systems with silica-rich, more viscous, magmas can form lava domes that can
collapse with little warning triggering vulcanian eruptions or generating pyroclastic
density currents (Stefan 1879; Robin et al. 1991; Wooster and Kaneko 1998; Calder
et al. 1999; Young et al. 2003; James and Varley 2012; Mueller et al. 2013; Girina
2013; Flower and Carn 2015; Shevchenko et al. 2020), whereas less evolved, less
viscous magmas more typically support persistent gas emissions (Allard et al. 1994;
Shinohara 2008; Lyons et al. 2009; Beckett et al. 2014; Liu et al. 2019), in rare
examples maintain lava lakes (Moussallam et al. 2016; Gray et al. 2019; Lev et al.
2019) and can produce lava flows or erupt explosively sometimes transitioning
between the two (Namiki and Manga 2008; Cassidy et al. 2018b; Viccaro et al.

2021).
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Manam has been observed to be persistently degassing since at least 1887 when
historical records by European missionaries began (Palfreyman and Cooke 1976).
Permanent scientific observation of Manam was established in 1937 and since then
observed activity has typically consisted of extended periods of passive degassing,
punctuated by explosive eruptions lasting from a few days to weeks interrupted by
periods of eruptive quiescence typically lasting several months (Best 1953, 1956;
Reynolds 1957; Taylor 1958b; Branch 1965; Palfreyman and Cooke 1976; Global
Volcanism Program 2021b). Between 2000 and 2021, Manam has generated 29
major and 139 minor eruptions and produced frequent clusters of thermal anomaly
detections in satellite multispectral imagery. During this period, 2014 was the only
year which no eruptions or thermal anomalies were reported; however, passive
degassing persisted throughout. Over the decade between 2005 and 2015, Manam
was the 10t highest volcanic emission source of SO globally as measured by the
spaceborne Ozone Mapping Instrument (OMI) (Carn et al. 2016, 2017). Overall
Manam’s clear patterns of persistent inter-eruptive degassing and sporadic yet

frequent eruptions classifies it as a long-lasting open-vent volcano.

Forecasting eruptions at open-vent volcanoes such as Manam present a different
challenge to closed systems as the deviations from ongoing activity can be difficult
to interpret. For example, at some systems an increase in degassing could represent
a precursory signal to an eruption (Johnson and Poland 2013; Hidalgo et al. 2015;
Aiuppa et al. 2017) whereas at other systems a decrease in gas emissions may
indicate an upcoming eruption (Edmonds et al. 2003b; Campion et al. 2018b). It is

therefore critical that the long term behaviour of open-vent systems is understood
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through long-term monitoring so that deviations from background behaviour can be
identified. Ideally, systems which pose a risk to communities and infrastructure are
monitored using multiple parameters such as: gas flux and composition, thermal
emissions, seismicity and ground deformation. Ground-based monitoring is often
not possible at many volcanoes but advances in satellite-based remote sensing
techniques in the last two decades have meant that spatial and temporal
resolutions have greatly improved facilitating the measurement of multiple
parameters including: ground deformation (Spaans and Hooper 2016; Morales
Rivera et al. 2017; Valade et al. 2019), thermal emissions (Wooster and Kaneko
1998; Laiolo et al. 2017; Naismith et al. 2019; Coppola et al. 2019, 2022), lava lake
behaviour (Flynn et al. 1993; Harris et al. 1999; Oppenheimer and Yirgu 2002), and
SO, emissions (Fioletov et al. 2015; Carn et al. 2016, 2017; Laiolo et al. 2018;
McCormick Kilbride et al. 2019; Queiller et al. 2019). In particular the daily
overpasses of some satellites allow for monitoring of parameters, such as thermal

and SO; emissions (Wright et al. 2002; Theys et al. 2019).

The major eruption of Manam in 2004/05 was the largest eruption since 1919 based
on tephra fall extent (Palfreyman and Cooke 1976; Global Volcanism Program 2024)
and destroyed the monitoring station in Warisi village (Global Volcanism Program
2005). This monitoring equipment has not been replaced but Manam has continued
to be monitored using the regional seismometer network and an local observer
reporting activity to Rabaul Volcanological Observatory (RVO). Therefore, the use of

satellite remote sensing monitoring techniques at Manam presents a clear
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opportunity to establish a form of permanent multi-parameter monitoring that

hasn’t been possible since 2005 and to fill in data gaps in the intervening period.

2.1.1 Aims and Objectives

This chapter seeks to understand the volcanological processes responsible for the
observed activity at Manam between 2015-2021 using satellite remote sensing of

SO; and thermal emissions. To do this the following objectives are targeted:

1) Measure the surface temperatures of Manam’s two summit craters using
shortwave infrared imagery from European Space Agency’s (ESA) Sentinel-2
satellite array and utilise the pre-existing MODVOLC thermal anomaly
detection system to characterise the long-term patterns in thermal radiation
emitted.

2) Measure Manam’s SO, emissions using the TROPOMI sensor carried by the
ESA Sentinel-5P satellite to determine how volatile supply and outgassing
dynamics fluctuate over multi-annual time periods.

3) Estimate the frequency at which the top of the magma column rises into
South Crater using emitted radiance and an assumed simplified crater
geometry, and relate this to varying reservoir pressure within Manam’s
magmatic plumbing system.

4) Quantify the extent of excess degassing at Manam by comparing the total
magma input into the shallow plumbing system (estimated from the

observed SO, emissions) with the observed magma output (from measuring
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the geometry of lava flows observable in satellite imagery and deriving the
erupted mass from explosive eruptions based on eruption column heights).

5) Establish a conceptual model that invokes volcanological processes to
explain the observed activity in the context of varying thermal and SO,
emissions and changing reservoir pressure, identifying any potential
eruption precursory signals.

6) Discuss temporal variability in degassing at open vent volcanoes, and the
issues related to extrapolating discrete campaign-based measurements to
long-term global inventories of volcanic degassing, by placing Manam’s gas

emissions in the context of global volcanic emissions.

2.2 Methods

This section outlines the remote sensing methods used to retrieve the Volcanic
Radiative Power (VRP), surface temperatures, SO, emissions (mass loading and
time-averaged fluxes), and to spatially-reference the detected thermal anomalies at

Manam volcano.

2.2.1 Thermal Remote Sensing Principles

Thermal remote sensing is based on the principles of electromagnetic radiation. All
objects emit electromagnetic radiation according to the kinetic temperature and
emissivity of their surface (Jensen 2000; Blackett 2013). As the kinetic temperature
of an object increases, its radiance also increases as described by the Stefan-

Boltzmann Law (Equation 2.1) (Boltzmann, 1884; Stefan, 1879):
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E = oT* (2.1)

where FE is the measured radiance (W m=2), T is the blackbody temperature (K) and
o is the Stefan-Boltzmann Constant (5.6697 x 108 W m? K?%). A blackbody is a
hypothetical surface that absorbs all incoming radiation, thus heating the
blackbody, and then radiates energy with a temperature-defined spectrum and
perfect emissivity (€ = 1). As temperature increases, the radiance at all wavelengths
also increases but the peak emission shifts to shorter wavelengths (Figure 2.1), as

described by Wien’s displacement law (Equation 2.2):
b
A= T (2.2)

where A is the peak wavelength (m), T is the blackbody temperature (K) and b is the

Wien displacement constant (2.8978 x1073 m K).
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Figure 2.1 Variation of blackbody spectral radiance with temperature. Each line represents the radiation of a
blackbody at a given temperature for all wavelengths. The area under the line represents the total radiation
emitted by the object. As temperature increases the wavelength at which peak radiance is observed moves to
shorter wavelengths (left) (Modified from Blackett. 2017)
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The spectral radiance, L,(T), emitted by a blackbody for a given temperature and
wavelength (4) can be calculated using the Planck function (Equation 2.3) (Planck,
1901):

Cq

Ly(D) = A5(er(C2AT)-1)

(2.3)

Where €, and C, are constants of 1.19 x 10 W m? sr! and 1.44 x 102 mK,
respectively. The temperature-dependence of the peak wavelength means that
spectral radiance from very hot surfaces is greater in the shortwave infrared (SWIR)
and middle infrared (MIR), 1.3 — 3 um, compared to the longer-wavelength thermal
infrared region (TIR) (Figure 1; Blackett, 2013; Kerle et al., 2009). Applied to a
practical example, this relationship means that a hot object, such as a lava flow, will
emit substantially more energy than its surroundings regardless of its size (Blackett

2013).

2.2.2 Detecting Thermal Anomalies

The MODVOLC algorithm was used to measure the radiant heat flux, or volcanic
radiative power (VRP) emitted by Manam (Wright et al. 2004; Wright 2016b).
MODVOLC uses Level 1B products from the MODIS (Moderate Resolution Imaging
Spectroradiometer) multispectral instrument onboard the NASA Aqua and Terra
satellites providing a 1 km? pixel resolution for the infrared bands. Together, these

two satellites ensure coverage of most of the Earth’s surface every 1 to 2 days. A
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thermal anomaly is defined as a pixel(s) in a satellite image that have a higher
temperature relative to neighbouring pixels (Wright et al. 2002; Dehn and Harris

2015).

Cloud-covered pixels can have pixel integrated temperatures comparable to pixels
containing volcanic products due to their brightness (the term used to describe the
intensity of an objects radiance) and therefore interpretation is non-unique (Wright
et al. 2002, 2004; Wooster et al. 2003). Similarly, the difference between the
measured radiance in the 4 um and 12 um centred spectral bands (band 22 [or 21] -
band 32) can be similar for pixels containing either a volcanic “hot spot” or
meteorological cloud. In order to identify true volcanic thermal anomalies,
MODVOLC uses the Normalised Thermal Index (NTI) to differentiate between
thermal anomalies of volcanic and non-volcanic origin. By normalising the
difference between the two bands (Equations 2.4 & 2.5), a true hotspot can be
distinguished from other elements in the image because the value of this
normalised difference increases with the temperature of the emitting surface
(Wright 2016b). MODVOLC uses a threshold of NTI > -0.80 to define a thermal
anomaly. MODIS bands 21 and 22 are both centred on a wavelength of 4 um;
although both bands have the same dynamic range, band 22 is sensitive to pixel
integrated temperatures up ~330 K, while band 21 extends to temperatures up to
~500 K. Band 22 therefore has greater spectral resolution than band 21, but is

limited by saturation at lower temperatures.
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B22—B3;

NTI = (2.4)
B22+B3;

or if band 22 is saturated (> 330 K):
B,1—B

NT] = 22 (2.5)
B21+B3;

where 21, 22 and 32 refer to the total spectral radiance emitted in MODIS bands 21,

22, and 32, respectively.

Volcanic Radiative Power (VRP) is the total heat radiated across the area of the
anomaly at the time of acquisition, and is expressed in W or J s (Equation 2.6)

(Coppola et al., 2013; Wooster et al., 2003; Wright et al., 2015).

VRP (¢e) =1.89 X APIX X DPIX (2.6)

where 1.89 is a best fit regression coefficient calculated using the MIR method
which relates the VRP estimated using the simple power law used by MODVOLC to
the expected value under the Planck function (Wooster et al. 2003; Wright 2016b),
Apjx is the area of the pixel, and Dp;x is the above-background MIR radiance of the
pixel. When a hotspot is detected in more than one pixel, the total VRP is the sum
of the VRP across all pixels. This study uses the volcanic radiative power scale used
by MIROVA (Middle InfraRed Observation of Volcanic Activity) volcanic thermal
anomaly system to provide a simple indicator of relative anomaly intensity (Coppola
et al. 2013, 2016). The uncertainty associated with VRP is derived from the
contribution of surrounding pixels not identified as thermal anomalies (i.e.

background radiance) (Roberts et al. 2005), which is estimated to be as much as *
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30 % (Wooster et al. 2003). This uncertainty is only significant for very weak thermal
anomalies with only small differences between signal and background, or for

instruments with low spatial resolution (Zaksek et al. 2013).

2.2.3 Locating Thermal Anomalies

Manam volcano has two active summit vents, Main and South Crater, that generally
exhibit distinct eruptive styles and pose different hazard footprints. The two vents
are within 1 km of each other (i.e. within the 1 km pixel resolution of the MODIS
infrared bands) and so the VRP is likely to include thermal contributions from both,
should both be radiant simultaneously. To determine the source of each anomaly,
or to deconvolve the relative contributions from each vent or from other thermal
sources, multi-spectral images from the ASTER (Advanced Spaceborne Thermal
Emission and Reflection Radiometer) instrument onboard the Terra satellite and
Sentinel-2 are used. The ASTER instrument itself can be tasked to image specific
areas of the Earth’s surface upon request and therefore does not provide the
regular and complete coverage of the Earth’s surface compared to the MODIS
instrument. However, ASTER level 1T data (Precision Terrain Corrected Register At-
Sensor Radiance) band 13 TIR images (11.3 um centred) have a 90 m resolution,
complementing MODIS data by providing higher resolution position information for
thermal features (Laiolo et al. 2018). Sentinel-2 is part of the European Space
Agency (ESA) Copernicus Earth observation programme and is composed of a
constellation of two satellites (Sentinel-2A & -2B), both carrying the Multi-Spectral
Instrument (MSI). The MSI provides high resolution (10, 20 & 60 m pixel) imagery

across 12 spectral bands ranging from visible to SWIR (443 nm to 2190 nm). True
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colour imagery from MSI are also used to determine the location of MODVOLC
detected anomalies, together with composites imagery using combinations of
bands 4 (665 nm), 8 (842 nm), 8a (865 nm), 11 (1610 nm) and 12 (2190 nm) . MSI
provides 20 m pixel resolution imagery, providing greater accuracy in thermal
anomaly positions, and has a revisit time of 5 days over Manam, providing an
additional regular data source (further technical details can be found in Section
2.4). Here, | use ASTER and MSI imagery to determine in which of six most likely
features each thermal anomaly is located: Main Crater, South Crater or each of the
four avalanche valleys (see Figure 2.2). Anomalies outside this areas i.e. on the
forested flanks are typically related to fires rather than volcanic sources and so have

not been considered.

2.2.4 Calculating Surface Temperatures

A semi-automated process has been developed to derive the surface temperature
within each of Manam’s summit craters from MSI product level 1C Top of
Atmosphere Reflectance (TOA). MSI imagery is processed using ArcGIS Pro,
automated using the Python programming language. To improve processing time,
the island of Manam was divided into 6 regions of interest (ROI) that can be
selected individually for processing; the two craters and four avalanche valleys.
Each ROl was traced in ArcGIS Pro using a true colour Sentinel 2 image (pixel
resolution 10 m) from 17 August 2020 (Figure 2.2). The avalanche valleys were
delimited based on the valley walls until the points where they open out onto the
flatter terrain of the coastal areas of the island. From this point, the extents were

extrapolated to the coast using an exaggerated fan geometry guided by pre-existing
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lava flows. Only surface temperatures from the Main and South Crater ROIls are
analysed in this chapter. All images were processed according the Dual-Band
Method implemented by Gray et. al. (2019) for MSI imagery. This approach requires
pixel integrated temperatures from two SWIR bands, therefore the MSI SWIR bands
11 and 12, which are centred on wavelengths of 1610 nm and 2190 nm, are used.

The processing workflow is summarised in Figure 2.3.
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Figure 2.2 True colour image from 17 August 2020 Sentinel-2 MSI overpass with key features of Manam Island
with summit craters and avalanche valleys outlined.
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Figure 2.3 Processing workflow for semi-automated dual-band analysis of Sentinel-2 products. Semi-automated
processing in ArcGlS Pro begins after images are downloaded from the Sentinel-2 repository.

Any available image tile containing the island of Manam with less than 100 % cloud
cover was downloaded from the Sentinel-2 data repository (ESA 2022). Cloud cover
regularly hinders satellite measurements in the tropics and combined with the 5-
day revisit time of Sentinel-2, cloud cover can produce gaps between summit
observations of up to several months. Additionally, cloud cover may only partially
obscure the craters and, depending on the part of the crater obscured by cloud, this
may reduce the apparent mean temperature. Here, a feature is defined as cloud
covered when all pixels within the features boundaries are obscured by cloud.
Cloud cover is identified by using the accompanying cloud mask product provided
with each MSI image, any pixel identified as being cloud-covered is assigned the
digital number “-1” in both bands (11 and 12) so that further processing identifies
this pixel as unsuitable for temperature calculations. The band 11 and 12 images

with the cloud mask applied are then clipped by the defined target region. When an
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object is brighter than the sensors dynamic range, the pixel is designated a digital
number of “255”. To avoid ArcGIS erroneously converting this value to a reflectance
value, this number is changed to “0” to ensure it is not processed any further. At
this point all unusable pixels have been removed and the reflectance value, stored
in the pixel digital number, is converted to Top-of-Atmosphere (TOA) radiance (W

m= sr! um) according to Equation 2.7.

LA = Yeatfei(cosO) /4 o4 (2.7)

n(5)
where Q.4 = digital number (DN); E,; = solar irradiance (W m?); 8 = incidence

angle (°), and U = quantification value (converts value to TOA). E,.;, @ and U are

drawn from MSI metadata associated with each image.

All natural surfaces on Earth reflect some portion of incoming radiation and thus re-
radiate <100% of the incoming energy (Blackett 2013). The radiance for a given pixel
therefore includes contributions from all the various surfaces within the pixel area.
Hot volcanic products emit substantially greater radiation than the cooler
surrounding “background” surfaces and so the integrated pixel radiance is weighted
heavily towards that of the volcanic products. Pixel Integrated Temperatures are
calculated from the pixel-registered radiance; over a homogenous surface, the
brightness of the pixel equates to the brightness of the surface and from this the
surface temperature can be calculated. However, when a pixel covers two or more
surfaces then the brightness of the two surfaces are combined to form a composite
signal (Campbell and Wynne 2011; Harris 2013a); therefore the surface

temperatures calculated from this can be considered as composite, or integrated,
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temperatures. Pixel integrated temperatures were calculated for each band from
the radiance values using Equation 2.8 (adapted for use with MSI imagery from
Francis and Rothery, 1987; Rothery, 1988; Harris, 2013), which is derived from the
Planck function (Equation 2.3).

— )
~ Aln([er€1475/1007L;]+1)

(2.8)

where L, = radiance (Wm™2 srt um™); C; = 3.742 x 1076 (W m?); C, = 0.0144 (mK);
A = wavelength (m); T = blackbody temperature (K); € = emissivity of the radiating
surface; and t = atmospheric transmissivity. €; and C, are simplified constants
representing hc? and hc/k, where h is Planck's constant (6.266 x 10734 J s), ¢ is speed

of light (2.998 x 108 m s7!) and k is Boltzmann's constant (2987 pum K).

Emissivity for the basalt to basaltic andesite lava erupted at Manam (Palfreyman
and Cooke 1976; McKee 1981) is estimated as 0.852 and 0.888 for bands 11 and 12,
respectively, based on analogous lavas measured for emissivity in the John Hopkins
ECOSTRES Spectral Library (Meerdink et al. 2019). Spectral radiance reaching a
satellite sensor is also reduced by atmospheric attenuation and absorption by gases,
the degree to which this occurs is known as atmospheric transmissivity.
Transmissivity for Manam was estimated using MODTRAN (MODerate resolution
atmospheric TRANsmission) system to be 1 and 0.99 for bands 11 and 12

respectively (Berk et al. 2014).
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2.2.5 Dual-Band Method

Pixel integrated temperatures provide a useful metric of relative surface
temperature change but do not provide an absolute measure of the temperature of
specific surfaces within the pixel. Instead, the dual-band method is used to calculate
true surface temperatures. The dual-band method assumes that there are only two
temperature fields, or components, in a pixel: a target temperature and a
background temperature (Dozier 1981; Lombardo et al. 2004; Gray et al. 2019). For
example, Crisp and Baloga (1990) model an active lava flow by considering two
thermally-distinct radiant surfaces: 1) a spatially larger component corresponding to
the cooler crust of the flow (T.) and 2) a smaller, yet hotter, component
representing the fractures in the crust (T}), which are assumed to be comparable to
the temperature of the inner molten core of a lava body (Figure 2.4). The dual-band
method involves solving two simultaneous equations (Equations 2.9 and 2.10)
derived from the Planck function with three unknowns: the hot temperature (T},),

the cool temperature (T.) and the fraction of the pixel occupied by T}, ( fr):

L(T,A,) = &xtTu[f,L(TpA) + (1 — f)L (T A)] (2.9)

L(Ty4y) = &,7,[fal(Thd,) + (1 — fo)L (T.A,)] (2.10)

Where L is the spectral radiance for a given temperature (T in K) and wavelength (4
in nm), & is emissivity of the radiating surface, T is atmospheric transmissivity and
T, and T, are the pixel integrated temperatures for bands 11 (x ) and 12 (y)
(Lombardo et al. 2006, 2012; Gray et al. 2019). For Equations 2.9 and 2.10 to be

solved, one of the three unknowns must be estimated. Typically, values for Ty, or T
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are either estimated or measured (empirically or experimentally) allowing the other
to be solved alongside fj. The now known or assumed temperature effectively
becomes the background temperature and the remaining unknown temperature is
the target temperature. Individually, each equation has multiple solutions of the
two remaining unknown parameters but by finding the intersection of these two
equations it is possible to derive the unique solution that satisfies both (Figure 2.5).
Here, it is assumed that the eruption temperatures of lava at Manam do not vary
substantially between eruptions and that the temperature of lava crusts would be
more insightful as to the state of activity within the summit craters. If the lava crust
temperature decreases over time it is assumed that magma supply to the surface is
declining, whereas a steady or increasing lava crust temperature over time suggests
a stable or increasing surface magma supply. Therefore T}, was estimated at 1142 K
(1150°C) as this represents a typical temperature for molten mafic magma, as

reported at Manam (Johnson et al. 1985).

A third temperature component representing any background non-lava covered
surfaces can be added to the dual-band method allowing the contribution from
crustal and molten lava components to be constrained independently of the
surrounding land surface (Oppenheimer 1993; Harris et al. 1999). This requires
identifying a non-cloud covered lava free surface in every image. Here the two
component variant is used, as targeting the craters without needing to identify a
background surface allows for automation. The calculation of T allows for analysis
of relative temperature changes related to the presence of magma at or near the

surface. In this scenario cooler T, values can either represent the heating of the
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craters either by subsurface magma or increased magmatic degassing, or a
combination of the two and increased T, values represent the magma at or near

the surface.

The two-component thermal assumption of the dual-band method means that the
optimal pixels are those that are central to the target feature and do not include
any of the surrounding ground within the pixel area (Rothery et al. 1988; Glaze et al.
1989; Oppenheimer 1991, 1993). Unfortunately, most pixels covering volcanic
features are not “optimal”, and as such the radiance at each pixel includes
contributions from non-volcanic sources. Since the three component variant of the
dual-band method is not applied in this work, the contribution of the non-volcanic

background temperature is not accounted for here.

This therefore has ramifications for the pixel integrated temperature and dual-band
results. With no background temperature component, this method effectively
assumes pixels will always be completely filled by a lava body which is not likely to
be the case for all pixels even when magma or lava is present within the craters. As
such, lower measured pixel integrated temperatures and dual-band results are
unlikely to reflect the true temperature but instead indicate the absence of lava. At
higher temperatures results will be slightly lower yet overall closer to the actual
temperature due to the greater contribution of hotter surfaces total pixel radiance.
Thus, high temperature results will indicate the presence of lava and will show the

relative change in lava temperatures when present in the craters.
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Figure 2.4 Schematic of a lava covered pixel under the two-component model. Most of the pixel is occupied by
cooler lava crust and a smaller proportion by hotter fractures. The pixel integrated temperature (PIT) is a
function of the temperatures of all radiating surfaces within the pixel (top right) .

The radiance required to achieve a pixel integrated temperature value of 1150°C is
calculated in both bands using Equation 2.8. This is done using a “Goal-Seek”
function built in Python, which finds the value of L, that allows the function to have
T = 1150°C. The required radiance for PIT between 100-600°C in 50°C intervals is
also calculated in the same manner; 100-600°C represents a range of possible
values of T, (Flynn et al. 1993; Oppenheimer and Yirgu 2002; Spampinato et al.

2008).
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Figure 2.5 Graphical example of a unique solution (orange dot) for Ty and f, using the dual-band method of SWIR
temperature analysis

The value of fp for each step value in the range of possible T, values can be
calculated using Equations 9 and 10, again using the Goal-Seek function. These
solutions are then used to interpolate the entire curve that now describes T, vs fj
(Figure 2.5). The unique solution that satisfies both Equations 9 and 10 can be
found by identifying the point of intersection between the model curves from bands
11 and 12. A solution will not be found if f}, is less than f;,,, which is the target
pixel’s radiance divided by the product of the radiance of the hot component of the
target band, emissivity and transmissivity and shown in Equation 2.11 (Flynn et al.

1994):

La (1.11)

fuum = (7 [Lry 20)])

where L, is the target pixel’s radiance, and L, ;) is the radiance of the hot

component at a given wavelength. The term f;,,, can be used as a convergence test
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to see whether a dual-band solution can be found. The f;;, of band 12 must be
greater than the f;;,, of band 11 in order for convergence to occur and therefore to
find a dual-band analysis solution (Flynn et al. 1994). This test was performed during
method development and 86% of pixels predicted to have a dual-band solution did

find a solution (Appendix A, Figure 7.1, Figure 7.2, & Figure 7.3).

2.2.6 Quantifying Sulphur Dioxide (SO2) Emissions

TROPOMI (TROPospheric Ozone Monitoring Instrument) is a spectrometer on board
ESA Sentinel-5P polar orbiting platform. TROPOMI has a spectral resolution of 0.25
to 0.54 nm and a spatial resolution of 3.5 x 7 km at launch (Veefkind et al., 2012)
and updated to 3.5 x 5.5 km on 6 August 2019. TROPOMI passes over every point
on the Earth’s surface at least once per day. The TROPOMI Differential Optical
Absorption Spectroscopy (DOAS) retrieval algorithm calculates Vertical Column
Densities (VCDs) of SO, for each pixel within its field of view (Theys et al. 2017); VCD
is then converted to column mass (QueilSer et al. 2019). The total SO, mass loading
for a given scene is calculated by summing the column mass of SO, contained within

each pixel above 3 times the random noise.

The main source of uncertainty in TROPOMI SO; retrievals is the altitude of the SO3
plume, as the instrumental SO, response is height dependent. Here ash and
eruption plume heights are used as a proxy for the altitude of SO; in a given scene.
Consistent and accurate plume height estimates are not always available at Manam;
the heights of plumes are not regularly reported unless they are notable in

magnitude and therefore plume heights from daily background degassing are
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mostly unreported. Ash-rich plumes tend to be reported by local observers or by
the Darwin Volcanic Ash Advisory Centre (VAAC). However, ground reports tend to
underestimate plume heights, especially for plumes >10 km where visibility
becomes more difficult (Tupper and Wunderman 2009). Additionally, VAAC reports
give plume height in terms of typical commercial aviation flight altitudes rather than
the true plume height. These factors mean that there are reasonable estimates
available for larger ash rich plumes but there remains ambiguity around the exact
altitude of SO, in the atmosphere. Additional processing uncertainties include
retrieval issues due to cloud cover or choice of air mass factor conversion.
Measurements of SO, from TROPOMI have been shown to have varying levels of
agreement with ground-based estimates of SO, (QueiRer et al. 2019; Jost et al.
2022). This underlines the importance of a dual method approach where satellite-
based derived emission estimates are calibrated and compared to ground-based

measurements where possible.

Manam’s South Crater lies close to the highest point of the summit region (1807 m
asl) and visual observations from May 2019 suggest that, during background
degassing between major explosive eruptions, the buoyant gas plume generally
rises between a few hundred metres to ~1 km above the summit before dispersing
laterally (Liu et al., 2020). Therefore, an altitude of 3 km asl was selected to
represent the typical plume height during quiescent phases of activity. Where
specific plume heights have been reported by ground observations or VAAC for
particular dates (e.g., during explosive eruptions), these values are used to refine

the mass loading during these intervals. These plume, or column, heights were
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collated from the Smithsonian Institute Global Volcanism Program reports for
Manam (Global Volcanism Program 2024) and reports from the Darwin Volcanic Ash
Advisory Centre (Darwin Volcanic Ash Advisory Centre 2021) (Appendix B, Figure

7.4).

Once scene SO; mass loadings are calculated, it is important to identify other
sources of SO, that might contaminate a scene and result in an overestimation of
the SO, mass flux from Manam. Most contamination sources are other nearby
volcanoes, such as Kadovar, ~72 km to the northwest of Manam, which has been
outgassing regularly in recent years (Plank et al. 2019, 2020; Global Volcanism
Program 2021c), or Ulawun, ~704 km to the east of Manam, which has had 5
confirmed eruptions during the study period (Johnson 2013; Wood et al. 2019b;

Global Volcanism Program 2021d; McKee et al. 2021) (Figure 1.2).

TROPOMI scenes contaminated by SO, from external sources are identified (a) from
activity reports for nearby volcanoes and (b) by visual inspection of true colour MSI
images and the TROPOMI VCD scene (Figure 2.6). When scenes are contaminated
by external sources, the areal extent of measurement is focused on Manam or the
plume associated with Manam’s emissions. If the contaminating plume cannot be
clearly distinguished and resolved unambiguously from that of Manam, then the

contaminated images are omitted from the results.
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Figure 2.6 TROPOMI SO, Vertical Column Density (VCD) over Manam (M) on 27 June 2019 showing high
concentrations of SO; (interpolated at 3 & 15 km asl, panels A & B respectively). A wider extent view shows that
this SO, plume is likely sourced from the 26 June 2019 Ulawun (U) eruption (panel C). Wide extent view of the
SO; plume from 28 June 2019 eruption of Manam and lingering contamination from Ulawun eruption (panel D).
Focused extent is therefore used to measure the most SO, concentrated part of the Manam plume to avoid as
much contamination as possible and to preserve Manam SO, signal (panel E) contamination from the SO, plume
from the 26 June 2019 eruption of Ulawun volcano. The calculated SO, mass within this scene and other
contaminated scenes are removed from the data set for Manam as it is impossible to distinguish SO, emissions
from Manam from the plume from Ulawun.

Converting scene SO, mass into a flux requires knowledge of the residence time of
SO; in the atmosphere. If the SO, lifetime exceeds 24 hours, then some proportion
of the SO, mass in a TROPOMI scene will be residual from the previous day.
Uncertainties in the lifetime of SO, in the atmosphere (especially under different

atmospheric conditions) make converting total scene mass to SO; fluxes non-trivial
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(McCormick Kilbride et al. 2019). Recent studies have attempted to circumvent the
need to assume a residence time through a complex back-trajectory model, where
TROPOMI retrievals are coupled to a HYSPLIT plume dispersion model (Burton et al.,
2021; Queiler et al., 2019). Since this study considers SO, emissions over a multi-
year timescale and is interested in determining gas flux over extended periods, the
simplified method proposed by Fioletov et al., (2015) is used where under steady-

state emissions the flux (®S0;) and SO, mass are related by Equation 2.12:

MSo0,

®S0, = (2.12)

where MSO0, is SO; (tonnes) and t is the residence time of SO; in the atmosphere.
Here, three estimates for residence time were used in an attempt to capture the
uncertainty related to this variable: 1, 2 and 3 days based on residence times used
in similar studies (Beirle et al. 2014; Laiolo et al. 2018; McCormick Kilbride et al.
2019; Liu et al. 2020a). The maximum atmospheric residence time for SO, plumes
from Papua New Guinea volcanoes has previously been estimated to be ~18 h with
typical ages being < 12 h (McCormick et al. 2012). Therefore, the fluxes based ona 1
day residence time will be used in the discussion. Lastly, time-averaged SO; fluxes

are calculated by fitting a first-order polynomial to cumulative ®S0,.

2.3 Results

This section presents the time series of Volcanic Radiative Power (VRP), dual-band
surface temperatures, and SO, mass loading. These time series focus on a six-year

observation period from 2015 to 2021 that includes several large eruptions with
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column heights exceeding 10 km and follows an extended period of relative

quiescence.

2.3.1 Volcanic Activity

During 2015 to 2021 there were 86 explosive eruptions ranging from ash venting
eruptions to major explosive eruptions generating eruption columns up to ~15 km
asl high (Darwin Volcanic Ash Advisory Centre 2021; Global Volcanism Program
2021b). In addition to these explosive eruptions, effusive episodes were reported

on seven occasions (Global Volcanism Program 2021b).

Activity during 2015 was marked by a series of 13 minor ash venting eruptions of up
to 3 km asl from April to October. On 31 July 2015 a major eruption occurred
generating a 19.8 km asl eruption column with 10-20 cm bombs falling on Warisi
village on western Manam and ash fall reported in Bogia on the mainland. In
contrast to this regular eruptive activity, in 2016 there were only two reported ash

venting eruptions on 4 April 2016 and 13 July 2016 both reaching 3 km asl.

More frequent eruptions returned in 2017 with 15 explosive eruptions, two of
which were major eruptions generating 12 km asl eruption columns on 4 April 2017
and 26 May 2017. Eruptions began in early march and at least on eruption occurred
every month through to September with the exception of July. Following the final
eruption of 2017 on 10 September 2017 no eruptions were observed for almost a

year until August 2018.
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Eruptive activity recommenced at Manam on 10 August 2018 with a small ash
venting eruption which was followed 3 days later by a lava flow from Main Crater
which moved down the northeast valley. A second effusion flowed down the
northeast valley on 23 August 2018 and 2 days later RVO issued a bulletin regarding
a major eruption with a 15.2 km asl ash column generated from Main Crater. This
eruption saw at least one PDC propagate down the northeast flank and buried 6
houses in Bokure village. Another lava flow issued from Main Crater on 12
September 2018 and lava flows were observed a further four times until 12 October
2018 and it remains unclear whether these were observations of the same
advancing flow or separate effusions. Regardless, lava reached within 500 m of the
sea and less than 200 m of Bokure village which has subsequently been relocated.
A second major eruption occurred on 8 December 2018 with distinct explosions

generating a 15.2 km asl and 8.2 km asl eruption column.

After a month long pause in eruptions a major eruption occurred on 7 January 2019
followed by an effusive phase the next day which saw a northeast valley lava flow
reach within 400 m from the sea and 1 km from Dangale village. A further 3 days
later, on 11 January 2019, a second major eruption occurred (15 km asl eruption
column) followed by the last major eruption of January 2019 on 23 January 2019
(16.5 km asl eruption column). Four minor explosive eruptions occurred throughout
February and March 2019 followed by a pause throughout April until a solitary

minor eruption (5.5 km asl ash column) on 10 May 2019.

More frequent eruptive activity returned in June 2019 with an eruption occurring
on average every 7 days from 7 June 2019 to 21 July 2019. The most notable
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eruption during this time occurred on 28 June 2019 where a 15.2 km asl eruption
column generated PDCs that descend the west and northeast flanks leading to an
evacuation of 3775 people and 455 homes destroyed. This eruption also produced a
lava flow which terminated approximately 700 m from the sea. Manam produced a

further 5 minor eruptions in 2019 in September through to November.

Manam produced less eruptive activity in 2020 than the previous year with a series
of minor explosive eruptions in August 2020 being the most notable activity.
Infrequent minor eruptions occurred in early to mid 2021 with eruptive activity
being observed by residents in August and September 2021 (James Sukua, Pers.
Comms.) but not officially recorded by RVO. This activity was reported as “loud
continuous rumbling” and at least one “very loud” explosion (James Sukua Pers.
Commes.). October 2021 saw a series of eruptions including a major eruption on 20
October 2021 which was followed by another series of eruptions culminating in a

major eruption on 22 December 2021.

2.3.2 Thermal Anomaly Detections

Manam has shown enhanced thermal emissions sporadically since regular remote
sensing measurements began in 2002 (Appendix C, Figure 7.5). During the period of
observation (2015-2021), thermal emissions are characterised by periods of
elevated VRP where thermal anomalies are detected regularly, separated by repose
intervals of several months to years with no detectable thermal output (Figure 2.7).
VRP is a measure of radiated heat and the intensity of an thermal anomaly is

classified following Coppola et al (2016; Coppola 2022) : <1 MW = Very Low, 21 MW
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= Low, 210 MW = Moderate, 2100 MW = High , 21GW = Very High and 210 GW =
Extreme. Most thermal anomalies detected at Manam between 2015 and 2021
have VRP between 10 MW and 93 MW, and are therefore generally classified as
“medium”; however, intensity reaches “high” or “very high” on 32 occasions. The
time series is grouped into six discrete periods of elevated VRP, hereafter referred
to as clusters, where each cluster has a minimum of 5 thermal anomalies separated

by no longer than 60 days without a thermal anomaly detection.
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Figure 2.7 A) Timeseries of MODVOLC detected thermal anomalies from 2015 -2021 at Manam and observed
activity. Horizontal coloured dashed lines correspond to MIROVA defined Volcanic Radiative Power intensities. B)
ASTER infrared imagery used to visually identify the location of anomalies. Black markers indicate an anomaly
present in the key region represented by the row marker on the y-axis. Yellow highlighted markers represent an
Aster anomaly on the same day as a MODVOLC detection.

Cluster 1 (21 January 2015 — 4 September 2015) began with intermittent low to
moderate thermal emissions, and one high intensity detection, with no reported
eruptive activity. From April to November 2015, Manam produced 13 minor
explosive eruptions (<10 km plume) and one major explosive eruption (>10 km

plume) in August. Most of these events were not coeval with thermal anomalies but
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low to moderate thermal emissions were detected throughout the period of

heightened activity.

Cluster 2 (7 March 2016 — 11 July 2016) is characterised by regular thermal anomaly
detections, at a frequency of 9.2 detections per week (compared to 0.88 detections
per week in Cluster 1) and a peak intensity of 86 MW recorded on 14 June 2016.
Cluster 2 was bracketed by two minor ash venting eruptions on the 4 March 2016
and 13 July 2017 no other eruptive activity was reported during this period. Two
isolated low intensity anomalies were detected in September and October 2017

with no eruptive activity reported.

Thermal emissions grew progressively more intense during Cluster 3 (18 February
2017 — 29 May 2017), coincident with an escalation in explosive eruptive behaviour
that included three episodes of reported strombolian activity and two major
explosive eruptions (Figure 2.8). Strombolian activity and lava flows in the SW valley
coincided with thermal anomalies of 348 MW (14 May 2017) & 135 MW and 3.5
GW (18 May 2017). This very high intensity anomaly on 18 May 2017 was the most
intense thermal anomaly during the study period. During the intervening 14 months
between clusters 3 and 4 five minor explosive eruptions took place between August
and September 2017. No thermal anomalies were detected; however, this is likely

due to obscuration from eruption or meteorological cloud cover.
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MODVOLC Thermal Anomalies Feb 2017 - May 2017 (Cluster 3)
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Figure 2.8 Thermal Cluster 3 shown in detail with Tricorn markers indicate eruptive activity style: Black = Major
Explosive Eruption, Grey = Minor Explosive Eruption (<10 km plume). Horizontal coloured dashed lines
correspond to MIROVA defined Volcanic Radiative Power intensities.

Thermal emissions in Cluster 4 (7 August 2018 — 29 September 2019) coincided with
a period of elevated eruptive activity at Manam, which included lava flows and six
major eruptions. Of the six days reported with active lava flows, only two occurred
coincident with a thermal anomaly detection; cloud cover likely prevented thermal
anomaly detections of continuing or cooling flows throughout this period. These
two thermal detections were of high (23 August 2018) and very high (1 October
2018) intensity based on their VRP. A moderate thermal emission accompanied a
major eruption on 24 August 2018. Two high intensity anomalies were detected on
the day of the second major eruption in Cluster 4 (8 December 2018). Manam
produced three major eruptions in January 2019 with only eight anomalies detected
over this period, including a very high intensity anomaly coincident with the second
major eruption (11 January 2019). A high intensity anomaly is recorded on the same
day as a reported lava flow in the northeast valley on 8 January 2019. A small
cluster of seven anomalies between 23 February 2019 and 5 March 2019 were not
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associated with any reported eruptive events, except for a minor explosive eruption
on 1 March 2019. Intermittent anomalies were detected from April through to May
2019; the first of these was of high intensity on the day of a minor explosive
eruption. Thermal anomaly detections became more frequent through June 2019
from three detections in April and May to 10 in June, with progressively increasing
VRP culminating in a high intensity thermal anomaly ahead of a major eruption on
28 June 2019 (Figure 2.9). Moderate thermal emissions continued alongside the
subsequent minor eruptions, which ceased on 18 July 2019. In the 12 months
between Cluster 4 and Cluster 5 only a single high intensity anomaly was detected

on 29 September 2019, on the day of a minor explosive event.

MODVOLC Thermal Anomalies Aug 2018 - Jul 2019 (Cluster 4)
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Figure 2.9 Thermal Phase 4 (TP4) shown in detail with Tricorn markers indicate eruptive activity style: Black =
Major Explosive Eruption, , Grey = Minor Explosive Eruption, Red = Effusive Eruption. Horizontal coloured dashed
lines correspond to MIROVA defined Volcanic Radiative Power intensities.

Cluster 5 includes 5 thermal anomalies and spans a comparatively short interval,
which coincides with a period of minor explosive eruptions reported between July

and September 2020.
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Cluster 6 is associated with a period of unrest at Manam that began in June 2021
and continued throughout the remainder of 2021. Cluster 6 began with a series of
low to moderate intensity anomalies following a minor explosive eruption on 23
June 2021. Increased thermal emissions in August 2021 included 11 anomalies
including three high intensity detections. Four moderate to high intensity anomalies
were detected following reports of Strombolian activity on 18 October 2021 and
ahead of the 20 October 2021 major eruption. Several low to moderate anomalies
were detected in late November to December in the weeks prior to the 22

December 2022 major eruption.

2.3.3 Spatial Distribution of Thermal Emissions

To resolve the spatial distribution of thermal anomalies, and therefore their
sources, higher resolution ASTER and MSI imagery is used. However, the ability for
the ASTER platform to be tasked upon request means that ASTER has only passed
over Manam 574 times since 2002 and 246 times between 2015 and 2021, of which
only 39 (16 %) were on the same day as a MODVOLC thermal anomaly detection.
Sentinel-2 has a regular 5-day revisit time for Manam; there have been a total of
333 overpasses throughout the study period, of which only 13 (4%) coincide with a
MODVOLC detection (325 total). Consequently, it is not possible to determine the
location of the majority of detected anomalies. Nevertheless, the combined insight
from ASTER and MSI shows that both Main and South craters are frequently visible
simultaneously in infrared imagery (Figure 2.7, example imagery in Figure 2.10). In
the period 2015-2021 there were 206 days where crater hotspots were visually

identifiable from ASTER and MSI imagery; of these 69% showed hotspots in both
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summit craters compared to 25% at South Crater only and 6% at North Crater only.
Consequently, it is not possible to resolve unambiguously the thermal output from a
specific crater; the measured VRP likely includes contributions from both craters,

plus any additional activity in the avalanche valleys, due to the large pixel size of

MODIS.
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Figure 2.10 Example imagery from ASTER TIR on 15t October 2019 (A) and a Sentinel-2 composite on 14t July
2017 (B) of coeval hotspots at both North and South Craters. ASTER TIR hotspots appear as bright white pixels.
Sentinel-2 MSI composite consisting of Bands 4, 8A, and 12. This composite highlights SWIR hotspots which
appear as orange-red pixels. Also note the difference in pixel resolution between ASTER (90 m) and Sentinel-2 (20
m).

The distribution of total observed VRP measurements has a mode of 25 MW (Figure
2.11a), in close agreement with that of VRP measurements relating to summit
activity only (Figure 2.11b). Summit-located anomalies at Manam are associated
with various types of activity, including ash-venting and Strombolian explosions.
Summit activity can generate comparable VRP to flank effusions and there is no
clear threshold indicative of a change in eruptive style. However, 2100 MW

anomalies are more likely to be associated with a lava flow (Figure 2.7). Lava flows

typically produce higher VRP as the greater the radiative surface area, the higher
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the energy radiated (Blackett 2013; Harris 2013a). Indeed, the highest VRP
measurement in the time series (3464 MW) was recorded during the emplacement
of a lava flow that reached 180 m asl. Notably, the two other VRP measurements
exceeding 1000 MW were not related to flank effusions but rather major explosive
eruptions. However, it is possible that these eruptions were accompanied by lava
flows that were not observed on the ground or by satellite due to obscuration by

ash clouds.
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Figure 2.11 Volcanic Radiative Power histograms for 2015-2021 MODVOLC detections. A) MODVOLC detected
anomalies that were associated with reported flank effusions or flank hotspots according to ASTER & Sentinel-2
imagery (red) and all other anomalies (grey). The mode of 25 MW is show as the vertical black dashed line. B)
Kernel Density plot of MODVOLC detected thermal anomalies (black line), summit anomalies (blue shaded) and
Flank Anomalies (orange shaded).
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2.3.4 Surface Temperatures

Through the period of observation, Main and South Crater were completely
obscured by meteorological or volcanic cloud in approximately 75% of the 277 MSI
images available (Figure 2.12a; Table 1). Surface temperatures were therefore
calculated for Main and South Craters from 68 and 71 images, respectively. The
apparent increase in the frequency of cloud cover from late 2017 is due to the
Sentinel-2B satellite becoming operational, reducing the Sentinel-2 revisit period

from 10 to 5 days.

The daily maximum pixel integrated temperatures for Main and South Craters,
derived from MSI data, range from 388°C + 0.85°C to 509°C + 1.4°C and 335°C +
0.81°C to 510°C + 1.5°C, respectively (Figure 2.12). Although the crater with the
highest temperature alternates over the study period, the South Crater has a higher
maximum temperature on 40 out of the 60 days where the temperature of both
craters could be measured together. A notable date where Main Crater measured
greater than South Crater was 27 September 2018 by 57°C during the emplacement
of a lava flow from Main Crater into the northeast valley. The maximum South
Crater pixel integrated temperature during the study period was measured on 20
May 2019; unfortunately, the Main Crater was cloud-covered precluding
comparison on this date. However the following measurement of both craters, on
30 May 2019, has an inter-crater temperature divergence of 122°C (Figure 2.13). A
bright hotspot at South Crater in MSI imagery was observed on this date and
follows UAS observations of shallow magma within South Crater on 22 May 2019

(Liu et al. 2020a).
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Main and South Crater Temperature Measurements
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Figure 2.12 Temperature measurements for Manam's Main (blue) and South (orange) craters 2015-2021. Sentinel 2 band 11 (1610nm) A) mean and B) maximum pixel integrated temperature
for each crater. C) Cloud coverage indicators for each crater (both: grey) at time of acquisition> D) Calculated surface temperature of the cooler crustal component (T.) of lava/magma present in
each crater. E) Calculated pixel fraction occupied by the hot component (fy).
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Cloud-cover prevented MSI measurements for the entirety of June 2019 and
therefore the 28 June 2019 major eruption is not captured in this time series.
However, the next two available measurements in July 2019 both exceed 450°C
followed by a return to mean temperatures. Interestingly, the mean PITs measured
on 13 August 2019 and 18 August 2019 decline more substantially than the
maximum temperatures compared to the previous two retrievals. This suggests the
ongoing presence of hot material in South Crater, but occupying a smaller portion

of the crater.

Crater Cloud Free Partial Cloud Cover Complete Cloud Cover
Days % Days % Days %
Main Crater 36 13% 32 12% 209 75%
South Crater 51 18% 20 7% 206 74%

Table 2.1 Summary of cloud cover over Manam's summit craters in MSI imagery. Percentages are based on the
277 images (i.e. days) available of Manam between Sentinel 2A becoming operational in November 2015 to
December 2021. Partial cloud cover is defined as any image where at least one pixel with the analysis boundary
for the crater was not cloud covered and a pixel integrated temperature was able to be calculated.
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Figure 2.13 Time series showing the difference (or divergence) in inter-crater MSI band 11 pixel integrated
temperatures. Mean divergence is 52°C represented by the grey shaded area. South Crater had a higher
temperature on 42 (21 above mean divergence) occasions versus 18 (5 above mean divergence) for Main Crater.

2.3.5 SO; Emissions

SO; mass loadings, determined from TROPOMI satellite data between 6 May 2018
and 31 December 2021, exhibit a mean of 1.1 kt day* and a median of 0.47 kt day?
(Figure 2.14). Notably 75% of daily emissions are below the mean, which is
influenced strongly by several short-duration but high magnitude peaks. The
timeseries is dominated by an extended interval of above-average emissions that
persisted between March and October 2019, during which daily emissions peaked

at 58.3 kt before reducing back towards background values (Figure 2.14).

A 7-day moving average was used to define four degassing phases (Figure 2.14):
Phases 1 and 4 appear to characterise the background degassing regime, whilst
Phases 2 and 3 capture a period of elevated emissions. The elevated degassing
phases are identified by the moving-average exceeding 1 kt day! and subsequently

not dropping below this threshold for more than 8 days. Phase 1 represents a time
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period prior to March 2019 (and the subsequent escalation in emissions) when the
7-day average emissions were consistently below 1 kt day?®. Total emissions for
Phase 1 equalled 198.8 + 8.3 kt over 319 days, and are characterised by a time-
averaged SO, flux of 0.62 day™ (Figure 2.15). Effusive activity coincided with two
above-average emissions of 8.7 kt and 22.1 kt on 13 August 2018 and 25 August
2018 respectively; the latter of which also coincided with a major explosive
eruption. Major eruptions on 11 January 2019 and 23 January 2019 both generated
elevated SO; mass loadings. Two large eruptions on 19 March 2019 and 20 March
2019 emitted 1.9 and 4.1 kt of SO, respectively; following these events, the 7-day

moving average exceeded 1 kt day?, marking the start of Phase 2.

Phases 2 and 3 are defined based on a consistent 7-day moving average SO, mass
loading in excess of 1 kt day™. The combined mean daily SO flux during Phases 2
and 3 was 3.2 day!, with 667 + 14.7 kt SO, emitted over 208 days. During these two
phases, SO, emissions exceed 10 kt day™ on 14 occasions, a threshold reached only
twice during Phase 1 and never in Phase 4. The transition between Phase 2 and 3 is
demarcated by a notable change in the gradient of cumulative emissions from 21
July 2019 (Figure 2.15). Assuming SO; has a 1-day residence time in the atmosphere,
Phase 2 has a time-averaged SO, flux of 4.72 kt day! compared to a reduced, but

still above-background, flux of 1.5 kt day* during Phase 3.

The largest SO; emission (58.3 kt) during the study period was detected coincident
with the 28 June 2019 major eruption, which generated a 15.2 km high eruption
column. This eruption, and the following four minor eruptions in July, appear to
signal the transition from the elevated SO, emissions in Phase 2
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Figure 2.14 A) Ash heights reported by local RVO observers and Darwin VAAC. B) Daily TROPOMI SO, mass loading retrievals for Manam 6 May 2018 - 31 December 2021. Time series is
annotated with four identified degassing phases. C) Observed eruptive activity.
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to the relatively lower emission rate of Phase 3. Interestingly, explosive activity
ceased in July 2019 (until October 2019), and yet the 7-day moving average SO;
mass remained elevated above 1 kt day™ throughout Phase 3, a time-averaged SO,

flux more than twice that of either Phase 1 or Phase 4.

__Cumulative SO, and Flux Estimates
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Figure 2.15 Cumulative SO; under 1 day, 2 day, and 3 day residence time regimes (solid lines). Each regime is
divided by the 4 identified emission phases. A polynomial was fitted for each regime and phase (dashed lines)
and the gradient of each line indicates the average daily flux.

Phase 4 began on 17 October 2019 when the 7-day average SO, mass loading
dropped below the 1 kt day™* threshold for 10 consecutive days. In total, 565 + 24.9
kt of SO, was emitted during Phase 4 with a time-averaged flux of 0.68 kt day™
(Figure 2.15), signalling a return to emission rates similar to those Phase 1. A major
eruption on 20 October 2021 generated the largest SO, mass loading (9.8 kt) of the
phase. This event occurred at during a period of heightened emissions between 18

October 2021 and 10 November 2021, where mean daily emissions were 1.5 kt.
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2.4 Discussion

Remote sensing observations show that while thermal activity at Manam tends to
occur in clusters lasting several months, SO; emissions are continuous and
persistent. Periods of enhanced thermal emission are often, but not exclusively,
concurrent with eruptive activity. For example, numerous thermal anomalies are
detected during Cluster 2 during periods with no reported activity and, conversely,
eruptive activity between August and September 2017 is not associated with any
detected thermal emissions. Unlike the punctuated nature of thermal activity, SO»
emissions maintain an average daily mass loading over the period of observation of
~1.1 kt, reinforcing the classification of Manam as being in an open-vent state. Four
distinct phases are identified within the SO, emission time series that highlight
fluctuations in volatile supply and transport in the shallow magmatic system over

month to year timescales.

Here, the relationship between SO, and thermal emissions is examined and the
magnitude of excess degassing at Manam is constrained by using these two
parameters to estimate the balance between supplied and erupted magma.
Additionally, the VRP is used as a proxy for the height of the magma column in
Manam’s South Crater and discuss the implications of changing magma level for
signalling pressure changes within the conduit and shallow magma reservoir
system. Next a conceptual model is proposed that attempts to explain the
observation co-variation in both gas and thermal emissions, and their relation to
the timing of major eruptions. More broadly, the extent to which persistent open

vent emissions from Manam contribute to the global emissions budget is quantified
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and followed by a discussion of the implications of strongly time-varying behaviour
in open vent systems as a source of uncertainty in global degassing inventories

based on single or sporadic in situ measurements.

2.4.1 Do gas and thermal emissions exhibit coupled behaviour?

Gas and thermal emissions are two key parameters for monitoring changes in
activity at open-vent volcanoes such as Manam, where an established connection
exists between a shallow reservoir and the surface (Wright et al. 2004; Sparks et al.
2012; Pyle et al. 2013; Blackett 2013; Aiuppa 2015). The temporal relationship
between these two parameters can be used to infer the processes operating in the
shallow region of the magmatic plumbing system. Thermal anomalies indicate
magma is near or at the surface and therefore represent high pressure in the
system, especially those not associated with eruptions (Coppola et al. 2012; Harris
2013a; Dehn and Harris 2015; Laiolo et al. 2018). SO, emissions provide insights into
conduit permeability (Edmonds et al. 2003b), conduit convection (Shinohara 2008)
and deep magma supply (Allard et al. 1994; Aiuppa et al. 2017). Using both
monitoring parameters enables more specific processes to be invoked to explain

the observed activity at Manam.

Thermal and SO emissions have been shown to display broadly coupled behaviour
at other open-vent systems (Flower and Carn 2015; Laiolo et al. 2017, 2018; D’Aleo
et al. 2019; McCormick Kilbride et al. 2019; Coppola et al. 2019, 2022), where
periods of heightened radiant heat flux tend to be accompanied by above-

background SO; degassing. At Stromboli (Italy), during the period August 2018-April
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2020, periods of elevated thermal flux are accompanied by increased SO; fluxes
during periods of more intense eruptive activity; however, during extended periods
of unrest lasting days to weeks, peak SO, emissions lag behind the preceding VRP
peak (Coppola et al. 2012; Laiolo et al. 2018, 2022; Viccaro et al. 2021). This
relationship has been interpreted as an initial cessation of the convection in the
upper conduit during the initially high eruption rate followed by the
reestablishment of conduit convection (Laiolo et al. 2022). Conduit convection is the
process often invoke to explain the excess degassing observed over long-term
periods by recycling magma (Kazahaya et al. 1994; Shinohara 2008; Carey et al.
2013; Coppola et al. 2022). Bagana (Papua New Guinea) exhibits very high daily SO>
emissions (10 kt day?) during extrusive periods which suggests a coupling between
gas emissions and lava, and therefore thermal emissions (McCormick et al. 2012;
McCormick Kilbride et al. 2019, 2023). More generally, coincident enhanced
thermal and SO; emissions have been observed at other open-vent systems
globally, including Batu Tara (Indonesia) (Laiolo et al. 2018), Tinakula (Solomon

Islands) (Laiolo et al. 2018), and Etna (ltaly) (D’Aleo et al. 2019; Coppola et al. 2019).

Instances where thermal and SO; flux timeseries are not well correlated temporally
also provide insight into the subsurface volcanological processes that modulate
surface activity and the timing of passive to eruptive transitions. Periods of high SO,
flux but low radiant heat flux during quiescence phases are typically attributed to
unerupted magmatic intrusions. For example, SO, fluxes at Etna (ltaly) were
sustained above average for several months in 2005-2006, yet radiant heat flux

remained well below average with GPS measured deformation indicating the
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intrusion of the degassed magma (Coppola et al. 2019). Conversely, periods of
below-average SO; flux but high radiant heat flux, often accompanied by eruptions,
are commonly explained as the extrusion of residual, previously degassed magma in
response to increased pressure in the magma reservoir. This was the case during
the prolonged effusive eruption (2006-2012) at Tinakula (Laiolo et al. 2018). The
effusive phases each exhibited high VRP typical of lava bodies, however, while the
earliest phase in 2006-2007 had above background SO, emissions, the final phase
(2011-2012) emitted markedly less SO;. It has therefore been suggested that the
initial phase of volatile rich magma tapped an older relatively degassed residual

magma which eventually was extruded in the final phase (Laiolo et al. 2018).

Here, the degree to which co-variation in SO, and thermal emission timeseries at
Manam is coupled for each of the four defined degassing phases that have been
characterised by distinct rates of SO, emission is evaluated. Specifically examined is
the relationship between the frequency and magnitude of the daily SO, mass
loadings and the intensity of thermal VRP for the period 6 May 2018 to 31
December 2021, as this spans the time for which both Sentinel 5P TROPOMI and

MODIS data are available for direct comparison.

The combined timeseries for SO, emissions and VRP shows that the relationship
between these two parameters is not immediately clear (Figure 2.16a). Thermal
anomalies typically begin to be detected in the weeks prior to peaks in SO2 mass
loading (broadly defined as above the long-term average of 1 kt day) and they
peak in magnitude relatively closely, within days to weeks, of major eruptions. The
exact timing of VRP maxima is often somewhat ambiguous to define, due to the
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frequent cloud cover and the presence of ash in eruptive plumes, both of which

obscure the thermal signal leading to data gaps.
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Figure 2.16 Combined timeseries of SO, emissions (A), thermal anomaly detections (B), cumulative SO, emissions
(blue) and thermal energy (red) (C) and reported activity (D).

Of the three most intense thermal anomalies (~1000 MW), which all occur during
degassing Phase 1, two are coincident with long lava flows that reached within 500
m of Manam’s coastline. The major eruption on 28 June 2019 produced the largest
lava flow in terms of inundation area (1.63 km?2), and yet is associated with a
measured VRP of only 90 MW. A substantial portion of the radiance from this
effusive eruption was likely obscured by the ash-rich eruption column and
subsequent overpasses of MSI reveal that meteorological cloud cover was
substantial during the following days, therefore it is probable that the true VRP
would have been greater. Given the intensity of the third of the peak thermal

emissions reaching 1000 MW (19 March 2019), it is likely that this was also
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associated with an unreported lava effusion that was not captured in MSI, ASTER or
OLI satellite imagery due to a combination of cloud cover issues and no overpasses

near the MODVOLC detection date.

Cumulatively, Manam emitted a total SO, mass of 1432 + 480 kt and radiated 86 +
26 x 10'3 J between 6 May 2018 and 31 December 2021 (Figure 2.16c). By
expressing both gas and thermal time series in the form of cumulative outputs, it is
clear that relative timing of peak emissions between these two parameters are
temporally offset during the study period. Increases in the cumulative VRP are most
pronounced during Phase 1, and yet are accompanied by only a modest increase in
cumulative SO associated with sustained background emissions. Conversely, in
Phase 2, SO, emissions show a steep increase in cumulative mass loading with a
more gradual increase in emitted thermal energy. The cumulative thermal emission
curve levels off in Phase 3, indicating negligible thermal energy release during this
period, and remains flat throughout most of Phase 4. In contrast, cumulative SO;
emissions continue to increase steadily throughout Phase 3 but at a reduced rate;
reestablishment of the cumulative gradient similar to that observed in Phase 1
signals the beginning of Phase 4 and a return to background emissions (Figure

2.16¢).

The correlation between total weekly SO, emissions and total weekly volcanic
radiative power is strongest during Phase 1 with a Pearson’s correlation coefficient
(r) of 0.27, which implies a weak positive relationship between SO; and thermal
emissions during this period (Figure 2.17). Although the co-variation is not well fit
by a simple linear relationship, relative changes appear broadly coupled; days
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where SO> emission is elevated above background are generally associated with

greater, but highly variable, VRP.
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Figure 2.17 Weekly total SO2 emissions versus weekly total volcanic radiative power. R and R? values calculated
using Pearson’s Correlation by degassing phase.

2.4.1.1 Phase 1

A clearer relationship exists between the timing of emission peaks of the two
parameters during Phase 1. Throughout this period, peaks in SO; emission occur
coincident with periods of heightened radiant flux, and are typically aligned with an
observed eruption (Figure 2.18). On five occasions thermal anomalies begin to be
detected days to weeks ahead of an eruption that is also coincident with elevated
SO, emission (e.g., August 2018, October 2018, December 2018, January 2019 and
March 2019; Figure 2.18)). Volcanic radiative power tends to peak close to the time
of eruption and then reduces rapidly, with further thermal anomalies ceasing within
days. The notable exception to this pattern is the 23 January 2019 eruption where
SO, emissions peak with no anomalies detected which could potentially be due to

obscuration of the thermal signal by meteorological or volcanic cloud.
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Figure 2.18 Focused view of SO, mass and volcanic radiative power during gas emission Phase 1. The peak
deviations from background emissions of both parameters are linked temporally with peak SO, emissions
regularly coinciding with eruptions. Thermal anomalies tend to appear in the days to weeks before eruptions,
peak around the time of the eruption and then disappear in the following days.

2.4.1.2 Phase 2

Phase 2 is characterised by several months of elevated outgassing, yet few reported
eruptions prior to that occurring on 28 June 2019 (Figure 2.19). Only four thermal
anomalies were detected from March through May 2019, of which only one was
coincident with a peak in SO, emission and none with an eruption. Magma was
observed in situ at shallow depths within South Crater on 22 May 2019 by an UAS
(Liu et al., 2020) during a month of sustained increased SO, emission. No anomaly
was detected on the day of the field observation. However, a hotspot was observed
in the SWIR in MSI imagery on 20 May 2019 and 30 May 2019, both with relatively
high PITs, which suggests the same anomaly was likely present on 22 May 2019
(Figure 2.12) but was most likely obscured by cloud cover over the summit at the

time of satellite overpass (E. Nicholson, Pers. Commes.).
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SO, emissions in June 2019 were lower than in May but remained above
background levels. The major eruption on 28 June 2019 produced the greatest daily
mass loading observed throughout the study period (58.3 kt). Thermal emissions
increased in the days to weeks prior to and including 28 June 2019, with increasing
VRP from 10 to 100 MW. Following the major eruption, SO, emissions remain
elevated until early July before reducing abruptly, while VRP declined more

gradually back to 10 MW.
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Figure 2.19 Focused view of SO, mass and volcanic radiative power during gas emission Phase 2. During this
phase elevated SO, emissions do not coincide with the relatively sparse thermal anomalies detected in March
and May. The two parameters exhibit coupled behaviour around the renewed period of eruptive activity in June
which culminated in the major eruption on 28t June 2019.

Throughout Phase 2, co-variation in gas and thermal emissions do not appear to be
well correlated, with the exception of maxima in both parameters during the 28
June 2019 eruption (Figure 2.19), and there is essentially no correlation between
the magnitudes of total weekly emissions (Figure 2.17). However, the persistent
cloud cover affecting MIS imagery (Figure 2.12) during Phase 2 suggests that cloud

obscuration is likely to have similarly affected the MODIS acquisitions used by the

128



MODVOLC system. This therefore suggests that there is likely to have been a under-
reporting bias in the frequency of thermal anomaly detections, and an under-

estimation of the VRP for those detected, during this time.

2.4.1.3 Phase 3

Phase 3 continues to be a period of elevated SO, emissions though to a lesser
degree as Phase 2 with time-averaged emissions during this period being 1.5 kt day
L down from 4.72 kt dayl. Phase 3 is notable as only one thermal anomaly was
detected on the day of a minor eruption on 29 September 2019 but coinciding with
an SO, emission of 1.9 kt. In contrast, a SO, emission of 7 kt on 3 October 2019
following a minor eruption the previous day did not coincide with a thermal
anomaly detection. Therefore, like Phase 2, Phase 3 represent an extended period

where gas and thermal emissions appear to be decoupled.
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Figure 2.20 Focused view of SO, mass and volcanic radiative power during gas emission Phase 3. During Phase 3
thermal and SO, emissions are strongly decoupled. Only one thermal anomaly was detected while SO, emissions
continued to be elevated above background emissions.
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2.4.1.4 Phase 4

Phase 4 is the longest period lasting just over 2 years and 2 months with average
daily SO, emissions returning to the ~0.6 kt background level last seen during Phase
1 (Figure 2.21). A small cluster of thermal anomalies (Cluster 5) coincided with a
series of minor eruptions in August-September 2020, but where SO; emissions
exhibit only very minor increases from background at this time. Following Cluster 5,
there are nine months with no detected thermal anomalies accompanied by
background degassing fluctuations. There is a strong possibility that cloud cover
hindered thermal anomaly detections but the consistency of no anomalies being

detected suggests that thermal activity was, at most, at a low level.

Thermal activity recommences in June 2021 and continues intermittently until the
end of the study period, 31 December 2021. These renewed thermal emissions are
associated with an intensification in eruptive activity through June to end August
2021, with progressively increasing peak VRP that reaches a maximum concurrent
with visual observations of incandescence and audible intra-crater explosions (most
likely Strombolian) in August. Again, only very minor increases in SO, are observed
(Figure 2.21). Another small cluster of thermal anomalies occurred in October and
peaked in VRP during the major eruption of 20 October 2021. This eruptive event
generated the largest SO; mass loading of Phase 4 of 9.7 kt but is still far more
modest than that emitted during major eruptions throughout Phases 1-3. A further
series of anomalies occurred in late November through December 2021 alongside
minor increases in SO, emissions, peaking at only ~3 kt. Reports of visible eruptive

activity began in mid-December 2021 and culminated in a major eruption on 22
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December 2021, which is associated with a relatively modest VRP of 10 MW and 1.2

kt SO2 emission.

Although Phase 4 is a return to the background degassing levels seen during Phase 1
it does not appear that the thermal and SO; emissions returned to the coupled state
observed in Phase 1. Thermal anomalies in Phase 4 were often linked with eruptions
but the accompanying SO; emissions were relatively modest. Indeed the
fluctuations in SO, emissions also occur during periods of eruptive quiescence and
absences of thermal anomalies (Figure 2.21). Therefore the thermal and SO

emissions during Phase 4 appear to be decoupled as in phases 2 and 3.
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Figure 2.21 Focused view of SO, mass and volcanic radiative power during gas emission Phase 4. This phase
represents a return to background SO, emissions where peaks in these emissions are coupled with thermal
anomaly detections generally related to eruptions.
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Phase 1

(6 May 2019 - 21
March 2019)

Phase 2

(22 March 2019 -20
July 2019)

Phase 3

(21 July 2019-16
October 2019)

Phase 4

(17 October 2019 -
31 December 2021)

SO, Emissions

Low background
emissions peaking
during eruptions

Elevated above
background

Above background but
reducing over time

Low background
emissions fluctuating
mostly independently

of eruptions

Thermal Emissions Coupled

/Decoupled
High Thermal Activity =~ Coupled
Moderate Thermal Decoupled
Activity
Very Low Thermal Decoupled
Activity
Initially Low but later = Decoupled

increasing to
moderate thermal
activity

Table 2.2 Summary table of SO, and thermal emissions characteristics by phase.

From these observations, | propose that there are two regimes during the study
period, where SO; and thermal emissions are coupled or decoupled. Phases 1
operates under the coupled regime, where peaks in the two parameters are well
correlated in time but not in absolute magnitude. In contrast, Phases 2, 3 and 4
show little to no correlation between either the timing or magnitude of thermal and

gas emissions and therefore represent a decoupled regime (Table 2.2).

2.4.2 Is persistent outgassing balanced by magma flux?

Mass balance calculations at mafic open vent volcanoes globally suggest that the
amount of magma required to sustain observed gas fluxes is generally far greater

than that erupted (Kazahaya et al. 1994; McCormick et al. 2012; Laiolo et al. 2022).
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This is sometimes referred to as the excess degassing phenomenon and is a key
characteristic of open-vent volcanism (Stevenson and Blake 1998; Shinohara 2008;
Vergniolle and Métrich 2021). Constraining the mass balance of magma in terms of
total inputs and outputs, and how this varies over time, is key to relating observed
gas emissions to the magmatic and eruptive processes operating at Manam, and at
open-vent volcanoes more generally. Space-borne measurements of SO, emissions
and radiant flux can be used to infer the amounts of magma supplied to the shallow
magmatic system (input) and erupted (output), respectively. Here a mass balance
approach is used from the TROPOMI derived SO, time series and combined with
estimates of erupted volumes from plume heights reported in Volcanic Ash Advisory
Bulletin (Darwin VAAC) and lava flow inundation areas calculated from MSI satellite

imagery using ArcGIS.

The volume of magma required to generate the observed SO; emissions is

calculated using Equation 2.13:

v=—L_x 10 (2.13)
cpyAS

where V = magma volume (km3), f = measured SO flux (kg d?), ¢ = S to SO
conversion constant (c = 2), p = magma density (2640 kg m3), y vesicularity
(expressed as melt fraction i.e. 1 = 0% porosity, 0.7 = 30% porosity), and AS =
degassed sulphur (ppm X 10®). Density is calculated using the method of Bottinga
and Weill (1970) using bulk rock compositions are from Palfreyman and Cooke
(1976) and McKee (1981). Values of vesicularity and both initial and degassed melt

sulphur contents are unconstrained for recent eruptive products; therefore, the
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vesicularity term is varied between 0 and 30%, and the total degassed sulphur is
approximated as 0.2 £ 0.02 wt %, based on the range of undegassed S contents in
melt inclusions from arc magmas (Lloyd et al. 2014; Taracsak et al. 2022). Manam
emitted 1432 + 48 kt of SO, between 6 May 2018 and 31 December 2021, based on
cumulative TROPOMI mass loadings. This mass of exsolved SO, implies degassing of
0.12 + 0.01 to 0.22 * 0.01 km3 of magma (Equation 2.13). Examining the peak
emissions observed during Phase 2 in more detail, the magma volume required to
produce the 540 * 11 kt of SO, emitted during this period is between 4.6 — 8.1 x 1072
km3, which translates to a mean flux of between 3.8 + 0.1 x 10 and 12.1 + 2.4 x 10
4 km3 day to supply the time-averaged SO; flux of 4.72 + 0.09 kt day. The magma
volumes required to yield the cumulative SO; emissions for each degassing phase

are summarised in Table 2.3.

Phase Duration Total SO, Mean Daily TotalMagma  Mean Magma
(days) Emitted (kt) SO, Flux Volume Volume
(kt day™) (km?) (kmiday™)
1 319 199+8 0.62+0.03 1.7-3.0x10? 0.5-1.7x10*
2 120 540 £ 11 4.72+0.09 4.6-8.1x10% 3.8-12.1x10*
3 87 128+ 4 1.5+ 0.05 1.1-1.9%x10% 1.3-3.9x10*
4 806 565+ 25 0.68+0.03 4.9-8.5x10? 0.6-1.9x10*
All 1332 1432+ 48 1.1+0.04 1.2-2.2x10" 0.9-2.9x10*

Table 2.3 Summary of SOz emissions by phase and the calculated magma required to supply observed SO,
emissions.
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2.4.2.1 Effusively Erupted Magma Volume

The volume of erupted lava has not been routinely quantified at Manam with the
distance travelled being the chief parameter recorded. In order to estimate the
effusively erupted volumes, lava flows were identified in true colour, SWIR and TIR
satellite imagery from Sentinel 2, Landsat 7 & 8 and ASTER (Figure 2.22). Six lava
flows were clearly identifiable in satellite multispectral imagery between May 2018
— December 2021 and the area inundated by each flow was measured using ArcGlIS.
The volume of each lava flow was calculated using by using the average thickness of
the lava flow from the September — October 2018 lava flows of approximately 3.5
m. The average thickness of this lava flow was measured by creating an digital
elevation model using Agisoft Metashape from images extracted from a UAS video
of Manam’s northeast valley. Several transects were drawn across the lava flow
from points of equal elevation either side of the flow and then the elevation every 1
m along the transect was extracted. The elevation at the side of each transect was
then subtracted from the lava surface elevation to give a thickness and then the
mean thickness was calculated for the flow (Figure 2.23). A pycnometer measured
porosity of 18.77% from a sample from the 28 June 2019 lava flow was applied to
the volumes to give the dense rock equivalent (DRE). The measured inundation

areas and estimated volumes of the lava flows are given in Table 2.4.
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Figure 2.22 Inundation areas of the three largest lava flows during 2018-2021. 1) - 1" September —1 October
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i

28 Jun 2019

2018 (dark grey) MSI composite image Bands 4, 8A And 12 from 2 October 2018 overpass. 2) 8 January 2019
(middle grey) Landsat 8 composite Bands 5 and 7 — 22 January 2019 (light grey). Background imagery MSI
composite image Bands 4, 8A And 12 from 13t August 2019 overpass.

Date

12/09/2018-01/10/2018

08/01/2019

28/06/ 2019

13/08/2019

26/08/2021

21/08/2021

Valley

Northeast

Northeast

Northeast

Northeast

Southwest

Southwest

Area (m?)

0.89 x 10°

1.39 x 10°

1.63 x 10°

0.17 x 108

0.23 x 10°

0.05 x 108

Volume (m?)

3.13x 10°

4.89 x 10°

5,68 x 10°

0.59 x 10°

0.80 x 10°

0.16 x 10°

DRE (km?3)

2.55x 1073

3.98 x 10

4.62x10%

4.81x10*

6.51 x10*

1.29x10*
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Table 2.4 Satellite measured lava flow inundation areas with volumes calculated from mean thickness of the
September - October 2018 lava flows (Figure 2.23). Dense rock equivalent was calculated by removing the
porosity of a sample from the 28 June 2019 lava flow as measured by pycnometer.
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Figure 2.23 The lower portion of the September & October lava flow (extent marked in light orange dashed lines)
identified in composite MSI imagery on 2 October 2018. Overlain is the orthomosiac of the lava flow (limits
marked by pink bounding box) constructed from UAS imagery from late October 2018 (courtesy of Dr Keiran
Wood, University of Manchester, UK and Dr Emma Nicholson, University College London). A DEM was
constructed using this orthomosaic corresponding to the same pink bounded area. Lava flow thickness estimates
produced using the difference between the measured elevation of the lava flow surface and the approximated
straight continuation (dark orange dashed lines) of the elevation contours (yellow lines). Full method detail given
below.

2.4.2.2 Explosively Erupted Magma Volume

The erupted mass from explosive eruptions is typically estimated by exhaustive field
collection of tephra samples to create a total grain size distribution (TGSD) and
performing inversion modelling (Connor and Connor 2006). Complete and
representative TSGDs are difficult to collect due to inaccessibility of proximal areas
immediately following a volcanic crises and the fast erosion of the finest grained
material in distal locations. Ideally, collection of TGSD samples should happen in as

soon as possible after an eruption to reduce the impact of erosion on the tephra
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deposits however this is rarely possible. The mathematical description of the
thinning of tephra deposits is required to calculate the volume erupted magma
from an explosive eruption. However, this cannot be done using a simple
exponential decay and requires more complex, and it some cases multiple, trends to
provide realistic estimates of erupted volumes from a TSGD (Bonadonna and
Houghton 2005). A considerable issue for coastal and island volcanoes like Manam
is that a substantial portion of the erupted tephra falls out over the ocean making it
virtually impossible to create a complete TGSD for these eruptions. Sampling for
TGSD is typically only carried out for eruptions with a large tephra fall footprint;
examples of TGSD are uncommon. Additionally, frequently erupting volcanic
systems also present difficulties due to the regular contamination of one ash
deposits by subsequent eruptions, especially in proximal areas. These considerable
difficulties mean that TGSDs are not available for the majority of volcanoes globally
and commonly TGSDs from analogous volcanic systems are used in tephra

deposition modelling.

With TGSDs being unavailable for most volcanoes an alternative method for
estimating the erupted volume is needed. Mastin (2009) examined the relationships
between the eruption plume heights, erupted volumes, and eruption rates from a
range of eruptions where these parameters and other eruption source parameters
were published. The eruption catalogue includes moderate to large explosive
eruptions and spans low to high silica content magmas. Plume height observations
within this catalogue were ascertained by ground-based or airborne observations,

radar measurements or cloud satellite temperature. A positive correlation was
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identified for the 34 eruptions in the catalogue with measured plume heights, H
(km), and estimated erupted volumes, V (km3 DRE), with the following line of best

fit:

H = 25.9 + 6.64logio (V) (2.14)

This correlation between plume height and erupted volume has been interpreted as
the conduit widening and associated increases in mass discharge rate with time
(Carey and Sigurdsson 1989; Mastin et al. 2009). Equation 2.14 is used to calculate
the erupted volumes at Manam based on RVO observation and reported heights
from the Darwin VAAC reports. The uncertainty with using Equation 2.14 to
calculate erupted volume from plume height is estimated to be approximately one
order of magnitude (L. Mastin, Pers. Comms.) caused by outliers in the catalogue.
Examples of outliers in the dataset are a) long-lasting eruptions producing with
modest eruption plume heights erupt a much greater volume than would normally
be expected of small to medium plume heights due to their extended duration, or
b) very large eruptions with eruption plumes of over 25 km where the erupted
volume is not as great as the line of best fit would forecast such as the 1991
Pinatubo eruption. The longest duration eruption at Manam in the last 22 years was
the climatic phase of the 2004-05 eruption, which lasted for approximately 15 hours
and producing a plume with a maximum height of 24 km (Tupper et al. 2009; Global
Volcanism Program 2021b). This is also the highest recorded plume altitude this
century and so it is assumed that Manam’s erupted volumes are more likely to

follow the identified trend (Equation 2.14) than to tend towards the outliers in
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eruption catalogue. Therefore it is reasonable to use Equation 2.14 to estimate the

erupted volumes from observed plume heights at Manam.

2.4.2.3 Magma Balance at Manam
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Figure 2.24 A) Cumulative magma output (i.e. effusively and explosively erupted magma) (red) and cumulative
magma input (magma reaching the exsolution level for SO, at depth) (blue). The minimum and maximum
magma input values are based on varying the assumed sulphur content (1000-2500 ppm) and vesicularity (0-
30%) (Liu et al. 2020a) of the melt used in the petrological method to calculate magma volumes from SO; flux
(Shinohara 2008). B) The daily net magma balance.

The balance of magma entering and leaving Manam’s plumbing system is calculated
by subtracting daily magma input from output and is characterised by a near-
constant low input as seen in Phases 1 and 4 (Figure 2.24) punctuated with
substantially larger output of magma in both effusive and explosive eruptions. It is
difficult to draw conclusions over longer timescales, especially those that
encompass different eruptive and degassing phases. However, by using the four
previously defined degassing phases it is possible to gain further insight into the
changing open-vent behaviour at Manam. For instance, 70% of erupted magma
over the time series was during Phase 1 where it is likely that degassed magma from

the previous eruptive phase in 2017 was forced out of the plumbing system to
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accommodate the increased pressure resulting from the arrival of fresh magma
deeper in the plumbing system. With the removal of this degassed and therefore
more crystallised magma, it became easier for exsolved volatiles to flux through the
plumbing system. Figure 2.24 suggests that more magma was erupted (~0.25 km?3)
than the maximum estimate of magma entering the system (~0.22 km3) which is
very unlikely at an open-vent system. Though these values do remain within the
associated errors. However, if it is accepted that the erupted magma during Phase 1
is indeed from a previous batch of unerupted magma, potentially associated with
the 2017 eruptive period, then this phase can be set aside and only consider Phase
2 onwards. The total magma volume of magma entering the system from Phase 2 to
4 is 0.18 km? and the volume of erupted magma is 0.08 km3. These values indicate
the return of more efficient movement of volatiles through the system as Manam
began to exhibit excess degassing that is commonly observed at open-vent volcanic

systems.

2.4.3 Can thermal emissions provide a proxy for magma column height?

Observations have shown that the level, or heights, of magma columns and lava
lakes can vary substantially over days to months. In particular cases these variations
in magma height within the conduit or crater have been shown to be precursors to
eruptions. Changes in magma column height are thought to reflect the pressure
within the magmatic reservoir with rises indicating increased risk of paroxysms. For
example the 2015 paroxysmal eruption of Villarrica (Chile) was preceded by a rapid
magma column rise inferred using infrasound (Johnson et al. 2018). At Stromboli

(Italy) the rise of the magmatic column and resulting lava effusions are thought to
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have triggered the 2003 and 2007 paroxysms (Calvari et al. 2011). Drops in magma
column level can indicate potential drainage events that may manifest as flank
effusions. This has been shown to be the case at the lava lakes at Kilauea (USA)
(Patrick et al. 2015b, 2019a) and Nyriagongo (D.R. Congo) (Barriére et al. 2022)
where lake levels have varied over multi-year periods and decreases have been

linked to extrusions and deep intrusions.

Typically magma column heights are observed or inferred using infrasound but due
to Manam’s regular activity, direct observations into the crater are not possible and
Manam is not monitored by infrasound equipment. However, the daily coverage of
Manam by MODIS can potentially be used to infer the height of the magma column.
Coppola et al. (2012) demonstrated that the theoretical VRP of a magma filled
crater at Stromboli could be calculated by assuming temperature and knowing the
surface area occupied by magma in a completely filled crater. This section will
explore the use of this method to estimate the magma column height within
Manam’s South Crater and how this can be used to gain insight into the processes

driving activity at Manam.

VRP provides a means to quantify temporal variability in the thermal energy
radiated by Manam. Changes in VRP can be explained by changes in the
temperature of the radiating body, the emissivity of the radiating surface, or the
surface area of the radiating body. In closed volcanic systems, an increase in VRP
indicates a corresponding increase in the temperature of surface rocks. This
temperature increase commonly provides an early signal of unrest, potentially
signalling the ascent of magma or hot exsolved fluids which progressively heat
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surface rocks via conduction. At open-vent systems where the magma column is
observable by the satellite the change in VRP can also be linked to a change in
magma temperature and also the surface area occupied by the magma column

either in the conduit or the crater.

Where lava is directly observable by MODIS, VRP can be linked to an active lava
area A (or any volcanic target with a temperature greater than 300°C) through the

Stefan-Boltzmann law (Equation 2.15) (Coppola et al. 2013):

VRP = AceT} (2.15)

where 0 is the Stefan-Boltzmann constant (5.67 x 108 W m2 K1), € is the emissivity,
T} (K) is the effective radiation temperature (i.e., the area-weighted temperature of
the active lava surface that radiates an equivalent heat power). Active lava bodies
are most commonly lava flows or lava lakes but also include situations where the
top of the magma column is present at very shallow depths within the conduit or
filling a portion of the crater (as observed at Manam on 22 May 2019; (Liu et al.
2020a), allowing it to be directly observable by in situ observations or by satellite-

based sensors.

Adapting the method of Coppola et al., (2012), the measured VRP is related to the
surface area of lava exposed within the South crater of Manam and, for a range of
crater geometries, show how variations in VRP may signal changes in the height of
the magma column. It should also be noted that the height of the magma column
within the crater in combination with the satellite viewing or zenith angle can result

in impaired line of sight of the magma body producing the thermal signal (Dehn et
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al. 2002). This could produce a smaller estimated intra-crater magma height under
this method but this is not considered here but could be investigated in further
work developing this technique. These changes in magma column height within the
South Crater are then put in the context of observed eruptive activity. It should also

be noted that the height of the magma column within the crater

2.4.3.1 Estimating the Geometry of South Crater

The geometry of Manam’s South Crater is not well understood and so | approximate
it here using a conical frustrum (i.e. a truncated cone). True colour satellite imagery
from MSI shows that the crater is approximately circular in shape, with crater rim
area of 6983 m? calculated using ArcGIS software, and relatively steep walls (Figure
2.25). Approximating the crater as a perfect circle, this area translates to a radius of
47.15 m and provides constraints on the top dimensions of the conical frustrum. In
June 1987 South Crater was estimated to have a depth of ~60 m based on aerial
observations (Global Volcanism Program 1987). This report didn’t report the size of
the bottom of South Crater and so information from analogous open vent volcanoes
are used to estimate the dimensions of the base of the crater and the flare angle.
The flare angle is the angle between the crater base and the walls, and in situ
observations during lava lake drainage events that expose the lower regions of the
craters at Villarrica, Nyiragongo, Kilauea, and Erta Ale indicate that this angle can
vary widely between 30° and 90° (Bouche et al. 2010; Spampinato et al. 2013; Burgi
et al. 2014; Qin et al. 2018). Wide-based craters typically have shallower flare angles
tending towards 90°, whilst those craters with smaller bases often have steeper

crater walls with flare angles of <45° (Qin et al. 2018). Here, Villarrica (Chile) is used
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as an analogy to Manam due to its similar eruptive behaviour and crater geometry.
Villarrica’s conduit is estimated to be between 10 and 20 m in diameter,
transitioning to a crater with steep walls and a relatively small flare angle
(Moussallam et al., 2016), approximated experimentally as 30° (Qin et al., 2018).
Visual comparison of the craters at Villarrica and Manam’s South Crater suggests
that while similar, Manam has a narrower crater geometry. As such, the flare angle
is varied between 15° and 30° for use in subsequent calculations to capture this

uncertainty.

Using the upper and lower limits estimated for flare angle and conduit width,
alongside the measured radius of the top of South Crater, the height of the crater
can be calculated according to the cross section of a conical frustrum (Figure 2.26).
First, the measured VRP is related to the surface area of the radiating magma by

rearranging Equation 2.15 to Equation 2.16.

VRP
A= ) (2.16)
o+&+Tg

With the area of the magma surface assumed to be circular, finding the radius of
this circle from the calculated area (Equation 2.16) provides Rs, the radius of the

magma surface (Figure 2.26) (Equation 2.17).

r=+ % (2.17)

145



145°2'E

4°5'S

145°2'E 145°3'E

Figure 2.25 Measurement of South Crater’s rim in ArcGIS (left) and zoom box showing the structure of South
Crater. Yellow represents the crater rim in both images. The measurement of the crater rim perimeter is
approximate due to the 10m pixel resolution of the MSI true colour imagery. The red marked areas in both
images demark the crater wall which rises above the crater rim on all sides except on the southwestern side.

Once Rz is known, azis calculated according to Figure 2.26 allowing the height of the
magma in the crater (hz) to be calculated. The volume of the magma present in the

crater (V) is then calculated using Equation 2.18:

V=§><7r><h2><(R12+ Ry X Rz + R3?) (2.18)
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Figure 2.26 Left - Cross section of a truncated cone used to represent the geometry of a volcanic crater. Right -
Cross section of a truncated cone partially filled by magma. R; = radius of the cone bottom representing the
magma conduit, R, = radius of the top of the cone representing the top of the crater, Rz = radius of the surface
area of the magma body, a = the difference between R, and Ry, a, = the difference between Rz and Ry, a = flare
angle, hy = crater height, h, = level or height reached by the in-crater magma, C; = length of crater walls, C; =
length of the crater walls from base to magma height.

Using the upper and lower estimated limits for flare angle (15-30°) and magma
conduit radius (5-10 m), generates four potential geometries for Manam’s South

Crater (Table 2.5) including calculated height and total volume.

Smaller flare angles and conduit radii require larger crater heights to meet the
measured crater area (6983 m?) and calculated rim radius (47.15 m). This is because
the rate at which a crater widens is less at smaller flare angles, so greater crater
heights are required to accommodate this and similarly more widening is required
from smaller conduits (Table 2.5). Varying the flare angle has a greater impact on
crater height and volume than varying the conduit width: crater height and volume
are 215% larger for a flare angle of 15° compared to 30°, whereas a change in

magma conduit diameter from 10 m to 20 m produces a difference of less than 1%.
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The largest crater geometry is therefore produced using a flare angle of 15° and a
conduit radius of 10 m and the smallest geometry using a 30° flare angle and 20 m
conduit radius. Assuming the depth of South Crater has not changed substantially
since the observation in June 1987 then the two geometries based on 15° flare
angles have heights that are 132-162% larger than the estimated 60 m.
Comparatively, two 30° flare angles based geometries are much closer (64-73 m)
and being within the same order of magnitude are reasonably within the
uncertainty associated with a visual estimation. Therefore these two smaller
geometries are taken forward into the calculation of intra-crater magma

calculations in the next section.

Flare Conduit/ Crater Bottom Crater Height (h,) Crater Volume
Angle Diameter (2 x R;) (m) (m)
(m?)
15° 10 157 409,069
15° 20 139 405,649
30° 10 73 189,849
30° 20 64 188,262

Table 2.5 Estimated heights and volume of South Crater, Manam based on a measured crater top area of 6983
m? and varied between the assumed upper and lower limits for flare angle and the conduit/crater base radius.
See main text for details.
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2.4.3.2 Calculated Intra-Crater Magma Heights and Volumes

The final calculation of intra-crater magma height must also consider whether

radiance detected by the MODIS satellite and converted into VRP by MODVOLC is

derived from a magma body located within South Crater. There are three situations

where thermal emissions may be partially or entirely external to South Crater:

(a) During eruptions, extruded lava and tephra contribute considerable thermal

energy to the overall heat budget. Therefore data is omitted from dates with
reported effusive or explosive eruptive activity to improve the likelihood

that detected thermal radiance is centred on Manam’s craters.

(b) The VRP reported by MODVOLC for a given overpass includes a thermal

(c)

radiance contribution from Main Crater. 94% of MSI and ASTER overpasses
during the study period show a visible hotpot over South Crater compared
to 75% over Main Crater. Although this indicates that there is a considerable
overlap between the emitted thermal energy from both craters, visible
hotspots at South Crater generally appear far larger and brighter in
composite imagery (Figure 2.27). Since MODIS pixels are large enough to
cover both craters it is not possible to resolve the relative contributions of
each crater to overall VRP. Therefore, for the purposes of this calculation, it
is assumed that all detected thermal energy originates from South Crater
but recognise that this is likely to be an overestimate.

In this method the assumed conduit width is used as the diameter for the
base of the crater. This means that a calculated intra-crater magma height of

0 m indicates that the magma column height has not exceeded the point
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where the conduit begins to flare outwards R: (Figure 2.26). Assuming the
conduit has a constant diameter means the surface area of the top of the
magma column is constant regardless of depth. As such it means that a
calculated height of 0 m not only represents the magma column reaching
the base of the crater Ry but also a detection of the magma column at any
depth with in the constant width portion of the conduit. Since this method
relies on relating the magma surface area to the height within an idealised
constantly widening crater, it is not possible to estimate the depth of the
magma column in the conduit. Therefore any VRP measurements that

produce in-crater height value of <0 are not reported in the results.

As with the thermal anomaly detections from which this method relies, cloud cover
can obscure the thermal signal from the view of the MODIS instrument meaning

that magma with South Crater may not be identified.

The timeseries of intra-crater magma heights, calculated for a 10 m diameter
conduit based geometry, shows that there are 76 instances where magma is
calculated to have been present within South Crater during the period 2015-2021,
compared to 19 instances for the 20 m diameter conduit geometry (Figure 2.28).
Therefore, depending on the true geometry of South Crater, between 13 and 54%
of total non-effusive or explosive eruption related thermal anomaly detections are

linked to the magma column rising to at least the base of Manam’s South Crater.
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Figure 2.27 Example of the relative greater brightness and size of hotspot over South Crater (black) compared to
Main Crater (orange). MSI composite image using Bands 4, 8a and 12 from 17 August 2020.
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Figure 2.28 Calculated intra-crater magma heights (top) and volumes (bottom) based on VRP as measured by
MODVOLC using the two assumed upper and lower geometry sizes: (1) flare angle = 30° and conduit diameter 10
m (green), (2) flare angle = 30° and conduit diameter 20 m (gold).
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The maximum intra-crater magma heights are 24 m and 15 m in under the 10 and
20 diameter conduit defined craters respectively, which both equate to 49 m below
the full height of South Crater depending on the geometry. Although dates where
lava flows are recorded have been filtered out of the data set, there are no
instances where VRP values suggest that the magma level within South Crater
approaches the rim. This suggests that lava flows within the southwest and
southeast avalanche valleys within the study period did not originate from
overtopping of South Crater, and is instead consistent with observations that lava
flows extrude principally from either Main Crater (Figure 2.22) or a lateral flank
fissure or vent at the head of the southwest and southeast avalanche valleys (Global

Volcanism Program 2021b).

Magma was observed in situ at low levels within South Crater on 22 May 2019
(Figure 2.29; Liu et al., 2020) and provides the only opportunity to ground-truth
which of the proposed crater geometry end-members is the most realistic. No
thermal anomaly was detected on 22 May 2019 this is likely due to be cloud cover
during the overpass times of the Terra and Aqua satellites (10.30 am and 13.30 pm),
during which time thick cloud was reported by the team responsible for the
observation of the crater in the early morning (Liu, Pers. Comms.). The closest
anomaly detection was two days earlier on the 17 May 2019 with a VRP of 19.75
MW. Without evidence to the contrary, it can be assumed that the level of the
magma column on 17 May 2019 was similar to the level observed on 22 May 2019,
but recognise that the height of a magma column or lava lake can change

considerably between even consecutive days (Patrick et al. 2015b, 2019b; Lev et al.
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2019). The thermal anomaly on 17 May 2019 represents a 1 m intra-crater magma
height based on the 10 m diameter conduit based geometry, whereas magma is not
calculated to be present within the crater if the conduit diameter is instead taken to
be 20 m. Therefore, this suggests that of the two end member geometries tested,
the 10 m diameter conduit flare angle is closer to the true geometry of Manam’s
South Crater. There are 10 reported observations of summit incandescence that are
not related to eruptive activity during the period 2018-2021 (Global Volcanism
Program 2021b) (Figure 2.30), although this record is potentially subject to an
under-reporting bias. Nonetheless, most of these reported observations do not
coincide with thermal anomaly detections at Manam and so may represent
additional magma high stands within South Crater on days where satellite

observations were obscured.

The level of the magma surface in open-vent systems is considered to reflect either
pressure changes within the underlying magmatic system, such as through magma
recharge or the accumulation of an exsolved volatile phase in a shallow reservoir, or
variations in gas flux through the conduit, not necessarily mutually exclusive (Patrick
et al. 2015b; Moussallam et al. 2016; Lev et al. 2019). Pressure increases within
closed-vent volcanic systems may result in inflation of the volcanic edifice observed
as ground deformation (Murray 1995; Mann et al. 2002; Dzurisin 2003; Kilburn
2012; Chaussard et al. 2013; Morales Rivera et al. 2017; Ebmeier et al. 2018;
Caricchi et al. 2021), even accounting for the compressibility of gas-rich magmas
(Kilbride et al. 2016). In open-vent systems, however, increases in reservoir

pressure can be at least partially accommodated by a rise in the height of the
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magma column. The appearance and ascent of magma within summit craters has
been demonstrated as an eruptive precursor at several mafic open vent volcanoes
e.g. Villarrica (Chile) (Johnson et al. 2018) and Stromboli (Italy) (Viccaro et al. 2021;
Andronico et al. 2021) and can be detected by the appearance of night time
incandescence, as enhanced thermal emissions in remote sensing time series
(Coppola et al. 2012; Laiolo et al. 2018), and by changes in the frequency content of
independent monitoring data sets such as infrasound (Johnson et al. 2018; Battaglia

et al. 2019).

The level of lava lakes has been observed globally to have variations which occur
over varying timescales from shorter (minutes to hours) to longer (days to months)
phases (Tilling 1987; Peters et al. 2014; Richardson et al. 2014; Vergniolle and
Bouche 2016; Patrick et al. 2019b; Lev et al. 2019). Shorter-term lake levels
fluctuations are associated with outgassing cycles, known as gas piston activity (Orr
and Rea 2012; Patrick et al. 2016, 2019a; Vergniolle and Bouche 2016; Smets et al.
2017) whereas longer-term variations are related to changing pressure in the
magmatic system linked to the magma ascent rate (Richardson et al. 2014; Patrick
et al. 2019a; Lev et al. 2019). These temporally differing lava lake level fluctuations
can be superimposed upon one another leading to very high stands or very low
stands if the peaks and troughs in the cycles align respectively (Patrick et al. 2019a).
It is not possible to determine at what point in these cycles the MODIS overpasses
captured but these may help explain the scatter in Figure 2.28 & Figure 2.30. The
clusters of intra-crater magma likely represent the peaks in the longer-term,

magmatic system pressure related cycles, whereas the scatter within these cycles
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may reflect the shorter-term gas piston activity. The under-sampling resulting from
the 1 to 2 MODIS overpasses a day mean that the shorter-term fluctuations are not
observed and so there is some uncertainty around the timescales at which Manam’s

magma column height changes.

Figure 2.29 Observation of magma present within South Crater from a fixed-wing drone overpass on 22 May
2019 (Liu et al., 2020).

At Manam, no robust correlation exists between the intra-crater magma heights
and emitted SO, (Figure 2.30); several magma high stands coincide with above-
average SO; emissions (e.g. June 2019), whilst others occur when SO, emissions
remain at background levels (e.g. August 2021). This uncorrelated relationship

suggests that gas flux cannot be the dominant control over the magma column
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height. Instead, here it is proposed that variations in pressure within the shallow
magma storage system over weeks to months modulate the magma column height

and can explain the clusters of thermal anomalies observed at Manam.
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Figure 2.30 VRP-derived in-crater magma heights (green) based on a 30° flare angle and 10 m diameter conduit
based geometry for South Crater plotted over the SO, mass emissions (blue) and observed incandescence
(orange bars).

An increase in system pressure can be caused by a number of factors but primarily
these are the arrival of new magma from depth and exsolution of volatiles by
decompression during ascent or by second boiling (Chaussard et al. 2013; Caricchi
et al. 2021). Decompression triggered exsolution typically requires the release of a
lithostatic load, such as the removal of a crystallised plug, lava dome, a landslide or
the removal of magma during an effusion (Edmonds and Woods 2018). However,
systems that have an unobstructed conduit that allows the free movement of the
magma column, as is thought at Manam, do not have a long-lasting cap or plug of
cooled rock substantially blocking the conduit. As such, it is unlikely that lithostatic
load changes are happening over days to weeks as suggested by the estimated

magma column height changes (Figure 2.30). Therefore pressure changes due to
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exsolution are more likely to be driven by second boiling during isobaric cooling and
crystallisation. The accumulation of an exsolved volatile phase from second boiling
resulting from the ascent of new magma and in conjunction the associated pressure
increases from the ascending recharge magma are the proposed primary
mechanisms for modulating the height of magma within Manam’s South Crater.
Next the occurrences of high system pressure are considered within the context of
the previously defined SO, emission phases and recorded eruptions using
heightened magma column as a proxy for high pressure. Prior to the onset of
eruptive activity on 10 August 2018 no thermal anomalies were detected between
25 May 2017 and the start of thermal anomaly Cluster 1 on 7 August 2018,
indicating that magma was not present in South Crater nor at the near surface and

therefore it is inferred that pressure was not high during this period.

Phase 1 is suggested as a period of coupled thermal and SO; emissions and so like
the majority of anomalies during this phase, the estimated presence of magma
within South Crater also coincide with peaks of SO, emissions and eruptions. It is
clear that pressure within Manam’s plumbing system was elevated due to the
regular thermal anomalies and eruptions during Phase 1 and so the estimated
magma heights within South Crater underline that high pressure was often

maintained between eruptions throughout this period.

Emissions in Phase 2 are decoupled as evidenced by the elevated SO, emissions
during March-May 2019 which are accompanied by just four detected anomalies
during this period. Of these, two represent days where the magma column may
have been high enough to enter South Crater with magma rising an estimated 4 m
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into South Crater on 13 April 2019 and 1 m 17 May 2019 (Figure 2.30). These two
dates alongside the observation of magma within the crater on 22 May 2019
indicates that pressure was periodically high during this period. Six instances of
intra-crater are identified in June 2019 alongside the explosive eruptions during this
time indicating that high pressure was sustained despite the regular removal of
magma from the system. As previously shown only one thermal anomaly was
detected during Phase 3 and VRP of this anomaly did not indicate the potential for
magma to be present within South Crater. The reported incandescence between 1-8
October 2019 and the five eruptions suggest that while pressure likely dropped
following the June 2019 eruptions, there were still some isolated periods of

heighted pressure in Phase 3.

Manam’s SO; and thermal emissions return to a coupled state in Phase 4 and so the
thermal anomalies which indicate the potential for magma within South Crater
occur around eruptions. Four of the five anomalies detected in 2020 indicate
magma as present within South Crater alongside a period of six eruptions between
31 July 2020 and 11 September 2020. The series of anomalies in August 2021
coincide with the reported eruptive activity (James Sukua Pers. Comms.) and so
cannot be reliably used to indicate the rise of magma into South Crater. The
presence of magma up to 3 m within South Crater on 11 October 2021 (Figure 2.30)
alongside the series of eruptions including the major eruption on 22 October 2021,

suggests that pressure was high during this time.

There is a clear transition between periods of higher and lower pressure around the
series of eruptions in June & July 2019. During Phases 1 and 2 there were 23
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potential instances of intra-crater magma identified in 439 days compared with 14
instances in the 839 days of Phases 3 and 4. Therefore, this suggests that broadly
Phases 1 and 2 represent periods of relatively sustained high pressure, which is
corroborated by the increased thermal activity and number of eruptions in these
phases. Conversely, Phases 3 and 4 represent periods of prolonged low pressure
punctuated by short discrete periods of elevated pressure. Thermal anomaly Cluster
6 and the intra-crater magma identifications within could indicate a renewed period

of sustained increased pressure.

2.4.4 A Conceptual Model of Manam

This section proposes a conceptual model of processes operating in Manam'’s
shallow plumbing system that are responsible for the observed activity, thermal
anomalies and SO; emissions between 6 May 2018 and 31 December 2021. The last
eruptive period prior to this study period ended with a minor eruption on 10
September 2017 after which Manam entered a period of relative quiescence until
the 10 August 2018 (Figure 2.7). During this time observations indicate that
Manam’s characteristic persistent degassing was maintained (Global Volcanism
Program 2021b). Pressure in the shallow plumbing system was low during this
period as evidenced by absence of thermal anomalies throughout the inter-eruptive
period (Figure 2.7). The observed persistent degassing and low pressure suggests
that the residual magma from the 2017 eruptions continued to degas throughout
this period driving a sluggish convection of magma within the shallow plumbing

system (Kazahaya et al. 1994; Allard 1997; Witter et al. 2004; Beckett et al. 2014).
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Figure 2.31 Conceptual model of Manam's shallow plumbing system and processes responsible for the observed activity, thermal anomalies
and SO, emissions. “Coupled” and “Decoupled” indicates the broad state of thermal and SO, emissions during each phase.
10U



Various models have been suggested to explain the persistent repeated mild
explosions seen at volcanoes like Manam. Some invoke a degassed and crystalised
highly viscous magma at the top of the conduit or magma column which is thin
enough to be broken by gas slugs which trigger discrete strombolian explosions
(Gurioli et al. 2014). This style is associate with low viscosity basaltic magmas,
typical at Stromboli (Italy), which allow for the movement of gas slugs and so is
unlikely to the mechanism at Manam. The most likely is the pressure build up model
where a thicker plug of degassed magma forms in the upper conduit which causes
pressure to build up beneath as magma and volatiles are unable to leave the system
efficiently (Stix et al. 1997; Melnik and Sparks 2002; Yokoo et al. 2009) as proposed
at Arenal (Costa Rica) (Valade et al. 2012) or Tungurahua (Ecuador) (Hall et al.

2015).

As this residual magma becomes depleted in volatiles it cools and crystallises
forming a crystal-rich plug in the upper conduit (Stix et al. 1997; Diller et al. 2006;
Hall et al. 2015; Gaunt et al. 2020) and this effective partial closing of the conduit
also could be responsible for the absence of thermal anomalies. However, this plug
must remain permeable to allow the continually observed degassing through
networks of fractures (Edmonds et al. 2003b). Indeed it is thought that these
networks allow the plug to act as a valve and control degassing periodicity which
can be detected through seismic and infrasound signals (Hellweg 2000; Johnson and
Lees 2000; Lesage et al. 2006). This ongoing degassing of the residual magma in the

upper reaches of Manam’s plumbing system alongside cooling and crystallisation of
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magma in the upper conduit is the proposed state of the system leading into Phase

At the start of Phase 1 background SO emissions of ~0.62 kt day™ are maintained
indicating that volatiles likely sourced from second boiling of the cooling residual
magma were able to migrate through the semi-permeable plug to the atmosphere
(Figure 2.31A). Pressure within the shallow plumbing system began to increase as
evidenced by the anomaly detections in Cluster 4 beginning 7 August 2018 (Figure
2.9), the presence of magma within South Crater (Figure 2.30), and the series of
explosive and effusive eruptions in August to September 2018 (Global Volcanism
Program 2019a). The arrival of a volatile-rich magma recharge to the shallow
storage region below Manam is a likely candidate for the cause of the increase in
pressure (Andronico and Corsaro 2011; Viccaro et al. 2015; Patrick et al. 2015b,
2019a; Grapenthin et al. 2022). The magma recharge would have begun to reach
Manam’s shallow magma storage regions in the months prior to the return of
eruptive activity in August 2018 based on estimates from similar systems (Cannata
et al. 2018; Aiuppa et al. 2021; Petrone et al. 2022). This bottom up increase in
pressure in tandem with emplaced semi-permeable plug restricting volatile
migration would have greatly increased the pressure in the system while the plug
remained stable (Diller et al. 2006; Battaglia et al. 2019) (Figure 2.31a). However as
the new magma continued to ascend the associated pressure increase exceeded the
strength of the plug formed in the conduit (Woitischek et al. 2020a). The initial
weakening of this plug is likely indicated by the two thermal anomalies detected on

the 7 and 9 August 2018 as magma began to slowly rise with the breakdown of the
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lower plug. The minor ash venting eruption on 10 August 2018 signals the initial
failure of the plug as the volatile-depleted residual magma at the top of the column
is depressurised and fragments (Battaglia et al. 2019). With the plug removed the
pressure sourced from the incoming new batch of magma is partially relieved by the
removal of magma in the form of the lava flow observed on 13 August 2018 (Global

Volcanism Program 2019a) (Figure 2.31b).

During Phase 1, 0.18 km? of magma was erupted whereas 0.03 km? entered the
system based on SO, emissions and the discrepancy between the effective input
and output of magma during this phase implies that the majority of the magma
erupted was degassed prior to eruption. Therefore it is assumed that the magma
erupted during Phase 1 was primarily unerupted residual magma from the 2017
eruptive period that had been continuing to degas during the interruptive period.
This process of removal of the degassed residual magma by way of explosive and
effusive eruptions continued throughout August to September 2018 including the
major explosive eruption on 25 August 2018 and the intermittent effusive phase
from 9 September to 1 October 2018 (Global Volcanism Program 2019a). The
removal of the residual magma reduced the lithostatic load in the upper plumbing
system promoting the continued ascent of the recharge magma (Calvari et al. 2011)
and allowing for the transfer of volatiles between the two magma batches which
partially fuelled the series of explosive eruptions observed during Phase 1 by the
fluxing of volatiles through the residual magma in the conduit (Edmonds et al.
2022a) (Figure 2.31b). The accumulation of volatiles at the top of a storage

reservoir as an exsolved foam and subsequent destabilisation may also explain the
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larger explosive eruptions throughout this period (Allard et al. 2005) although this is
not possible to confirm. The cycle of reduced permeability from crystallisation of
cooling stagnant magma in the upper plumbing system, leading to increased
pressure from continued degassing and fresh magma arrival, culminating in an
eruption is repeated throughout Phase 1 until the older degassed magma from

2017 is expelled from the system.

The eruptions in January 2019, including 3 major eruptions, removed 0.11 km3 of
residual magma (42% of total erupted material during this study) likely representing
the majority of remaining residual magma. The removal of the degassed residual
crystal-rich magma meant that: a) the permeability in the upper plumbing system
increased allowing for more efficient transport of volatiles to the surface and, b)
allowed a new magma batch to further ascend to shallow depths and thus providing
increased volatile supply as it decompresses. The minor eruptions throughout
February and March 2019 (Global Volcanism Program 2019a, 2019b) seem to have
fully opened the conduit where convection alongside fluxing of deeper sourced
volatiles facilitated the elevated SO, emissions observed during Phase 2 (4.72 kt

day?).

During Phase 2 0.08 km3 of magma entered the shallow plumbing system based on
the SO, emissions compared to 0.04 km? erupted indicating Manam was in state of
excess degassing typical of open-vent volcanic systems. Indeed, over Phases 2-4 this
persistent excess degassing was maintained as 0.18 km3 of magma entered the
system versus 0.08 km? erupted. During early Phase 2 (March-May 2019) the
system was likely under a state of relative high pressure (Figure 2.31c) despite the
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sparsity of anomalies as many that were detected indicate magma likely to be
present within South Crater. The observation of magma on 22 May 2019 (Figure
2.29) alongside two South Crater high surface temperature retrievals on 20 and 30
May 2019 (Figure 2.16) suggest at least transient periods of high pressure raising
the magma column. The decoupled state of emissions during Phase 2 as well as
sparse detection of thermal anomalies and infrequent eruptions indicate that

reservoir pressure was highly variable during May 2019.

These incidents of high pressure are likely to be due to the continued arrival of
volatile-rich magma to shallow depths replacing the removed residual magma
(Patrick et al. 2019b) with a minor contribution from the expansion of gas bubbles
due to decompression during ascent (Sparks 2003a; Gonnermann and Manga 2007;
Rutherford 2008; Burgisser and Degruyter 2015). The decoupled SO, and thermal
emissions during Phase 2 underline the importance of fluxing of volatiles through
Manam’s upper plumbing system. The increased volume of exsolved gases within
the conduit would promote an increase in pressure accommodated by a rise in the
magma column height but the detected anomalies, intra-crater magma estimates
and observations do not suggest a persistent high stand of magma within the
conduit. Therefore, the fluxing of volatiles independent of ascending magma in
conjunction with convection within the conduit is required to explain the enhanced
SO, emissions during this period without regular thermal anomalies and eruptions

(Edmonds et al. 2022a).

Late Phase 2 (June-July 2019) exhibited an increase in thermal emissions and
eruptive activity compared to early Phase 2 (March to May). This period of also saw
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the continuation of high surface temperatures at South Crater alongside relatively
lower temperatures that began in May, suggestive of magma at very shallow depths
(Figure 2.12). These high temperatures and thermal anomalies not directly related
to eruptions indicate magma near the surface and therefore that the system was in
a state of heightened pressure. Increases in pressure require a process acting at
depth such as a greater rate of magma entering the system or a process acting to
alter the plumbing system that impedes volatiles from reaching the atmosphere.
The marked decrease in daily SO, emissions at the beginning of June and
subsequent return to elevated emission alongside the minor eruption on 7 June
2019 (Figure 2.14) suggest that the conduit was obstructed briefly and then
reopened by the eruption. It is therefore proposed that the intense degassing
during early Phase 2 led to the dehydration of magma in the upper conduit
triggering crystallisation (Lipman et al. 1985; Couch et al. 2003; Applegarth et al.
2013b; Gaunt et al. 2020) and the formation of another plug which reduced the
ability for the exsolved gases to reach the atmosphere and therefore increasing
pressure. Due to the continuing elevated volume of degassed volatiles the pressure
build-up quickly exceeded the critical pressure of the plug leading to the three
minor explosive eruptions on 7, 8 and 18 June 2019 which all failed to completely
remove the plug of crystallised magma in the conduit. Subsequently the pressure
continued to increase, with the possible formation of a volatile-rich cap of magma
beneath the plug (Stix et al. 1997; Sparks 1997; Burgisser et al. 2011) (Figure 2.31d),
until the 28 June 2019 eruption where the plug failed completely and led to rapid
decompression within the conduit driving the explosive activity that generated a

15.2 km eruption column and a lava flow in the northeast valley which reached
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within 700 m of the coastline. Three further minor eruptions followed the 28 June
2019 and in total an estimated 0.021 km?3 of magma was erupted during June and
July 2019 with 0.018 km3 erupted on the 28 June 2019 itself, 7% of the total erupted

magma volume during this study period.

SO, emissions during Phase 3 remained above background levels but reduced from
4.72 kt day*to ~1.54 kt day'. This reduction in SOz emission rate is interpreted as
the gradual depletion of volatiles in the new magma batch within the shallow
magmatic system. The state of decoupled SO, and thermal emissions from Phase 2
continued into Phase 3 as indicated by the near total absence of thermal anomalies
and eruptions alongside the continuing above average SO; emissions. To explain the
near low frequency of thermal anomalies and eruptions in Phase 3 it is inferred that
the removal of substantial volume of magma and volatiles during June and July
2019 reducing pressure in the shallow magmatic system and thus the height of the
magma column (Anderson et al. 2015; Patrick et al. 2020; Barriere et al. 2022)
(Figure 2.31e). The continued elevated degassing, albeit substantially reduced
compared to Phase 2, indicates the combination of conduit convection and volatile
fluxing remained active during this period to facilitate the observed SO; emissions.
Manam maintained a state of open-vent excess degassing during Phase 3 with SO,
emissions indicating that 0.02 km3 of magma was supplied with just 0.002 km? being

erupted.

The average daily SO, emissions in Phase 4 were ~0.68 kt day™ similar to Phase 1
(~0.62 kt day?) and so it can be considered this represents a return to background
emissions. Thermal anomalies detections were sparse between November 2019 to
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May 2021 with just the five anomalies of Cluster 5 occurring during this time (Figure
2.7) indicative of low reservoir pressure during this period. The reduction in
pressure identified in Phase 3 continued in Phase 4 and was accompanied by the
decrease in SO, emissions which likely indicates that the initially volatile-rich
magma recharge which arrived in Phase 1 had become relatively depleted in
volatiles. The contribution of volatile fluxing to SO, emissions is likely to have waned
during this period with conduit convection being the dominate process responsible
for the transport of volatiles albeit returning to a less energetic state than in Phases
2 and 3 (Figure 2.31e). As in Phase 3, a state of excess degassing continued in Phase
4 despite the decrease in the rate of SO, emitted with 0.09 km3 of magma supplied
and 0.04 km?3 erupted. Notably ~75% of the erupted material in this phase occurred

in the 5 months from August to December 2021.

The decoupled SO; and thermal emissions during Phase 4 indicate that there were
sporadic instances of high pressure during Clusters 5 and 6 where the magma
column rose to shallow depths including 14 instances of where magma is estimated
to have been present in South Crater. Instances of high pressure coincided with
several explosive eruptions associated with isolated high SO; emissions.
Additionally, the highest estimated intra-crater magma height of 23 m occurred on
29 August 2021 (Figure 2.28) around the time of a series eruptions reported by
Manam’s Disaster Preparedness Committee (James Sukua Pers. Comms.). It is
possible that the renewed eruptive activity in 2021 during Phase 4 is result of the
arrival of a new batch of magma arriving at depth as is postulated to explained the

activity in Phases 1 and 2. However, this explanation is unlikely as no lava flows
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were reported during 2021 suggesting that the increase in pressure was not as a
result from a magma body applying pressure from below. Rather, the more likely
explanation for the increased pressure is reduced conduit permeability resulting
from crystallisation due to the continual volatile depletion and dehydration of the
cooling residual magma. This would lead to another phase of repeated partial
closing or restriction of the conduit with eruptions resulting from the built up
pressure exceeding the strength of the crystal-rich magma (Applegarth et al., 2013;
Lipman et al., 1985). It is probable that more substantial plugs were able to form
prior to the major eruptions on 20 October 2021 and 22 December 2021. These
more established plugs would have required relatively higher pressures to fail which

could explain the apparent increased magnitude of these two eruptions.

This interpretation of the processes responsible for Manam’s presented in Figure
2.31 suggests that a volatile-rich body of magma began to reach Manam'’s shallow
plumbing system around August 2018 leading to an increase in pressure which
caused the removal of crystal-rich relatively degassed magma in the conduit
through a series of explosive and effusive eruptions from August 2018 to March
2019. With the conduit fully reopened degassing rates at Manam became elevated
as volatiles were able to exsolve and rise efficiently through the plumbing system
through a combination of fluxing and conduit convection. The upper reaches of the
magmatic system became dehydrated after several weeks of intense degassing
causing crystallisation and the formation of a plug which began to restrict the
efficient movement of volatiles through the conduit and increasing pressure. After a

series of partial failures of this plug the major eruption on 28 June 2019 erupted
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0.021 km? of magma and substantially reducing pressure in the plumbing system.
Following this the remaining portion of the 2018 magma batch continued to degas
until the leading to repeated cycles of plug formation and plug clearing eruptions

most notably from July 2021 to the end of the study period in December 2021.

2.4.5 Global context and broader implications

The last ground-based measurements of Manam’s SO, emissions were taken during
May 2019 yielded an average SO; flux of 5150 * [336/733] tonnes day™ (Liu et al.
2020a). This campaign measured flux would place Manam as the 2™ highest emitter
of volcanic SO, within the ranking of volcanic SO, emissions compiled by Carn et al.
(2017) and the derived CO; flux of 3760 + [600, 310] tonnes day* would place it 5t-
7t globally (Aiuppa et al. 2019). The time series of SO2 emissions at Manam
presented in this chapter demonstrates the variability of volcanic volatile emissions
over months to years. Specifically these campaign measurements were taken during
Phase 2 where SO; emissions were substantially greater than background emissions
during this study period. This therefore raises questions over the reliability of
placing individual volcanoes within global volcanic emission inventories based solely
on campaign-style measurements. Long-term satellite remote sensing of emissions
provides the ability to assess the temporal variability of volcanic emissions and

appropriately place an individual volcanoes emissions into the global context.

The time average SO; fluxes based on a 1 day residence time for each phase (Figure
2.15) are presented alongside the annual mean daily SO, emissions (2005-2015)

presented by Carn et al. (2017) in Figure 2.32. The mean annual daily SO, emissions
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(2005-2015) for Manam is 1.48 kt day* which places Phases 1 (0.62 kt day™?) and 4
(0.68 kt day!) below this long-term average, Phase 3 (1.5 kt day?) around this
average and Phase 2 (4.72 kt day?) substantially higher than the identified average.
The time-averaged emissions in Phase 2 represents the highest period of SO,
emissions exceeding the 3.52 kt day™ observed in 2005. Additionally, Carn et al.
(2017) identified a declining trend in annual SO, emissions and the inclusion of the
data from this study shows this declining trend despite the elevated emissions
during 2019 (Figure 2.32). This once again highlights the remarkable increase in
emissions during Phases 2 and 3 which are above the background for the study
period, above the annual mean daily emissions and do not follow the observed long

term trend.

Considering each SO; emission phase in the global context indicates would place
Manam as low 31t largest contributor to global volcanic SO, emissions based on
Phase 1 and as high as 3™ during Phase 2, with Phase 3 ranking 10t globally and
Phase 4 placing 25" (Table 2.6). If Manam’s more recent background emissions in
Phases 1 and 4 are representative of it’s long term emissions, then at 25 to 31
highest SO, emitter globally, Manam continues to be a major contributor to global

volcanic SO, emissions.

CO: fluxes per phases are calculated per phase using the average May 2019 C0O,/SO>
ratio measured by Liu et al. (2020a) (Table 2.6). These fluxes place Manam as high
as 6™-7t globally for volcanic CO; emissions during Phase 2 and as low as 46t-51t
during Phase 1 based on two compilations of volcanic CO; emissions (Aiuppa et al.
2019; Fischer et al. 2019b). The application of the May 2019 CO,/SO; ratio across all
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phases is problematic as CO,/SO; ratios vary with degassing pressure as well as
eruptive style (Moretti and Papale 2004; Burton et al. 2007; Aiuppa et al. 2010;

Aiuppa 2015).
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Figure 2.32 Manam annual daily SO2 emissions (kt/d) measure by OMI (green) (Carn et al. 2017), TROPOMI
derived annual daily SO, emissions based a 1 day residence time (blue), trend (red dotted line) and mean annual
emissions 2015-2012 — 1.36 kt/d (black dotted line).

Based on the observed variation in SO, emissions and the invoked magma recharge
event suggests that the CO,/SO; ratio would not have remained stable. The average
C0,/S0O; ratio for May 2019 of 1.07 * 0.06 indicates a relatively CO2 poor
composition. Low CO; alongside high SO; is normally indicative of degassing of a
shallow depth magma but during Phase 2 fluxing of deeper derived volatiles is
assumed to be the process facilitating the elevated SO; emissions. Manam’s low
CO; signature has been attributed to the limited or carbon-poor sediment supply to
the subduction trench along the inactive portion of the Western Bismarck arc (Liu et
al. 2020a). The low carbon supply to Manam means that the CO,/SO; ratio is likely
to remain low even during periods where degassing may be enhanced by fluxing of

deeper derived volatiles. As such, Phases 1 and 4 would likely have lower CO,/SO;
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ratios as the composition would be relatively dominated by the SO, degassing from
shallow unerupted magma (Aiuppa et al. 2021). This therefore underlines the
uncertainty around the derived CO; fluxes especially for Phases 1, 3 and 4 where
magmatic processes and eruptive activity differ from Phase 2 where the utilised

C0O,/S0; ratio was measured.

Phase Time-averaged SO, Global SO, Derived CO;Flux Global CO2
emissions (kt day™) Rank (kt day™) Rank
1 0.62 +0.03 31 0.46 = 0.03 46 - 51
2 4.72+0.09 3 3.3x0.2 6-7
3 1.5+£0.05 10 1.1 £0.07 =19-23
4 0.68+0.03 25 0.52+0.04 41-46

Table 2.6 SO, and CO, emissions by phase and ranked against global inventories. SO, Carn et al. 2017, CO;
Auippa et al. 2017 & Fischer et al. 2019.

Manam’s SO, emissions have been shown to be highly variable over month to year
timescales which make placing it amongst global volcanic volatile inventories
difficult. For example the climatic eruptions at Manam in 2005 are likely to have
greatly increased Manam’s SO; emissions that year to 1285 kt which has strongly

influenced Manam’s SO, emission rankings for 2005-2015 (Carn et al. 2017).

Similarly, Phase 2 of the SO, timeseries in this study also presents a remarkable
deviation from background emissions which taken in isolation would rank Manam
much higher compare to Phases 1 and 4. This highly variable behaviour has been

documented at other volcanoes including Anatahan (Northern Mariana Islands) and
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Miyakejima (Japan) which like Manam experienced exceptional emissions related to
eruptions which elevated their placement in global rankings despite marked decline
in emissions in the following years (Kazahaya et al. 2004; McCormick et al. 2015).
Variability in emissions have been identified at Bagana (Papau New Guinea) where
degassing substantially decreased for an extended period in 2019 to 2021 before
returning to more normal higher emissions (McCormick Kilbride et al. 2023).
Following the 2015 East Rift eruption, Kilauea (USA) has shown a notable decline in
SO, emissions as it’s lava lake was drained (Kern et al. 2020). Conversely, systems,
like Turrialba (Costa Rica), can reawaken after long-term repose and rapidly become
a dominant source of volcanic volatiles regionally and globally (de Moor et al. 2016).
The widely observed variations in degassing rates across systems worldwide
underscore the importance of regular reassessment of global volatile inventories
and the limitations of placing volcanoes within these based on limited-term
measurements of emissions. This also underlines the potential role that satellite
remoting sensing of volatiles can play in providing an ongoing assessment of
volcanic degassing globally in a similar way to thermal emissions are monitored by
open access platforms such as MODVOLC (Wright et al. 2004; Wright 2016b),
MIROVA (Coppola et al. 2016) and MOUNTS (Valade et al. 2019). Additionally, this
emphasises the need for a multi-parametric approach to interpreting changes in
degassing behaviour and eruptive activity at open vent volcanic systems, as the
processes responsible for modulating degassing are varied and interpretations

potentially ambiguous when derived from emission rates alone.
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2.4.6 Limitations and Future Work

A key feature of this chapter is the use of satellite remote sensing alongside
observed activity to demonstrate the possibility of interpretation of volcanological
processes without ground-based data. The logical next step is to this satellite only
approach is to extend the thermal anomaly and SO; emission timeseries from 2022
onwards to further calibrate the framework presented in section 2.4.4. This work
captured a substantial increase in SO; emissions during 2019 but it is unknown how
often Manam exhibits this type of behaviour so in addition to extending the
combined timeseries forward, it would also be beneficial to extend it backwards to
pre-2018. The MODIS-based MODVOLC thermal anomaly detections are available
from 2000 onwards. The SO; emission and surface temperature time series from
this chapter are only available back as far as 2018 and 2015 respectively; the
operational start dates for the Sentinel-5P (TROPOMI) & Sentinel-2 (MSI) missions
respectively. It would therefore require the integration of other satellite-based
sensors like NASA’s OMI which can be used to resolve SO, emissions (at lower
resolution than TROPOMI) as far back as 2003 (Carn et al. 2013) and NASA’s Landsat
7 Enhanced Thematic Mapper Plus (ETM+) and Landsat 8 Operational Land Imager
(OLI) which combined would be able to SWIR data as far back as 1999 (Flynn et al.
2001; Blackett 2014). The production of a multi-decadal timeseries from satellite
remote sensing data would provide the opportunity to identify repeated cycles or
other exceptional periods of emissions from which to modify the model suggested

here of Manam’s activity.
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A key enhancement to this satellite-based approach to understanding Manam’s
sub-surface processes would be to integrate satellite derived deformation data.
Deformation of volcanic edifices is now regularly performed through
Interferometric Synthetic Aperture Radar (InSAR) methods (Klees and Massonnet
1998; Valade et al. 2019; Poland and Zebker 2022; Grapenthin et al. 2022) and have
been able to show the inflation and deflation of volcanoes indicative of arrival of
magma to the near-surface (Chaussard et al. 2013; Morales Rivera et al. 2017;
Albino et al. 2020; Grapenthin et al. 2022). At Manam, this parameter could provide
insights into the potential arrival storage of degassed magma prior to eruptions
(Scott and McKee 1986; Ramayanti et al. 2022) and reveal further evidence towards
how Manam facilitates the magma responsible for its excess degassing and elevated

SO, emissions.

The method presented in section 2.4.3 uses an assumed simplified geometry of
South Crater to estimate the occurrences of magma rising into the crater itself. A
future avenue of work would be to further test this method at volcanoes where the
height of magma columns or lava lakes has been recorded or estimated by other
geophysical signals such as Villarrica (Chile) (Johnson et al. 2018) and Kilauea (USA)
(Patrick et al. 2015b). This would enable calibration of this method for use at
volcanoes where magma level is not easily observable and provide a remote-

sensing method for evaluating the pressure state at remote volcanoes.
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2.5 Conclusions

A magma recharge event at Manam has been identified using satellite-based
remote sensing of thermal and SO, emissions. This recharge magma arrived in in the
shallow plumbing system in 2018 increasing pressure causing the removal of
residual crystal-rich magma from the 2017 eruptive period in a series of explosive
and effusive eruptions from August 2019 to March 2019. With the removal of the
crystal-rich residual magma Manam’s conduit became more permeable allowing the
efficient transport of volatiles through the shallow plumbing system resulting in the
observed above-background emissions in Phases 2 and 3. The considerable
degassing throughout this period caused dehydration and crystallisation leading to
a plug of crystalised magma forming in the upper conduit. This restricted degassing
and therefore increased system pressure until this plug failed causing rapid
decompression of volatile-rich magma below the plug triggering the 28 June 2019
major eruption. Following this eruption pressure in the system was relieved and
background levels of SO, emissions were re-established as the recharge magma

became relatively depleted in volatiles.

Manam’s frequent eruptions have for the first time been placed in the context of a
long-term timeseries of thermal and SO; emissions by the application of satellite-
based remote sensing methods. The timeseries has revealed four distinct phases of
SO, emissions with background emissions of ~0.62-0.68 kt day identified based on
Phases 1 and 4. Elevated emissions in Phase 2 (4.72 kt day™?) during which the major
28 June 2019 eruption occurred followed by the transitory Phase 3 where emissions

were above background (1.5 kt day™) but steadily reduced during this period.
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The excess degassing phenomenon has been quantified over an extended time
period at Manam with an estimated excess of 0.10 km3 of unerupted degassed
magma during Phases 2-4. Phase 1 saw more magma erupted than estimated to
have been supplied to the shallow plumbing system. This is explained by the fact
that Phase 1 saw the removal of 0.18 km? of volatile depleted residual magma from
the 2017 eruptive period. Therefore it is suggested that the fate of unerupted
degassed magma at Manam, and potentially other excessively degassing volcanoes,
is its removal through several eruptions over a period of months caused by the
arrival of recharge magma. The regularity of this process is unknown at this point as
only one magma recharge event has been identified at Manam. Therefore it is
recommended that the examination of SO, and thermal emissions at Manam be
continued. Additionally, it remains unclear to what extent degassed magma is
intruded at Manam and this represents an avenue of future research by

reintroducing ground deformation monitoring to Manam.

Unlike other open-vent systems (e.g. Villarrica (Chile) (Palma et al. 2008) and Fuego
(Guatemala) (Lyons et al. 2009; Naismith et al. 2019)) no clear patterns of activity
were identified at Manam over this period. It may be that any cycles at Manam
occur over long time periods again supporting the notion to continue monitoring
these parameters into the future. Despite the lack of identified cycles, eruptions at
Manam are triggered by the emplacement and subsequent failure of crystal-rich
plugs during this study period (Battaglia et al. 2019). As such a reduction in SO;
emissions may indicate the reduction in conduit permeability resulting from the

formation of a plug, and therefore may be a potential precursory signal.
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Manam has previously been placed in the top 10 for global SO, and CO; emissions
(Carn et al. 2017; Liu et al. 2020a). This chapter confirms that Manam is a top
contributor to global volcanic emissions but also highlights that the variable SO;
emissions measured place Manam as high as 3™ and as low as 31°t globally. Derived
CO; fluxes using measured CO»/SO; ratios and the observed SO, emissions place
Manam as high as 6™ and as low as 51°. These results underline the uncertainty
involved with placing volcanoes such as Manam which have highly variable SO;

emissions over month to year timescales, using campaign measurements alone.

Finally this chapter demonstrates the importance of monitoring and understanding
the fluctuations in gas emissions at open vent volcanic systems. The gas emissions
of persistently degassing volcanoes are the most abundantly available monitoring
parameter and with proper analysis can provide insights into the eruptive potential
of the system. Increases or decreases in flux, from an established long-term
background level, can indicate changed conditions that may lead to eruption. At
Manam both of these are shown with the increased SO, emission period alongside
the transient flux decreases here associated with sealing of the conduit.
Additionally, changes in gas plume compositional changes can indicate the arrival of

new magma at depth that can trigger eruptions.
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3 Chapter Three - Tephra
Deposition Modelling and
Impact Analysis
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3.1 Introduction

Explosive volcanic eruptions generate tephra as magma is disintegrated during
fragmentation (Heiken and Wohletz 1991; Kaminski and Jaupart 1998; Gonnermann
2015; Schmith et al. 2018). Volcanic plumes from explosive eruptions represent
buoyant mixtures of tephra particles, magmatic gases and entrained ambient air,
which rise in the form of an eruptive column over the vent before spreading
laterally as a form of gravity current on reaching the level of neutral buoyancy in the
atmosphere (e.g., Bursik, 2001; Sparks, 1997). Away from the column, the
dispersion of volcanic plumes is controlled by the wind field and the physics of
particle sedimentation (Carey and Sparks 1986; Bursik et al. 1992; Folch 2012;
Woodhouse et al. 2013). Tephra particles will settle out of a volcanic plume largely
according to gravitational settling, potentially accelerated by turbulent atmospheric
instabilities, aggregation or wet depositional processes (Brown et al. 2012; Manzella

et al. 2015; Poulidis et al. 2018).

Of all volcanic hazards, tephra deposition typically has the largest spatial extent and
therefore produce the most widespread societal and environmental impacts.
Tephra can be classified by particle size into three categories: bombs and blocks
(>64 mm), lapilli (2-64 mm) and ash (<2 mm) (Wilson et al., 2015). Bombs and
blocks will typically follow a ballistic trajectory and generally accumulate within 5
km of the vent (Blong 1984; Taddeucci et al. 2017). In contrast, lapilli and ash are
carried to greater altitudes by convecting eruption columns and may be transported
laterally many tens to hundreds of kilometres from the volcano before being

deposited (Bursik 1998; Stevenson et al. 2012; Matthews et al. 2012; Bonadonna et
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al. 2015b; Cashman and Rust 2020). This chapter focusses on modelling of the large-
scale transport and deposition of particles within convecting volcanic plumes and

therefore the use of tephra hereafter implies reference to ash and lapilli only.

Tephra is the fifth most common cause of fatality associated with volcanic activity
between 1500 and 2017 and the most common in terms of maximum recorded
distance a fatality has occurred from the source volcano (Brown et al. 2017).
However, overall, the total number of recorded fatalities associated with tephra
(4,315 individuals) is relatively low when compared to those caused by pyroclastic
density currents (59,958), volcanogenic tsunami (56,822), and lahars (49,938).
Deaths caused due to tephra fall tend to occur close to the source volcano where
accumulation is greatest and are typically the result of roof or structural collapses,
asphyxiation or burial (Spence et al. 2005; Brown et al. 2017). Tephra fall rarely
poses an immediate direct risk to life during an eruption (Wilson et al., 2015).
Instead, it is the accumulation of tephra on the ground and on structures, and the
long-term remobilisation of these deposits, that cause the most significant and
prolonged impacts to human life and activity (Brown et al. 2015; Loughlin et al.

2015).

Thick accumulations of tephra can lead to roof collapse and other structural
damage to buildings rendering them unsafe for human occupation, especially if the
deposits become water-saturated (Spence et al. 1996; Blong 2003; Hayes et al.
2019). Moderate accumulations of a few centimetres can cause the failure of critical
infrastructure such as electrical grids and telecommunication systems, largely due
to the electrically insulating properties of tephra (Bebbington et al. 2008; Wardman
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et al. 2012; Wilson et al. 2014). Even thin deposits of tephra can cause widespread
damage to crops and vegetation (Craig et al. 2016, 2021), transport infrastructure
(Brown et al. 2015) and public health (Wilson et al. 2013; Damby et al. 2013). A key
aspect of eruption preparedness and risk reduction is therefore to establish the
likelihood of various thicknesses of tephra accumulation (i.e. the production of
hazard maps) for a range of realistic eruption scenarios (Connor et al. 2001;
Mastrolorenzo et al. 2008). These mapping products can inform assessments of the
potential exposure of populations and economic assets, and highlight societal
vulnerabilities (e.g. access bottlenecks that may affect evacuation or aid delivery) in

the regions surrounding active volcanoes (Calder et al. 2015b; Jenkins et al. 2022).

3.1.1 Tephra Deposition on Manam and Mainland Papua New Guinea

Tephra deposition is the most common hazard produced by eruptions at Manam,
and accumulation can range from thick deposits exceeding 100 mm on the island
itself to very thin “dustings” of ash <1 mm that, depending on the magnitude of the
eruption, can reach the coastal mainland or potentially 100s of kilometres inland
(Best 1956; Taylor 1958a, b; Branch 1965). Few tephra deposits from Manam have
been recorded and most reports do not provide adequate information on the
extent of the deposits nor thicknesses at multiple locations. The only published map
of tephra deposition, to the best of my knowledge, on Manam was produced
following four “major” eruptions occurring between December 1957 and March
1958. These events affected an area corresponding broadly to an east to west band
across the middle of the island, and represented deposits exceeding 10 inches in

thickness (254 mm) (Taylor 1958b). Since these deposits were an amalgamation of
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tephra from multiple eruptions it is difficult to draw conclusions as to the hazard
represented by one independent eruption, or indeed to estimate the magnitude of
one or more of these eruptions; this is a frequent limitation in the reconstruction of
past eruption dynamics from older deposits (Pyle 2016). However this example of
multiple successive tephra deposition events is an issue that remains as Manam has
continued to frequently erupt explosively within days to weeks in recent years

(Global Volcanism Program 2021b).

Historically, tephra deposition has caused the collapse of roofs and buildings on
Manam (Palfreyman and Cooke 1976; Global Volcanism Program 2004b). Although
the repair of traditionally-built timber buildings can be relatively quick, promoting
relatively short timescales of recovery, the damage from tephra fall on the
agricultural gardens can have much longer-term impacts on food security (Mercer
and Kelman 2010). Thin deposits of ash can damage or destroy crops but often do
not significantly impact the growth of replacement crops. However, thicker deposits
of scoria-sized particles (2-64 mm) do not erode as quickly and therefore can
prevent impacted areas from being agriculturally productive for multiple seasons

(Taylor 1958b; Mercer and Kelman 2010).

3.1.2 Tephra Transport and Dispersal Models

Given the widespread impacts tephra deposition is capable of causing at local,
regional and global scales it is important to assess the potential hazard footprint
(Bonadonna et al., 2021; Wilson et al., 2014; Wilson et al., 2015). Future extents of

tephra deposition can be estimated by the mapping of deposits from previous
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eruptions (e.g., Pyle, 1989a). However, this approach relies on the assumption that
future eruptions will be similar to those that have occurred in the past, and can be
challenging in regions of poor preservation where deposits are remobilised rapidly
by wind or water. Numerical plume models that include particle sedimentation
allow a probabilistic assessment of tephra deposition, even where previous deposits
have not been mapped or they are not preserved (Biass et al. 2017; Warwick et al.
2022; Buckland et al. 2022). For volcanoes where little or no field-based mapping of
tephra deposits have been undertaken, such as Manam, tephra transport and
dispersal models (TTDMs) represent an opportunity to fill in this gap in volcanic

hazard assessments.

TTDMs are a sub-type of atmospheric transport models that are designed to model
the airborne transport and sedimentation of particles, such as tephra and aerosols.
These transport models have three principle components: 1) an emission source
that defines the release of the substance of interest in time and space, 2) an
atmospheric model, and 3) a transport model that describes the movement and
removal of the substance from the atmosphere (Folch 2012). A transport model
uses either a Eulerian or Lagrangian method. While Eulerian models solve for
variables (e.g. particle properties) and at fixed locations or grid points, Lagrangian
models calculate the accumulation by tracing paths of an “ensemble” of particles
and compute the mass concentration by averaging over fixed background cells
(Folch 2012). Eulerian models adapt the Advection-Diffusion-Sedimentation (ADS)

equation (Equation 3.1), which is derived from the general principle of mass
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conservation of particles within a fluid. Ignoring particle inertia and particle-particle

interactions the ADS equation is expressed as:

S =V -(u0) + V- (KVC) = V - (us0) + So+ Sk (3.1)

where t = time, C = particle mass concentration, u = (u,u,u,) wind velocity, K =
turbulent diffusivity tensor (accounting for unresolved-scale turbulent wind
fluctuations), uy = particle sedimentation velocity, S, = (x,y,z,t) source term
(accounting for the production of particles) and, Sy = (x,y,zt) sink term
(accounting for the destruction of particles) (Folch 2012; Bonadonna et al. 2015b).
The three righthand terms in Equation 1 describe the advection of particles by wind,
turbulent diffusion of particles and particle sedimentation respectively (Folch 2012;

Bonadonna and Costa 2013).

Lagrangian models are most commonly used for modelling the atmospheric
dispersal of tephra due to their particle tracing capability. Notably, they are used by
various Volcanic Ash Advisory Centres (VAAC) for forecasting potential disturbance
to air transport; for example, HYSPLIT (Draxler and Hess 1998) and NAME Il (Jones
et al. 2007). This type of transport model is not typically used for ground-based
tephra hazard assessment as prediction of ash cloud location over time is the
primary concern of the aviation related organisations that tend to develop these

kinds of models.

Models that solve the ADS numerically are able to provide time-dependent airborne
tephra concentration and ground mass accumulation from any type of eruption and

particle size (Folch 2012). Examples of numeric TTDMs are FALL3D (Costa et al.
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2006; Folch et al. 2009) and ASH3D (Schwaiger et al. 2012; Mastin et al. 2013).
FALL3D is a Eulerian model that allows the user to define the horizontal and vertical
diffusion rates and has multiple uses for operation forecasting (Folch et al. 2008),
modelling of past events (Folch et al. 2010; Costa et al. 2012) and tephra hazard
assessment (Folch and Sulpizio 2010; Scaini et al. 2012; Barsotti et al. 2018). ASH3D
is a finite volume Eulerian model capable of global scale modelling of tephra
dispersal and deposition and critically to predict ash concentration and deposition

during eruptions (Schwaiger et al. 2012).

Gaussian TTDMs were developed under the premise that under certain
circumstances the ADS can be solved using an analytical solution in the form of a
Gaussian function. The assumptions required are that: 1) the vertical wind and
vertical diffusion (K,) are negligible i.e. u, = 0 and K,, = 0, 2) the horizontal wind
components of the wind field are homogeneous and steady i.e. u, = u,(z) and
u, = u,(z), 3) the horizontal turbulent diffusion is constant i.e. K, (x,y,2) = K, 4)
the term accounting for divergence of the settling velocity can be neglected and, 5)
particles are emitted instantaneously as point sources along a vertical line, i.e. Sy =

60(%0, Y0, Zo) (Folch 2012). Given these assumptions Equation 3.1 simplifies to:

ac _  ac ac ac (azc
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And the Gaussian function which serves as an analytic solution is as follows

(Macedonio et al. 2005):

_ 1 (x—xo—uxt)*+ (y—yo—uyt)® o
C(r,t) = o exp[ e 6(z—zy — uzt) (3.3)
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Equation 3.3 describes the dispersal of particles in a horizontal layer that settles at
velocity u;. The topography is assumed to be flat and the atmosphere is divided
into discrete vertical layers allowing the Gaussian function to spread and settle as
its centre of mass translates under the effect of the winds in each layer and settling
velocity (Suzuki 1983; Folch 2012). Models that use this approach include Tephra2
(Bonadonna et al. 2005, 2014a) and ASHFALL (Hurst and Turner 1999; Hurst and
Smith 2004). These Gaussian TTDMs are computationally light and lend themselves
to multiple uses including probabilistic hazard modelling (Volentik et al. 2009; Biass
et al. 2016), inversion modelling of ground deposits to infer eruption characteristics

(Connor and Connor 2006).

3.1.3 Aims and Objectives

The aim of this chapter is to place quantitative constraints on tephra hazard,
through a probabilistic assessment of the spatial distribution of tephra thicknesses,
for a range of relevant explosive eruption scenarios at Manam. In the framework of
the resulting tephra accumulation probability maps, this chapter will quantify the
extent to which populations and assets may be exposed to different thicknesses of
tephra accumulation, and the resulting impacts to society and the environment.

This will be achieved through targeting the following objectives:

1) Identify a range of explosive eruption scenarios based on Manam'’s eruptive
history, and define a corresponding suite of input parameters to initialise

the TephraProb TTDM (Biass et al. 2016).
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2) Model the extent and mass accumulation of tephra deposition across
Manam and mainland Papua New Guinea resulting from the defined
eruption scenarios, and the role of seasonality on dispersion characteristics.

3) Assess the impact of tephra deposition by analysing population, structures,
land cover, road network exposure datasets in conjunction with the
modelled tephra isopachs in ArcGIS

4) Evaluate the potential impacts of varying tephra accumulations on human
activity and infrastructure in the context of published tephra impact
frameworks (Wilson et al. (2015b).

5) Discuss the emergency planning considerations arising from tephra hazard
assessment including: food security issues, construction-based resilience
measures, the ramifications of a compromised road network during an
emergency and examining potential evacuation and relocation sites for

displaced Manam residents.

3.2 Methods

This section outlines the procedure used to assess tephra accumulation impacts at
Manam. This includes an overview of the selected tephra transport and dispersal
model (TephraProb), the pre-defined eruption scenarios and model starting
conditions for each, the population and infrastructure data, and the framework for

the exposure analysis conducted in ArcGIS.
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3.2.1 TephraProb

TephraProb (Biass et al. 2016) has been used to assess the impact of tephra
deposition from eruptions of Manam. TephraProb is an opensource toolbox that
produces scenario-based probabilistic assessments of ground tephra accumulation
based on the Tephra2 model (Bonadonna et al. 2005, 2014b, a). Given a range of
probabilistic eruption scenarios, TephraProb creates distributions of eruption
source parameters (ESPs) that are run in Tephra2 and provides results in the form of
exceedance probability maps, probabilistic isomass maps and hazard curves for
defined locations. TephraProb was selected over other TTDMs due to its simple
graphical user interface (GUI), which allows for non-specialists to leverage the

Tephra2 model with relative ease and low computing power requirements.

The Tephra2 model uses an analytical solution to the advection-diffusion equation
to compute the tephra mass accumulation according to eruptive and wind
conditions (Bonadonna et al. 2005; Connor and Connor 2006; Volentik et al. 2009;
Bonadonna and Costa 2012). It adopts a Eulerian approach, solving variables in the
ADS equation at fixed locations or grid points (Folch 2012; Constantinescu et al.
2021). The size of the grid cells and therefore the distance between grid points is
definable through the TephraProb GUI. The key components of Tephra2 include: i)
grain-size-dependent diffusion and particle density, ii) a vertically stratified wind
profile, iii) particle diffusion within the rising plume, and iv) settling velocities that
include variations in the Reynolds number depending on whether particles follow a
laminar or turbulent flow regime (Bonadonna et al. 2005; Biass et al. 2016). Tephra2

requires three input files: a) a configuration file, which details the eruption source
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parameters and the surrounding atmosphere (specific details provided further in
this chapter), b) a table of locations where specific tephra accumulations are to be
calculated, and c) a table of wind speeds and directions at varying altitudes

throughout the atmosphere (Biass et al. 2016).

3.2.2 Modelling Parameters and Eruption Scenarios

Five distinct eruption scenarios are defined that broadly encompass the range of
explosive eruptions observed at Manam since the early 1900s (Palfreyman and
Cooke 1976; McKee 1981; Global Volcanism Program 2021b). These scenarios range
from minor (<10 km asl eruption columns) vulcanian eruptions to major (>10 km asl

eruption column) vulcanian and sub-Plinian eruptions.

The NOAA Reanalysis Il dataset (Kanamitsu et al. 2002) was used to provide the
stratified wind profiles, accessed using the TephraProb GUI. Reanalysis Il provides
global coverage of atmospheric conditions four times daily and data specifically
from 2000-2021 were used. Each eruption scenario was modelled for both the wet
and dry seasons. It should however be noted that the parameters of the 100 runs
for each scenario are independently sampled for each season resulting in two sets
of 100 runs. As these runs are randomly sampled it means that the tephra
deposition for each season per scenario are not strictly directly comparable as they
are not based on the same eruption source parameters. While this doesn’t
undermine the validity of either season’s results it should be kept in mind when

comparing the seasonal outputs.
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In Madang province, where Manam is located, the dry season typically runs from
May to October and the wet season from November to April (Pereira et al. 2019).
The final atmospheric parameter common to all scenarios is the height of the
tropopause, which is estimated to be around 18,500 m asl at the latitude of Manam

(-4.078, 145.038) (Feng et al. 2012).

Tephra2 accounts for the two regimes of particle sedimentation based on the
terminal fall velocity of particles (Bonadonna et al. 2005). As such, Tephra2 requires
the definition of the fall-time threshold acting as a threshold for the sedimentation
of small particles (power-law diffusion) and large particles (linear diffusion) for
which a diffusion coefficient must be specified. Ideally these parameters should be
estimated by inverting tephra fall field data (Connor and Connor 2006); however,
since no comprehensive studies of tephra accumulation from eruptions of Manam
exist, the parameters measured from an analogous volcano are used instead.
Therefore, parameters from the 1974 eruption of Fuego (Guatemala) were selected:
fall-time threshold = 5000 s and diffusion coefficient = 4900 m? s (Biass et al.

2016). The eddy constant parameter was set to 0.04 m? st (Suzuki 1983).

The pumice density was set to 1000 kg m-3 and the lithic density 2500 kg m™3 based
on typical values for basaltic andesite tephra (Wehrmann et al. 2006). The column
integration steps and TGSD integration steps were both set to 80 (S. Biass, Pers.
Comms.). The probability of tephra being released from the eruption column at
some vertical height above the vent is controlled by a beta probability density

function (Equation 3.4) (Biass et al. 2016):
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where x is a dimensionless height normalised to the plume height and B(a,f3)
represents the beta function defined by two parameters a and 3, both greater than
0. Here we use a = 3 and S = 1.8 which shifts the release patter of particles towards
the top of the plume. The shape of the beta probability density function is shown in

Figure 3.1.

20 T L | I I I I

-
(3]
T

1

-
o
T

1

3]
T
1

Plume Height (km)

[—a=3,3=18|

2 3 4 5 6 7 8
Release Probability Density Function (%)

o

o
-

N
o

- -
o 5]
T T
1 1

Plume Height (km)
[3,]

10 20 30 40 50 60 70 80 90 100
Release Cumulative Distribution Function (%)

o

o

Figure 3.1 Example of release probability density function (PDF) and cumulative distribution function (CDF) of a
20 km eruption column a = 3 and 8 = 1.8 in the beta PDF that controls the probability of a particle to be released
at a given altitude from the plume (Equation 4).

The five eruption scenarios modelled were divided into three Vulcanian and two
sub-Plinian scenarios. As such two different TGSDs were used for each of the two
eruption types to represent the difference in the particle size distribution that

Vulcanian and sub-Plinian style eruptions would produce. As previously mentioned
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no TGSD analyses have been undertaken on the tephra deposits of Manam’s
previous eruptions and so TGSD from analogous volcanoes and eruptions are used
(Table 1). The Vulcanian scenarios use the TGSD from the 1974 Vulcanian eruption
of Fuego (Guatemala) (Rose et al. 2008b) and the sub-Plinian scenarios use the

TGSD from the 1854 sub-Plinian eruption of Hekla (Iceland) (Gudnason et al. 2018).

Fuego Hekla
(Rose et al., 2008) (Gudnason et al., 2018)
Eruption Composition Basaltic Andesite Basaltic Andesite
Eruption Date 1974 1854
Eruption Type Vulcanian Plinian
Column Height (km) 10 19
Total Grain Size Distribution
Max Phi -2 -5.5
Min Phi 10 8
Min Median Phi -1.9 -4
Max Median Phi 5 4
Min Standard Deviation Phi 0.4 1
Max Standard Deviation Phi 3.2 4

Table 3.1 Total grain size distributions of the 1974 Vulcanian eruption of Fuego (Guatemala) and the 1854 Plinian
eruption of Hekla (Iceland) used as analogues for the tephra deposition modelling of Manam eruptions.
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TephraProb requires a minimum and maximum repose interval between explosions
to be defined when modelling Vulcanian eruptions—this information is not
available for Manam. Dominguez et al. (2016) showed that for eruptions where the
timing of individual explosions had been recorded, the repose intervals were
typically minutes long with a few cases where several hours separated explosions.
Therefore, the minimum repose interval was selected as 10 minutes and a

maximum of 1 hour.

Each sub-Plinian scenario in TephraProb requires a minimum and maximum erupted
mass but again no such estimates exist for past eruptions at Manam. Therefore the
erupted mass ranges for the sub-Plinian scenarios were calculated by using the
relationship between eruption plume height and volumetric flow rate (VFR)
identified from a catalogue of historic explosive eruptions (Mastin et al. 2009)

shown in (Equation 3.5):

H =2.0010241 (3.5)

where H is the eruption column height (km) and V is VFR in Dense Rock Equivalent
(m3® DRE s). This value is multiplied by the minimum and maximum eruption
durations to give the minimum and maximum estimated total erupted volume.
These volumes are then multiplied by the assumed density (2500 kg/m3) to give the

range of erupted mass for each scenario.

3.2.2.1 Scenario 1 Ash Venting — Minor Vulcanian Eruption

This scenario is based on the relatively frequent ash venting and minor explosive

eruptions that represent most of the reported activity at Manam (Palfreyman and
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Cooke 1976; Global Volcanism Program 2021b). Typically, these small-scale
eruptions produce eruption clouds reaching to ~3000 m asl but can extend up to
~5000 m asl for longer duration events. These altitudes are used as the minimum
and maximum eruption column heights respectively. The smallest of these
eruptions are limited to a few consecutive explosions with the larger eruption
containing series of explosions lasting between 1-3 hours. Here we model the
duration of this style of eruption with a minimum of 30 minutes and a maximum of

3 hours.

3.2.2.2 Scenario 2 Minor Vulcanian Eruption

Scenario 2 represents Vulcanian eruptions of increased intensity and duration
compared to scenario 1. This type of eruption is modelled as producing eruption
columns between 5000 and 10,000 m asl and having a duration between 3 and 5
hours. In Manam’s recent history, 23 eruptions of this magnitude occurred during
period 2018 - 2021. An example of this type of eruption is the 23 September 2018
eruption, which generated a 8500 m asl ash column (Global Volcanism Program

2021b).

3.2.2.3 Scenario 3 Major Vulcanian Eruption

Major Vulcanian eruptions are those generating eruption columns greater than
10,000 m asl and longer in duration than scenario 2 events. Scenario 3 is modelled
with @ minimum eruption column height of 10,000 m asl and maximum 15,000 m
asl and duration ranging from 5 to 10 hours. Between 2018 — 2021, 7 eruptions

generating >10,000 m asl eruptions columns are likely to have been Vulcanian style
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eruptions. Notable eruptions of this kind have occurred on 25 August 2018 and 20
October 2021, which both produced ~15,000 m asl eruption columns (Darwin

Volcanic Ash Advisory Centre 2021).

3.2.2.4 Scenario 4 Major Sub-Plinian Eruption (28 June 2019 Style Eruption)

Sub-Plinian eruptions are much less common at Manam and between 2018 and
2021 only 2 or 3 are thought to have occurred. This scenario represents an eruption
similar to that of the 28 June 2019 eruption, which generated a ~15,000 m asl
eruption column and pyroclastic flows on the western and northeastern flanks
destroying 455 homes and agricultural gardens (Global Volcanism Program 2021b).
This scenario is modelled with column heights ranging between 10,000 and 15,000
m asl, and a duration between 5 and 10 hours. The calculated erupted mass range

for these eruptions is 3.58 x 101° — 3.85 x 10! kg.

3.2.2.5 Scenario 5 Major Sub-Plinian Eruption (2004/2005 Style Eruption)

Scenario 5 represents the largest known sub-Plinian eruptions of Manam. An
example of this category is the 2004-2005 series of eruptions, in which the climatic
event lasted up to 15 hours and generated a 21,000-24,000 m asl eruption column
(Tupper et al. 2009). The only other eruption during historical times that may have
been similar in magnitude was the 1919 eruption; however, the description of the
eruption does not provide enough detail to confirm this (Palfreyman and Cooke
1976). This scenario is modelled with an eruption column height range of 15,000 to
25,000 m asl and a duration of between 10 and 15 hours. The resulting calculated

erupted mass range for this eruption scenario is 3.85 x 10'1—4.81 x 10*? kg.
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Scenariol Scenario2 Scenario3 @ Scenario4 @ Scenario5
Equivalent VEI 1 1-3 3-4 3-4 4-5
Equivalent 0-2.1 2.1-3.6 3.6-4.6 3.6-4.6 4.6-5.7
Magnitude
Modelled Eruption | Vulcanian Vulcanian Vulcanian | Sub-Plinian = Sub-Plinian
Style Condition
Min Height (m asl) 3,000 5,000 10,000 10,000 15,000
Max Height (m asl) 5,000 10,000 15,000 15,000 25,000
Min Mass (kg) - - - 3.58 x 101 3,85 x 10
Max Mass (kg) - - - 3.85x 10 4.81x 10"
Min Duration(h) 0.5 3 5 5 10
Max Duration(h) 3 5 10 10 15
Min Repose 10 10 10 - -
Interval (mins)
Max Repose 60 60 60 - -

Interval (mins)

Table 3.2 Summary table of modelled scenario input parameters. TephraProb does not require
erupted mass estimates for Vulcanian eruptions. Equivalent magnitude calculated as per Pyle (2015)

3.2.2.6 Sampled Erupted Masses

For sub-Plinian eruptions (scenarios 4 and 5) TephraProb randomly samples the

plume height, wind speed and mass eruption rate and duration and then calculates

the erupted mass per run. Only parameters resulting in a erupted mass that falls

within the pre-defined minimum and maximum erupted mass range (Table 3.2) are

selected to be run through the Tephra2 model. For Vulcanian eruptions a range of
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erupted masses is not predefined as the erupted mass is calculated in a different
manner to sub-Plinian eruptions which does not require this constraint. Vulcanian
eruptions are modelled as a series of discrete explosions, the number of which are
defined on the random sampling of the repose interval and eruption duration
ranges defined by the user. Each explosion is considered as instantaneous thermal
emission as opposed to the sustained emission of a sub-Plinian eruption. The total
erupted mass of a Vulcanian eruption is the sum of the erupted mass of each
explosion. The mass of one explosion is directly related to the plume height by the

thermal equation of Bonadonna et al. (2002) (Equation 3.6):

H,, = 55M%%** + H, (3.6)

where H,, is plume height (m asl), M is plume mass (kg) and Hyis vent height (m
asl). The modelled erupted masses for all scenarios and divided between the dry
and wet seasons are shown in Figure 3.2. It should be noted that the parameters
are randomly sampled and validated to enable 100 runs for each season. This is due
to the need to randomly sample wind speeds from the prospective season. This
therefore results in two independent sets of 100 runs of randomly sampled runs,
this is evident in Figure 3.2 where the distribution of erupted masses are different
between seasons in each of the scenarios. This means that the tephra deposition for
each season per scenario are not strictly directly comparable as they are not based
on the same eruption source parameters. While this doesn’t undermine the validity
of either season’s results it should be kept in mind when comparing the seasonal

outputs.
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Figure 3.2 — Histograms showing the erupted masses of each scenario by season. The bin widths of each
scenario’s histograms are 0.25 multiplied by the x axis exponent. The distribution of erupted masses are different
between the season within each scenario due to each scenarios season consisting of 100 independently sampled
model runs.
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3.2.3 Tephra Accumulation Impact Analysis

To assess the impact of the tephra accumulation from the modelled eruption
scenarios requires (a) probabilistic tephra accumulation maps, (b) a framework
outlining the effects of tephra accumulation on different aspects of human activity,
and (c) locations of exposed assets (i.e. populations, buildings, infrastructure and
agriculture). Here, the overview of ash fall impacts on different sectors of society
produced by Wilson et al. (2015b) is used to assess how the modelled
accumulations would impact communities and infrastructure. This framework
categorises tephra accumulations into five thickness classes: Trace to Light (>0.1
mm), Thin (>1 mm), Moderate (>10 mm), Thick (>100 mm), and Very Thick (> 1000
mm). The impacts of these tephra deposit thicknesses on buildings, infrastructure,

and agriculture are summarised in Table 3.3.

The modelled outputs from TephraProb include tephra accumulation contours for
the following selected masses and equivalent thicknesses: 0.25 kg m2 (0.1 mm —
Trace to Light), 2.5 kg m? (1 mm = Thin), 25 kg m2 (10 mm — Moderate), 250 kg m
(100 mm — Thick), 2500 kg m2 (1000 mm — Thick). The equivalent thicknesses are
calculated using the lithic density parameter selected (2500 kg m3). The isomass
contours representing 90% and 50% probability thresholds were used for the
impact analysis as they represent high and moderate likelihood distributions,
respectively. These isomass contours were digitised into an ArcGIS Pro workspace
and overlaid on spatial population and infrastructure datasets to quantify the
potential exposure of various assets and therefore the corresponding impacts of the

five eruption scenarios.
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Figure 3.3 Map of population in East Sepik and Madang provinces of Papua New Guinea in the region
surrounding Manam (red triangle). Population estimates are derived from the Oak Ridge National Laboratory
LandScan Global Data Set (Sims et al., 2023) as “ambient” population over a 24 hour period. Pixels are 1 km by 1
km.

Localised high spatial resolution exposure data was not available for northern
mainland Papua New Guinea provinces of Madang and East Sepik. Therefore, global
open-access population, land cover, road networks and buildings data sets were
used. Population data is derived from the Oak Ridge National Laboratory LandScan
Global Data Set (Sims et al. 2023). This data set disaggregates census population
figures across 1 km pixels by combining geospatial science, remote sensing
techniques and machine learning algorithms to produce a 24-hour average
“ambient” population per pixel. The population of Manam had been suggested to
be around 4,000 people in 2021 (James Sukua, Pers. Comms.) and the LandScan
2022 data estimates this at 6,349 people (Figure 3.3). These two estimates are

broadly in agreement and, without census data available specifically for Manam
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island, this suggests that the LandScan data are reliable for this region of Papua

New Guinea.
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Figure 3.4 Map showing the land cover in East Sepik and Madang provinces in the region surrounding Manam
(red triangle). Land cover pixels are 100 m by 100 m from the Copernicus Global Land Service Global Land Cover
v3 dataset (“Copernicus Global Land Service,” 2020).

Land cover data is useful for determining the specific impact that ashfall will have
on a given area. For example, while thin ashfall may cause very little damage or
disruption to robust structure in an urban area, it may be enough to cause the
failure of crops in an agricultural region (Jenkins et al. 2015). The Copernicus Global
Land Service Global Land Cover v3 (Buchhorn et al. 2020) data set provides 100 m
pixel resolution land use data from 2019. The Land Cover v3 dataset is produced
using the MultiSpectral Imager (MSI) on the European Space Agency’s Sentinel-2
satellite to identify the predominant vegetation or land cover within the 100 m

pixels (Figure 3.4). For the exposure analysis herbaceous vegetation, shrubland and
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bare/sparse vegetation are included alongside the cropland designation as potential
crop-covered land. This is due to the fact that these landcover types are difficult to
distinguish from each other solely using satellite remote sensing but also that areas
where non-forest vegetation dominates is likely to be a result of human cultivation
in these regions of Papua New Guinea where forest is the dominant landcover class

(Biass et al. 2022).
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Figure 3.5 The road networks of Madang and East Sepik provinces in the region surround Manam (red triangle).
Road network was produced by the Open Street Map (OpenStreetMap contributors 2023). The North Coast
Highway (secondary road — brown text highlight) runs along the coastline from Madang via Bogia and Awar to
the northwest of Bogia district. The second route from Madang to Bogia runs inland through the Madang,
Middle Ramu and Bogia districts. Madang is the largest mainland settlement close to Manam, to Madang the
provincial capital of Madang province. Bogia is the district capital of Bogia district which Manam is located in.

Road networks are key transport links in Papua New Guinea, and in Madang and
East Sepiks provinces these are the main way in which towns and villages are
connected. Road networks represent the primary routes used for evacuations

before and during volcanic crises but also for aid to arrive to affected areas in the
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aftermath of volcanic eruptions. Here the OpenStreetMap (OSM) road network data

(OpenStreetMap contributors 2023) is used for this analysis (Figure 3.5).
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Figure 3.6 Buildings on Manam according to Open Street Map data (OpenStreetMap contributors 2023).

The OSM building data (OpenStreetMap contributors 2023) is used to analyse how

many buildings are affected by the tephra accumulation from different scenarios.

This data set only contains the footprint of the buildings and not any construction-

type or structural information. Additionally, while this data set is generally quite

comprehensive and includes coverage of Manam Island (Figure 3.6), it does not

include any buildings along the coast of the mainland closest to Manam, including

towns such as Bogia. While this limits the ability to assess number of buildings

impacted in this area, the Land Cover v3 dataset includes a “built-up” classification

referring to areas containing predominantly human structures and urban land use.
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Category

Sub-Category

Trace to Light
(>0.1mm)

Thin (>1mm)

Moderate
(>10mm)

Thick (>100mm)

Very Thick
(>1000mm)

Buildings

Structural

None

Unlikely to be a problem at this
tephra hazard intensity.

In rare instances, non-
engineered and long-
span roofs may be
vulnerable to
damage, particularly
when tephra falls wet
oris subsequently
wetted by rainfall.

Structural damage due
to excessive tephra
loading. Very thick
tephra deposits
(>100 mm) may cause
roof collapse.. Non-
engineered, long-span
and low-pitched roofs
are typically the most
vulnerable.

Non-Structural

Minimal. Tephra may
also accumulate in
gutters and possible
corrosion of metallic
elements.

Tephra may block gutters and
downpipes, leading to
localized flooding and

damage. Roofing materials
may be abraded or damaged
by human actions during
tephra removal.

As above, with higher
likelihood of more
severe impacts.

Non-structural
elements, such as
gutters, are more
vulnerable to failure.
Gutters may
accumulate tephra from
the roof.

Contents and
Furnishings

Tephra may
contaminate building
interiors leading to risk

of adverse health
impacts for building
occupants.

Heating, ventilation and air-
conditioning (HVAC) systems
can be disrupted by
obstructed filters, condensers
and air intakes.

As above, with higher
likelihood of more
severe impacts.

As above, with higher
likelihood of more
severe impacts.

Structural
damage to most
buildings likely.
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Infrastructure

ALL

N/A

Corrosion and/or abrasion of
paintwork, windscreens,
metallic elements, some air-
handling, mechanical and
electrical equipment or engines
etc. Potential clogging of air and
oil filters.

N/A

N/A

Ground Transport

Transport networks
possibly affected by
reduced visibility.
Roadway and railway
may experience reduced
surface traction.

Visibility from direct fall and
remobilization; reduction in
traction; most road markings
obscured; increased wear of
engine and brakes; possible
signal failure on railway lines.

Ground transport
networks disrupted
by visibility and
traction problems.

Transport networks
severely affected by
reduced traction; very
thick tephra falls may
create extra loading on
bridges, especially
when wet.

Power System

None

Flashover of power line and
transformer insulators may
occur with <3 mm of tephra
fall. Hydroelectric plants may
see abrasion damage to
turbines. Thermal plants may be
vulnerable to blockage of air
intakes.

Insulator flashover is
the most likely impact.
Tephra accumulation
may also overload
lines, weak poles and
light structures, and
cause additional tree-
fall onto lines.

Structural damage to
lightly engineered
components and

buildings possible.

Substantial clean-up of

sites required. Most
generation plants likely
to be disrupted.

Structural
damage to all
structures
possible. Expect
most systems to
be disrupted for
extended
periods. Ground
transport
networks likely
to be
impassable.

Water Supply

None

Raw water sources: probable
increase in turbidity; possible
increase in acidity and levels
of soluble elements. Tephra-
induced electricity outages are

the most common cause of
disruptions to water production.

Demand may remain high for

Possible damage to
water and
wastewater networks
if tephra enters
systems, such as
pumping equipment,
hydraulic seals, water
treatment plants,

Significant
contamination of
exposed surface
waters. Probable

blockage or

sedimentation of water
supply pipes or canals,
storm drains and/or

Structural
damage to all
structures
possible. Expect
most systems to
be disrupted for
extended
periods. Ground
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months afterwards if water is
needed to dampen downwind

waste-water treatment
plants, etc. Possible

sewers, leading to
surface flooding. High

transport
networks likely

remobilized ash. blockage of storm risk of severe damage to be
drains, ditches and/or to water- and impassable.
sewers, leading to wastewater- treatment
surface flooding. plants if volcanic ash
Tephra may enter sewer lines enters systems.
where there is inflow or
infiltration. Volcanic tephra may
form unpumpable masses in
Waste Water None sewer lines. Mechanical pre-
treatment and treatment
equipment is highly vulnerable
to damage from ash-laden raw
sewage at wastewater
treatment plants.
. Possible damage to
Posstleblleeccci’;m:lgl:it;:i)::rnal communication dishes Structural
Telecoms None ETTE R ETE As above and microwave towers damage to all
due to excess tephra structures
cables. loading. possible. Expect
most systems to
be disrupted for
Airports are very extended
sensitive to tephra fall. periods. Ground
They may close, due to As above, with higher ) As above, with higher transport
. reduced runway friction L Airports closed for L networks likely
Airports s likelihood of more severe likelihood of more
reduced visibility when . clean-up. . to be
impacts. severe impacts. impassable.

tephra on the ground.
Almost always requires
clean-up.
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Total burial of

. Burial of pasture and crops/pastures.
. Volcanic ash coverage . . .
. - Volcanic ash coverage of crops, most crops. Loading The buried soil's
Likely to be minimal; . . of crops may lead to . .
. may lead to discoloration of damage to tree crops fertility will
. but could include . structural damage . o -
Pastoral Farming leaves and fruits; coverage of likely. Soil's fertility may decrease over
. . coverage of feed . . and more severe UV . . .
Agriculture & Horticultural . livestock feed; possible wane over time as key time as key soil
) supplies or produce and . blockage. Coverage of .
Farming L leachable element toxicity . soil processes are processes are
contamination of water . livestock feed more .
supplies hazards. Generally minor intense and longer broken by volcanic ash sealed off. Tree
ppues. health hazards for livestock. duration g blanket Damage/burial damage likely in
’ of farm assets. production
forests.
Total burial of
crops/pastures.
The buried soil's
fertility will
. decrease over
.Fo.restry N/A N/A N/A Tree damage possible
(Silviculture)

in production forests.

time as key soil
processes are
sealed off. Tree
damage likely in
production
forests.
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As above, but with

As above, but

Clean-up

Usually no action
required. Suspended
ash may require
removal from closed
environments,
particularly for people
susceptible respiratory
illness.

Minor clean-up required:
sweeping of roads, paved areas
and roofs/gutters usually
sufficient. Tephra falls of only a
few mm depth will generate
large volumes of volcanic ash

for collection and disposal.

Allroads and paved
areas on public and
private properties
require cleaning;
private properties
usually require
assistance with clean-
up/disposal.

much larger volumes
which will require
greater resources and/or
cleaning time; vegetated
areas (e.g., parks and
gardens) may require
cleaning too.

with much larger
volumes which
will require
greater resources
and/or cleaning
time.

Table 3.3 Impacts on different parts of human activity and infrastructure by thickness of accumulated ash deposits. This is a abbreviated version adapted from Wilson et al. (2015b)
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3.3 Results

In this section, differences in the seasonal wind directions and velocity are
described first to provide context for the subsequent tephra transport distribution.
The modelled tephra thicknesses for each scenario at both 50% and 90%
probability, in both the wet and dry seasons, are presented. The potential exposure
of populations and assets are then quantified based on the overlap between these
datasets and particular tephra thickness contours. Interpretation of these results in
the context of the tephra impact framework (Wilson et al., 2015) and emergency

planning will be included in the discussion.

3.3.1 Seasonal Wind Directions

The NOAA Reanalysis 2 wind data (Kanamitsu et al. 2002) from 2001-2021 (Figure
3.7) used in the TephraProb modelling indicates that there are marked differences
in median wind direction between the dry and wet seasons most notable at
altitudes of 0-10 km asl and at >15 km asl. The seasonal difference in median wind
speeds is less pronounced than those of wind direction with differences of <5 m/s
between the two seasons at most sampled altitudes except 16.6 and 26.4 km asl
where the difference is 5 m/s. Overall these inter-seasonal wind speed differences
across all altitudes are minor and so it is expected that the main influence on inter-
seasonal ash accumulation is wind direction. Therefore wind direction differences
within each altitude band analysed by TephraProb will be highlighted here. For

clarity, wind directions here describes the direction that the wind is moving toward
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rather than provenance to remain consistent with descriptions of modelled tephra

deposition distributions.
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Figure 3.7 Profiles of wind velocity (A) and direction (B) by altitude around Manam according the NOAA
Reanalysis 2 dataset (Kanamitsu et al. 2002) for the years 2001 to 2021. All months (black), dry season (brown),
and wet season (blue).

The most prominent seasonal difference in wind direction is in the 0.1 — 4.4 km asl
altitude band where the two seasons have effectively diametrically opposed wind
directions (Figure 3.7). During the dry season the wind direction is dominated by
west to northwest winds (west - 14%, 17.5% - west-northwest, and 17% -
northwest). In contrast, the wet season is dominated by east to southeast winds
(east — 11%, east-southeast — 13.5%, and southeast - 11%) with some lesser
contribution to westward winds. The influence of wind direction at these altitudes
have a significant role in determining the distribution of tephra from all eruption
scenarios which all inject tephra into or above these altitudes. However, the most

impacted scenarios by the wind directions at these altitudes are those where the
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majority of ash injection occurs within these, which are scenarios 1 and 2 which

have a modelled eruption column height of 3-5 km asl and 5-10 km asl respectively.

The wind directions in the 5.9 — 9.7 km asl altitude bands are more similar between
seasons that those at lower altitudes, with both dominated by westward tending
winds (Figure 3.7). In the wet season the winds transition from the south to
southeast dominated winds at altitudes >5km asl towards those with a westward
component (west-southwest — 12%, west — 16%, west-northwest — 12%) but still
with a notable eastward component (east-southeast — 5.5%, east — 7%, east-
northeast — 6%) (Figure 3.8). The dry season however has a negligible eastward
component and more substantial westward element (west-southwest — 18%, west

—27%, west-northwest — 16%).

At altitudes of 11 — 14.3 km asl wind directions of the two seasons are both mainly
composed of westward bound winds (Figure 3.7). The main distinction between the
two seasons being the skew towards northwest winds in the wet season and
southwest winds during the dry season (Figure 3.8). The most substantial wet
season components are west (26%), west-northwest (21%), and west-southwest
(13%) winds while the dry season winds skew more to the west-southwest (25%)
and southwest (18%). The winds at this altitude influence dispersal of ash from
scenarios 3, 4 and 5 which include the largest Vulcanian scenario and the sub-
Plinian scenarios. These scenarios produce the most ejected mass and inject
material in or above 11 — 14.3 km asl altitudes and so these winds greatly
determine the dispersal before the more varied directional winds at lower altitudes
impact dispersal.
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The wind directions at altitudes of 16.6 — 18.6 km asl only impact tephra dispersal
from the scenario 5 sub-Plinian eruption, which has a modelled eruption column
height of 15-25 km asl. The wet season has a major westward directional
component (38%) with the west-southwest and west-northwest components
contributing 15% and 17% respectively (Figure 3.8). The eastward directional winds
contribute only a small portion of the total winds observed at these altitudes.
Overall, the dry season has is dominated by winds ranging from southwest to
southeast (west — 21%, west-southwest — 14%, and west-northwest 10%) but a
notable east component exists which isn’t present in the wet season (east — 10%,

east-southeast — 7.5%, and east-northeast 4%).

As with the 16.6 — 18.6 km asl altitude winds, those at 20.6 — 23.8 km asl also only
influence the dispersal pattern of scenario 5 eruptions. The winds at these altitudes
only impact modelled eruptions which were sampled to have eruption columns >20
km asl. Compared to the 16.6 — 18.6 km asl altitudes winds, the 20.6 — 23.8 km asl
winds are relatively more balanced between eastward and westward bound winds.
While 46% of wet season winds are westward due to 36% from directly west winds
with minor contributions from west-southwest (6%) and west-northwest (4%), 34%
of the total winds are contributed by east-southeast to east-northeast winds (east —
15%, east-southeast — 11%, and east-northeast — 8%) (Figure 3.8). Similarly, the
proportion of wind directions in the dry season for these altitudes are relatively
balanced. The westward contributions are the same as the wet season (46%) but
the eastward contributions are greater with a total of 44% from east-northeast to

east-southeast, notably 26% from east bound winds (Figure 3.8).
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Figure 3.8 Roses showing the proportion of wind direction and speeds around Manam at the wind profile sampling heights defined by TephraProb for the years 2001-2021
according to the NOAA Reanalysis 2 data set (Kanamitsu et al., 2002).




3.3.2 Probabilistic Tephra Deposition Modelling

Here the results from the TephraProb probabilistic modelling of the five eruption
scenarios are presented in the form of ash thickness isopach maps converted from
isomass deposition maps using the lithic density value used (2500 kg m3, Table 3.2).
Each isopach is labelled indicating the minimum mass expected within that area
depending on the exceedance probability of the deposition map (either 50% or
90%). For example, the 10 mm isopach in a 90% exceedance probability map
indicates that anywhere within the isopach has a 90% chance of an accumulation of
10 mm or greater, whereas the area outside the isopach has a less than 90% chance
of a 10mm or greater tephra accumulation. Importantly, there is still a chance that
a 10 mm accumulation may occur outside the isopach, and this should be kept in

mind when interpreting probabilistic tephra modelling outputs.

3.3.2.1 Scenario 1

The modelled output for scenario 1 suggests that no tephra accumulations equal to
or greater than 0.1 mm (0.25 kg/m?) are expected at either the 90% (high) or 50%
(moderate) exceedance probabilities.. However, to demonstrate the extent of very
fine ash dispersal from these short-lived eruptions, the 50% exceedance contour
for deposition of 0.1 kg/m? (or 0.04 mm) is shown in Figure 3.9. This very fine ash
deposit for both seasons extends predominantly southward but remains confined
to Manam’s flanks and does not reach the coast. Although subtle, the deposit
distribution in the dry season has a slight westward skew relative to the wet season
which has a more easterly direction; controlled largely by the contrasting prevailing

wind directions in the lower atmosphere between the two seasons (Figure 3.8).
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Figure 3.9 Probabilistic modelled results for Scenario 1 which represents ash-venting or minor vulcanian explosions in the dry season (left) and wet season (right). The contours here represent a
50% probability that deposited tephra will exceed the thickness (in mm) indicated by the contour label/
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3.3.2.2 Scenario 2

For scenario 2 eruptions during the dry season, there is a 90% chance that the
western half of Manam would receive at least 0.1 mm of tephra accumulation
(Figure 3.10). Manam’s northeastern, eastern and southeastern coastlines and the
mainland all fall outside the 0.1 mm isopach under 90% exceedance probability,
indicating a <90% probability of seeing this thickness of ash accumulating there
(Figure 3.10). Visualised as the 50% exceedance probability, the 0.1 mm isopach
covers the entirety of Manam and the southern tip of Boisa Island to the northwest
of Manam but does not reach the mainland (Figure 3.10). Central and western
Manam fall within the 1 mm isopach but Baliau and other northern Manam
settlements remain outside of this isopach (Figure 3.10). Therefore, there is a 50%
probability that central and western Manam will receive at least 1 mm of ash, with
the remainder of the island receiving 2 0.1 mm of ashfall. Most of Manam, except
the most northern regions (including Baliau) and the western coastal areas, has a
90% likelihood of experiencing at least 0.1 mm of tephra accumulation (Figure
3.10). The 0.1 mm isopach for a 50% exceedance probability encapsulates the
entirety of Manam island indicating that there is a moderate chance in all parts of
the island to receive at least 0.1 mm of ash during a scenario 2 eruption (Figure
3.10). An area covering most of the southern half of Manam, and much of the
slopes of the volcano itself, has a 50% probability of accumulating tephra at a
thickness of 1 mm or greater (Figure 3.10). During the wet season, accumulation of
at least 0.1 mm is not expected on the mainland or Boisa Island, at 50% probability

(Figure 3.10).
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Figure 3.10 Probabilistic isomass plot for Scenario 2 during the dry season (left column) and wet season (right column). Scenario 2 is a Vulcanian eruption lasting 3-5 hours generating an 5-10
km eruption column. The contours here represent a 90% (top row) or 50% (bottom row)probability that deposited tephra will exceed the thickness (in mm) indicated by the contour label.
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As in scenario 1, there is a distinct difference in the general trending direction of
tephra deposition between the two seasons. During the dry season, the prevailing
tephra dispersal is almost directly due west (Figure 3.10), whereas the expected
deposit in the wet season has a more southeasterly trending shape (Figure 3.10).
Scenario 2 eruptions all generate eruption plumes that reach between 5 and 10 km
asl, yet despite the westerly prevailing winds in the 5.9 — 9.7 km asl altitudes
(Figure 3.8) the southeasterly prevailing winds in at 0.1-4.4 km asl Figure 3.8)
during the wet season seem to have the strongest influence on tephra dispersal
direction. The wind direction in both these two altitude bands are both

predominantly westerly during the dry season.

3.3.2.3 Scenario 3

The scenario 3 90% exceedance probability dry season results show that the
western half of Manam (inclusive of Baliau) would accumulate a thickness of at
least 1 mm of tephra (Figure 3.11). There is a high probability that 0.1 mm or more
will accumulate on the eastern half of the island, and the northern and
southernmost coasts, as well as on Boisa Island. The northern half of Hansa Bay
also falls within this isopach, as does part of the North Coast Highway (Figure 3.11).
At 50% exceedance probability, the area of potentially impacted land expands
considerably. The 0.1 mm isopach extends 63 km to the west of Manam’s south
crater and reaches Bogia to the south (Figure 3.11). All roads from Bogia and
Madang to the communities north of Bogia have a moderate probability of being
impacted by at least 0.1 mm of ash accumulation. The settlements around Hansa

Bay, including Awar Plantation, all have a high probability of experiencing at least 1
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mm of ashfall. Manam Island itself falls entirely within the 1 mm isopach, with the
central and western portions (including Baliau) having a 50% chance of 10 mm or

greater of tephra deposition.

The modelled results for scenario 3 eruptions during the wet season show that
there is a 90% probability for anywhere on Manam island to receive 1 mm or more
of tephra accumulation as a result of this type of eruption (Figure 3.11). The 0.1
mm isopach based on a 90% exceedance probability does not reach the mainland
but does intersect the southeastern coastline of Boisa Island (Figure 3.11). The 50%
exceedance probability plot (Figure 3.11) for the wet season scenario 3 eruptions
shows that there’s the majority of Manam, excluding the northeast coastal areas,
have a moderate probability of at least 10 mm of ash accumulation. The
northeastern coastal areas fall with within the 50% and 90% 1 mm isopach
indicating there is high probability of experiencing 1 mm or more of ashfall. Boisa
island falls wholly within the 50% exceedance probability 1 mm isopach which falls
just short of the mainland (Figure 3.11). The 50% exceedance probability 0.1 mm
isopach reaches 43 km to the west, 24 km to the east and around 30 km to south.
This isopach is closer to a symmetrical distribution that its dry season counterpart
and impacts Bogia and the North Coast Highway between Bogia and Hansa Bay. The
secondary roads leading from Madang also have a moderate chance of being

affected by 0.1 mm or greater of tephra accumulation.
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Figure 3.11 Probabilistic isomass plot for Scenario 3 during the dry season (left column) and wet season (right column). Scenario 3 is a Vulcanian eruption lasting 5-10 hours generating an 10-
15 km eruption column. The contours here represent a 90% (top row) or 50% (bottom row)probability that deposited tephra will exceed the thickness (in mm) indicated by the contour label.
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The dry season tephra accumulation isopachs at both the 90% and 50%
probabilities show a more pronounced westward skew than their wet season
counterparts (Figure 3.11). The wet season dispersal pattern has a more
symmetrical distribution than the dry season while still maintaining a slight
westerly skew (Figure 3.11). The winds between 5.9-9.7 and 11.0-14.3 km asl are
broadly westward dominated year round. Therefore the opposing wind directions
in the lowest altitude band (Figure 3.8), must be those influencing the dispersal
pattern the most. The wet season wind directions in these altitudes range between
northeastern through to southeastern and since all tephra particles must move
through this layer these eastward trending low altitude winds are able to balance

out the influence of the westward dominated higher altitude winds.

3.3.2.4 Scenario 4

The scenario 4 90% exceedance probability plot (Figure 3.12) indicates that there is
a high chance that anywhere on Manam will be impacted by at least 1 mm of
tephra accumulation. Additionally, the majority of the island excluding the
northeast, east and south east coastlines have a 90% chance of receiving at least 10
mm of ashfall with the central and western slopes of Manam likely to be inundated
by 100 mm or more of deposited ash (Figure 3.12). Neither Boisa Island or the

mainland have a 90% probability of receiving at least 0.1 mm.

A large portion of Manam covering central, western coast and the north and south
slopes fall within the area indicated as having a 50% chance of receiving 100 mm of
tephra from a scenario 4 type eruption (Figure 3.12). The rest of Manam has a 50%

chance of experiencing 10 mm of tephra accumulation and under the same
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exceedance probability Boisa Island falls within the 1 mm contour. The 0.1 mm
contour in the 50% exceedance probability contour extends over the mainland,
south of Hansa Bay and towards the Ramu river in the west, approximately 37 km
from Manam. There is a moderate chance of receiving 1 mm along the entire
stretch of the North Coast Highway north of Bogia. Bogia has a less than 50%
chance of receiving 0.1 mm of ash during this intensity of sub-Plinian activity

(Figure 3.12).

During the wet season scenario 4 eruptions have a 90% chance of depositing 100
mm or more of tephra on central Manam on the upper slopes of the volcano itself
(Figure 3.12). The majority of the island except the most northeastern and
northwestern coastal areas have a high probability of accumulating at least 10 mm
of tephra during a scenario 4 sub-Plinian eruption. The northeastern and
northwestern coasts of Manam have a 90% probability of 1 mm of tephra under
this scenario. No areas outside of Manam have a 90% probability to receive any

thickness of ash during the wet season.

The area with a 50% probability of receiving 100 mm or more of ash corresponds to
most of southern Manam as well as the northern, eastern and western slopes of
the volcano itself (Figure 3.12). Northern Manam and the most southwestern
coastal areas all fall within the 10 mm isopach in the 50% exceedance probability
output (Figure 3.12). Boisa Island is shown to have a 50% chance of receiving at
least 0.1 mm of tephra accumulating. No part of the mainland is falls within any of
the isopach in Figure 3.12 indicating there is less than 50% probability that 0.1 mm
as will fall in these areas.
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Like the previous scenarios there is a clear difference in the general dispersal
patterns between the two seasons. The dry season has the westerly dominated
distribution seen in the other scenarios, as mentioned, reaching 37 km towards the
Ramu River (Figure 3.12). In the 50% exceedance probability plot (Figure 3.12) the
0.1 mm isopach extends some 15 km south onto the mainland but does not reach
Bogia and the most easterly extension of the tephra dispersal pattern is limited to 9
km. The wet season dispersal pattern shown in (Figure 3.12) has a relatively
symmetrical shape compared to the dry season. The 0.1 mm isopach extends 12 km
to the north and 15.5 km to the south and not making landfall. Similarly this
contour extends 17.5 km to the west and 14 km to the east. Like with previous
scenarios it is easterly winds in the lower 5 km that are likely responsible for the
more symmetrical dispersal pattern seen in the wet season. Notably the scenario 4
dispersal pattern has a smaller extent than that of scenario 3 despite having larger

erupted masses.

3.3.2.5 Scenario 5

The modelled results for scenario 5 indicate that other than the most northeastern
coastal areas, there is a high probability Manam will receive at least 100 mm of
tephra deposition from this type of eruption (Figure 3.13). Furthermore, a large
portion of the island including the centre, west and southern slopes have a 90%
probability for 1000 mm ash to accumulate in these areas and the northeast coast
falls within the 10 mm isopach (Figure 3.13). While the 90% exceedance probability
isopachs do not reach the mainland, Boisa island is intersected by the 1 mm

isopach giving the south of the island a 90% chance of seeing at least 1 mm of ash
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deposition with the north of this island would expect to receive at least 0.1 mm of

tephra (Figure 3.13).

The 50% exceedance probability plot for the dry season (Figure 3.13) shows a larger
area than any of the previous scenarios with a moderate chance of 0.1 mm of ash
accumulating during a scenario 5 type eruption. The 0.1 mm isopach extends up to
79 km in the west and 72 km to the southwest of Manam (Figure 3.13). The North
Coast Highway 10 km south of Bogia has a moderate chance of at least 0.1 mm of
ash accumulation (Figure 3.13). The 1 mm isopach also extends inland over Hansa
Bay for 46 km and passing < 1 km north of Bogia. Manam itself is completely
encompassed by the 100 mm isopach with the majority of the island, excluding the
eastern coastal areas, have a moderate chance of receiving at least 1000 mm of ash
during a sub-Plinian eruption represented by scenario 5. Boisa Island has a 50%
probability of receiving at least 10 mm of tephra deposition from a scenario 5 type
eruption. Northern Hansa Bay and Awar Plantation situated approximately centrally

on Hansa Bay falls within the 10 mm contour (Figure 3.13).

The 90% exceedance probability plot of distribution of tephra fall from a wet
season scenario 5 eruption shows that no where on the mainland has a high
probability of receiving at least 0.1 mm of tephra (Figure 3.13). The majority Boisa
Island falls within the 0.1 mm isopach with the southern tip of the island being
within the 1 mm isopach. The entirety of Manam has a 90% chance of 100 mm or
greater of tephra accumulation (Figure 3.13). The 1000 mm isopach covers central
Manam including all flanks of the volcano but all the coastal regions fall outside of

this area (Figure 3.13).
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Figure 3.13 Probabilistic isomass plot for Scenario 5 during the dry season (left column) and wet season (right column). Scenario 5 is a sub-Plinian eruption lasting 10-15 hours generating an
15-25 km eruption column. The contours here represent a 90% (top row) or 50% (bottom row)probability that deposited tephra will exceed the thickness (in mm) indicated by the contour label.
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Like the dry season, the 50% exceedance probability plots (Figure 3.13) provide a
indication of how great the tephra deposition extent of these more intense sub-
Plinian eruptions could be. The 0.1 mm isopach extends furthest to the southwest
and west at 45 km and 67 km respectively. The eastward extent of this isopach is
23.5 km from Manan and 34 km to the Northwest (Figure 3.13). The westward
extent reaches beyond the Ramu river into East Sepik province. Bogia has a
moderate chance of at least 0.1 mm of ash though the 1 mm isopach is positioned
less than a kilometre to the north suggesting that greater accumulations in Bogia
may still have probabilities approaching 50% (Figure 3.13). Awar Plantation and the
wider Hansa Bay fall fully within the 1 mm isopach while Boisa Island sits within the
10 mm isopach (Figure 3.13). The most northeasterly coastlines of Manam have a
moderate probability of receiving at least 100 mm of ashfall while the rest of the
island has a 50% probability for 1000 mm or more of tephra to accumulate as a

result from a scenario 5 sub-Plinian eruption (Figure 3.13).

Comparing the dry and wet season 50% exceedance probability maps for scenario 5
shows a difference in the general dispersal pattern to those observed in the other
scenarios (Figure 3.13). However, the difference between the two seasons does not
follow the general trend observed in the other scenarios. In scenarios 2-4, the dry
season typically has a exaggerated western dispersal pattern when compared to the
more symmetrical pattern seen in the wet season modelled runs. Like other
scenarios the dry season eruptions have a strong westerly component to the
disperse pattern, in this case 70km west of Manam (Figure 3.13). However, in this

scenario the dispersal pattern is dominated by southwestern component which
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reaches as far as 80 km from the eruption source. Unlike the other scenarios, the
wet season dispersal pattern has a substantial westerly component that reaches 67
km from Manam, similar to the 70 km observed in the dry season modelling (Figure
3.13). The wet season also has a southwestern component that reaches 50 km as
well as direct southerly component reaching 32 km. The wet season dispersal
pattern also reaches further to the north, northwest and east than in the dry season
but with only the areas around the mouth of the Sepik river being potentially
impacted by dispersal in the northeast direction these are less important (Figure

3.13).

3.3.2.6 Quantitative Exposure Analysis

The results of intersecting the exposure data sets reveal the extent that explosive
eruptions at Manam would impact the local and regional communities of Madang
and East Sepik province. The exposure sets analysed geospatially in ArcGIS Pro
were: Madang and East Sepik population, roads, and land cover in addition to
buildings on Manam itself. These datasets are not comprehensive and the analysis
of these do not provide a holistic view of the impact of eruptions of Manam but
they do provide a useful basis to quickly quantify the relative impacts of the
different eruptions scenarios. Further implications of the deposition of the varying
ash thicknesses on these different exposure data sets will be discussed in the
context of the tephra impact framework (Wilson et al. 2014) in the discussion
section. In this section the quantitative analysis of these data is presented. The
modelled ash deposition of scenario 1 eruptions do not intersect with any of the

exposure data sets and so this section focuses on scenarios 2-5.

230



Minor Vulcanian eruptions represented by scenario 2 are not expected to deposit
tephra on the mainland. The impacts of these eruptions are therefore localised yet
there is a notable difference in the 90% probability seasonal estimates of
population affected where 2,717 people would be affected during the wet season
vs 5,324 as the northeast of Manam only has a high probability of tephra
accumulation in the dry season (Table 3.4). This disparity is also reflected in the
anticipated number of buildings affected with just 324 impacted during the wet
season and 1,184 during the dry season. However the 50% probability results do not
show this disparity with almost equal populations (~6,300) and buildings (1,276)
affected (Table 3.4). There is a 50% chance of 3 km? of cropland being covered by
0.1 mm or more of ash on Manam during a dry season scenario 2 eruption.
However, this is likely to be an underestimate as the agricultural gardens typical of
Manam and northern Papua New Guinea are planted within forested areas rather
than the forest being cleared and so the satellite-based remotely sensed land cover
data set would likely designate this as forest. The 0.2 km? of urban land impacted by
scenario 2 eruptions (Table 3.4) is Baliau and the nearby villages on Manam’s north

coast.

The modelled results from a scenario 3 major Vulcanian eruption indicate that there
is @ 50% probability that 35,654 could be affected by tephra fall during a dry season
eruption or 30,130 during the wet season (Table 3.4). An eruption in either season
has a moderate chance of depositing ash along 120 km of the road network
including the North Coast Highway as far south as Bogia in the dry season and

beyond Bogia in the dry season. On Manam itself, 157 buildings fall within the 90%
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exceedance probability 0.1 mm tephra isopach and 1,079 within the 1 mm contour
during dry season modelling, and these become 197 and 1,226 buildings in the 1
mm and 10 mm contours respectively for the 50% exceedance probability results.
During the wet season 1,275 buildings fall within the 1 mm 90% probability isopach
and for the 50% probability 50 fall within the 1 mm isopach and 1,226 in the 10 mm
isopach. Dry season eruptions have a moderate probability to inundate 40 km? of

cropland compared to 11.6 km? during the wet season (Table 3.4).

Scenario 4 sub-Plinian eruptions have a 90% chance to impact the entire population
of Manam (6,349) in either season (Table 3.4). The 50% probability that the
mainland will be impacted by a dry season eruption of this type means that 15,682
people are moderately likely to be exposed to tephra and 48 km of roads. In the dry
season there is a 50% chance that 531 buildings will be in areas where at least 100
mm will be deposited and a further 748 where 10 mm or more will fall (Table 3.4).
These numbers are fairly similar to the wet season where 414 buildings would
expect to receive 100 mm or more of tephra, and 863 buildings would be located in

areas expecting to see 10 mm or more of tephra.

In scenario 5 sub-Plinian eruptions there is a 90% probability that the populations of
both Manam and Boisa would be impacted by some level of ash deposition (Table
3.4). Notably, 1,574 people have a high probability of being directly impacted by at
least 1000 mm of tephra accumulation during a dry season eruption due to the
westerly shift in wind and tephra dispersal during this season (Table 3.4). When
considering the 50% exceedance probability plot the total population that has a
moderate chance of experiencing at least 0.1 mm of tephra deposition is 51,000
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during the wet season and 58,000 during the dry season (Table 3.4). In either
season all buildings on Manam would expect to receive at least 100 mm of tephra
with a 50% chance that the vast majority of buildings will be inundated by at least
1000 mm (Table 3.4). The 50% exceedance probability results show that 235 km of
roads are moderately likely to be covered by tephra during a dry season eruption
and 195 during a wet season eruption. In both seasons the North Coast Highway
south of Bogia has a 50% chance of tephra accumulating along its length, as well as
the unnamed road that runs inland from Madang to Bogia. Finally there is a
moderate chance that 100 km? of cropland would be affected by ash during a dry
season eruption compared to 67 km? if the an eruption takes place during the wet

season (Table 3.4).
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Exceedance Thickness Inundated Manam Urban Land Cropland Forests
Scenario Season Probability (mm) Population Roads (km) Buildings (km?) (km?) (km?)
0.1 3,419 - 564 0.1 1 18
1 2,942 - 712 0.1 3 46
10 - - - - - -
50%
100 - - - - - -
1000 - - - - - -
Dry Total 6,361 - 1,276 0.2 3 64
Scenario 2
Season 0.1 5,324 - 1,184 0.1 3 57
1 - - - - - -
10 - - - - - -
90%
100 - - - - - -
1000 - - - - - -
Total 5,324 - 1,184 0.1 3 57
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Exceedance Thickness Inundated Roads Manam Urban Land Cropland Forests
Scenario  Season Probability (mm) Population (km) Buildings (km?) (km?) (km?)
0.1 3,508 - 779 0.1 0.1 15
1 2,841 - 497 - 3 49
10 - - - - - -
50%
100 - - - - - -
1000 - - - - - -
Scenario | Wet Total 6,349 - 1,276 0.1 3 64
2 Season 0.1 2,717 - 324 - 2 51
1 - - - - 1 -
10 - - - - - -
90%
100 - - - - - -
1000 - - - - - -
Total 2,717 - 324 - 3 51

235




Exceedance Thickness Inundated Roads Manam Urban Land Cropland Forests
Scenario  Season Probability (mm) Population (km) Buildings (km?) (km?) (km?)
0.1 24,360 97 - - 32 1,210
1 6,476 24 197 - 5 84
10 4,809 - 1,079 0.1 3 49
50%
100 - - - - - -
1000 - - - - - -
Scenarlo |  Dry Total 35,645 121 1,276 0.1 40 1,343
3 Season 0.1 2,903 4 157 - 0.4 24
1 4,996 - 1,118 0.1 3 50
10 - - - - - -
90%
100 - - - - - -
1000 - - - - - -
Total 7,899 4 1,275 0.1 3 74
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Exceedance Thickness Inundated Roads Manam Urban Land Cropland Forests
Scenario  Season Probability (mm) Population (km) Buildings (km?) (km?) (km?)
0.1 23,658 121 - 0.1 8.2 640
1 191 - 50 - - 3
10 6,281 - 1,226 0.1 3 63
50%
100 - - - - - -
1000 - - - - - -
Scenario Wet Total 30,130 121 1,276 0.2 11.6 705
3 Season 0.1 12 _ _ _ _ 0
1 6,349 - 1,275 0.1 3 64
10 - - - - - -
90%
100 - - - - - -
1000 - - - - - -
Total 6,361 - 1,275 0.1 3 64
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Exceedance Thickness Inundated Roads Manam Urban Land Cropland Forests
Scenario  Season Probability (mm) Population (km) Buildings (km?) (km?) (km?)
0.1 9,219 48 - - 5.94 210
1 114 - - - - 1
10 3,186 - 748 - - -
50%
100 3,163 - 531 0.1 0.4 17
1000 - - - - - -
Scenario Dry Total 15,682 48 1,279 0.1 6.36 228
4 Season 0.1 - - - - - -
1 876 - 99 - 0.2 6
10 5,192 - 1,097 0.1 1 35
90%
100 281 - 82 - 3 23
1000 - - - - - -
Total 6,349 - 1,278 0.1 3 64
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Exceedance Thickness Inundated Roads Manam Urban Land Cropland Forests
Scenario  Season Probability (mm) Population (km) Buildings (km?) (km?) (km?)
0.1 114 - - - - 1
1 - - - - - -
10 4,030 - 863 0.1 0.1 16
50%
100 2,319 - 414 - 3 48
1000 - - - - - -
Scenario Wet Total 6,463 - 1,277 0.1 3 65
4 Season 0.1 - - - - - -
1 337 - 154 0.1 - 2
10 6,009 - 1,124 - 1 42
90%
100 3 - 1 - 3 20
1000 - - - - - -
Total 6,349 - 1,279 0.1 3 64
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Exceedance Thickness Inundated Roads Manam Urban Land Cropland Forests
Scenario  Season Probability (mm) Population (km) Buildings (km?) (km?) (km?)
0.1 32,455 129 - 0.1 86 2,421
1 15,533 92 - - 10 590
10 3,948 14 - - 0.1 30
50%
100 1,122 - 149 - 0.2 8.1
1000 5,227 - 1,127 0.1 3 56
Scenario Dry Total 58,285 235 1,276 0.2 100 3,104
5 Season 0.1 _ _ _ _ _ _
1 114 - - - - 1
10 1 - - - - 0.1
90%
100 4,774 - 905 0.1 0.5 24
1000 1,574 - 376 - 3 40
Total 6,463 - 1,281 0.1 3 65
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Exceedance Thickness Inundated Roads Manam Urban Land Cropland Forests
Scenario  Season Probability (mm) Population (km) Buildings (km?) (km?) (km?)
0.1 32,464 137 - 0.1 60 1,741
1 11,684 58 - - 6 245
10 114 - - - - 1.0
50%
100 57 - 27 - - 0.9
1000 6,292 - 1,248 - - -
Scenario Wet Total 50,611 195 1,275 0.1 67 1,988
5 Season 0.1 102 . . . _ 1
1 12 - - - - 0.2
10 - - - - - -
90%
100 6,292 - 1,268 0.1 1 36
1000 57 - 7 - 3 28
Total 6,463 - 1,275 0.1 3 65

Table 3.4 Summary table of the estimated exposure of population, road network, Manam buildings, urban areas, cropland, and forests to the modelled tephra deposition of scenarios 2-5. The
modelled tephra dispersal from scenario 1 is minimal and has no impact on these data sets. All estimates were calculated by intersecting the tephra deposition thickness contour lines with the
relevant data set
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3.4 Discussion

The probabilistic modelled tephra deposition results presented in the previous
section indicate that eruptions of Manam volcano are capable of impacting
mainland Papua New Guinea up to several tens of kilometres from Manam itself.
Each eruption scenario has a differing deposition pattern that varies in shape,
distance from Manam and the thicknesses of tephra deposited. Wind direction is
known to have strong influence on tephra dispersal (Carey and Sparks 1986; Bursik
1998; Davies et al. 2010; Poulidis et al. 2018) and as the wind directions in the lower
5 km of the atmosphere are diametrically opposed between the dry and wet season
over Manam and the surrounding regions (Figure 3.8) the spatial distribution of
deposited tephra is markedly different depending on which season an eruption

occurs.

This difference is even perceptible when comparing the modelled tephra deposition
results for scenario 1 where very little ash is deposited (Figure 3.9). This result
replicates closely the observations of these type of eruptions where tephra
deposition and any impact on human activity is not mentioned in reports. Given the
low erupted masses in these eruptions it is probable that any impacts are very
minor and potentially considered common place or unremarkable by residents and
the RVO observer on Manam, and therefore are not recorded. The potential that
these impacts are not noteworthy gives some confidence to the modelling of this
scenario as the impacts from the modelled accumulation would be very minor in

severity and extent. The modelled results for scenario 2 show that that there is
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likely to be thin deposits of ash (0.1 mm) with a deposits of 21 mm having a 50%

probability on the majority of the island.

Another notable finding is the dispersal footprint of the Vulcanian scenario 3 is
larger than the sub-Plinian scenario 4 despite being the less explosive eruption
style. Both scenarios share the same range of duration and plume heights but the
range of modelled erupted masses is greater for scenario 4 than scenario 3 (Table
3.2). These two scenarios use two different TGSDs taken from a Vulcanian eruption
of Fuego (Guatemala) and a basaltic andesite sub-Plinian eruption of Hekla (Iceland)
(Table 3.2). The Vulcanian Fuego TGSD range (10 ¢ — -2 @) is shifted towards finer
particles than the sub-Plinian Hekla TGSD (8 ¢ — -5.5 &) and as finer particles are
more easily transported longer distances this explains the larger footprint of the
scenario 3 modelled eruptions (Pyle 1989b, 2016; Sparks et al. 1992). The generally
more coarse particles in the scenario 4 modelling in tandem with the greater
erupted mass explains the greater thicknesses deposited closer to the volcano in

this type of eruption.

The results also show that Scenario 5 eruptions have the largest area of dispersal
and produce the thickest tephra deposits unsurprisingly due to it having the largest
erupted mass (x = 0.41-4.35 x 10*? kg), plume heights (15-25 km) and durations (10-
15 h). However, the high probability that the whole of Manam will receive 100 mm
or more of ash and indeed moderate probability that 1000mm will accumulate
island wide are findings that necessitate serious consideration for emergency

planners and implementation of mitigation strategies. This is the case especially
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considering the 50% probability outputs indicate much of the mainland including

Bogia and the North Coast Highway will also be impacted by tephra fall.

The remainder of this section will consider the impacts of the modelled tephra
deposition looking through various key aspects of human activity including health
infrastructure and food security. Then the implications these issues for emergency
planning at mitigation strategies will be assessed and then recommendations for

future tephra impact studies at Manam and elsewhere will be discussed.

3.4.1 Tephra Impact Assessment

The modelled results indicate the potential severity of each eruption scenario but
from a hazard assessment and mitigation perspective it is important to consider the
results in the context of the likelihood of each scenario occurring. Between 2002
and 2021 there were 100 eruptions that fall under the description of scenario 1
eruptions, 36 scenario 2 type eruptions and four scenario 5 eruptions (Darwin
Volcanic Ash Advisory Centre 2021; Global Volcanism Program 2021b). It can be
difficult to distinguish scenario 3 and 4 eruptions based solely on the reports and as
such with there are five eruptions which do not provide enough detail to determine
the eruption style. When including these with the seven clear scenario 3 type
eruptions and one scenario 4 type eruption we see a general trend of reducing
frequency with intensity of eruption scenario (Darwin Volcanic Ash Advisory Centre
2021; Global Volcanism Program 2021b). This analysis indicates the thicknesses of
tephra deposited from given scenario, yet the activity of Manam presented in

Chapter 1 shows that Manam can experience multiple eruptions within days to
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weeks. Tephra from multiple eruptions will stack if not removed during post-
eruption clean up resulting in potential greater loads of tephra exacerbating the
impact of previous eruptions. Here, the ramifications exposure analysis results
(Table 3.4) will be explored by considering the implications of tephra accumulation
from single eruptions in the context of the Wilson et al. (2015b) impact framework
(Table 3.3) and the wider literature. The sectors considered will be population and
health, buildings and infrastructure, agriculture and food security, and transport

systems.

3.4.1.1 Population and Health

Madang province has a population of 493,906 (National Statistics Office [PNG]
2011) making it the fourth most populous province in Papua New Guinea. While
Scenario 2 eruptions are anticipated to only impact the population of Manam itself
(6,349) Scenario 3 and 4 eruptions also have a 50% chance to impact up to an
estimated 35,645 and 15,682 people between the mainland and Manam itself
(Table 3.3). Critically, the dry season scenario 5 result show there is a 50%
probability that tephra fall will directly impact 58,285 people, 12% of the provincial
population (Table 3.3). All projected impacted populations represent a substantial
number of people which may need support in some capacity and the scenario 5
potentially impacted populations are a considerable portion of the provincial
population that would likely stretch the resources of provincial and national
governments responding to the eruption. The impacts on other sectors will be
discussed in following sections and here the impacts on population health will be

considered.
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The economy of Madang province is based on outdoor industries including mining,
agriculture, fisheries and tourism (Madang Provincial Government 2024) meaning
that beyond the evident interruption to these industries due to heavy tephra fall,
many people would be exposed to airborne tephra through their occupations even
during light tephra fall. This is especially true for Bogia district in which subsistence
agriculture is the primary basis of the districts economy and where access to
amenities such as clean water, healthcare and education is limited (Madang
Provincial Government 2024). The most common health issues are due to inhalation
of fine ash particles, with particles <10 um in diameter able to penetrate into
respiratory pathways as far as the bronchioles, causing acute effects that include
asthma attacks and bronchitis as well as coughs, breathlessness and chest pains
(Horwell and Baxter 2006). Particles <4 um are classed as respirable as they are able
to enter the alveoli, and pass chemicals into the bloodstream and most seriously
silicosis, the scarring of the lungs, due to exposure long-term (months to years) to
fine ash particles with high concentrations of crystalline silica (Horwell and Baxter
2006). Other health impacts of tephra fall include eye trauma from tephra
becoming lodged in eye sockets (Fraunfelder et al. 1983; Hansell et al. 2006) and
leaching of toxic chemicals (e.g. Flourine) into drinking water (Ayris and Delmelle

2012; Arnalds 2013; Ruggieri et al. 2023).

The sub-10 um tephra particles responsible for respiratory diseases have been
shown to be at high levels even after relatively light tephra accumulations of 500-
1500 g m2 (Andronico and Del Carlo 2016) and that dangerous levels of fine ash

particles pose a threat to health even at the distal reaches of deposits (Newnham et
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al. 2010). Therefore the modelled tephra deposits for eruptions of Manam show
that it is not only the proximal regions with thicker deposits where respiratory

issues will be experienced (Barsotti et al. 2010; Gudmundsson 2011).

3.4.1.2 Buildings and Infrastructure

Roof collapse have only been responsible for 2% of recorded volcanic fatalities yet
they are reported as a cause of death in 21% of volcanic eruptions (Simkin et al.
2001; Spence et al. 2005). Most buildings on Manam have a timber constructed
frame with a sloping coconut frond roof, with larger communal buildings
incorporating a corrugated iron roof (Connell and Lutkehaus, 2016). The scenario 2
modelled tephra deposition indicate a 50% probability that 1 mm or more would
accumulate across the majority of the island, which would not be expected to cause
any structural damage but may result in drainage infrastructure becoming blocked,
causing localised flooding, and flashover of electricity cables resulting in loss of
power (Table 3.3). Scenario 4 eruptions are anticipated to produce accumulations
of >10 mm across the majority of the island during the dry season and virtually the
entire island in the wet season (Figure 3.12). 10 mm of ash may cause the collapse
of long span roofs and non-engineered roofs (Jenkins et al., 2015; Wilson et al.,
2015), especially when the tephra deposits become wet which is very likely during
the wet season (Macedonio and Costa 2012; Williams et al. 2021). Furthermore,
with the likelihood of widespread roof and structure issues resulting from the
projected tephra deposition it suggests that there would be limited appropriate
shelter airborne tephra during an eruption and remobilised tephra post eruption

(Wilson et al. 2011; Liu et al. 2014). The results also indicate that only a scenario 5
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eruption would be likely be capable of producing accumulations of 210 mm and this

would be on the northern areas of Hansa Bay (Figure 3.12).

The results show that structure threatening thicknesses of 2100 mm can be
produced by scenario 4 and 5 eruptions but only on the island of Manam itself
(Figure 3.12 & Figure 3.13). Structural damage to majority of the buildings in these
zones would be expected where deposits reach thicknesses of 2100 mm (Biass et
al., 2022; Blong, 2003; Wilson et al., 2015). During the 1994 Rabaul (Papua New
Guinea) timber frame buildings suffered from roof collapse at ~100 kg m~ (Blong
2003) or 40 mm. Total collapse of timber frame buildings were recorded from ~765
kg m2 (Blong 2003) or ~300 mm of Manam tephra. Therefore it is expected that
structural damage would be expected to most buildings (Table 3.3, Wilson et al.,
2015). Indeed on Manam itself large portions of the island have a moderate
likelihood of being covered by >1000 mm of ash (Figure 3.13). Which would most
likely result in complete structure failure of the timber framed buildings on Manam

(Blong 2003; Hayes et al. 2019).

3.4.1.3 Agriculture and Food Security

Thin deposits of tephra have been shown to cause aesthetic decolouration of leaves
and fruit of horticultural crops and potential leaching of toxic elements into the soil
and plants (Arnalds, 2013; Ligot et al., 2022; Wilson et al., 2015). Thick deposits can
bury or structurally destroy crops causing, in the most extreme cases, total loss of
harvests (Wilson et al.,, 2015). Agriculture underpins the economy of Madang
province and within Bogia district subsistence agriculture is the primary source of

income and food (Madang Provincial Government 2024). The subsistence farming

248



methods of Manam island itself follow traditional, low technological methods, that
involve planting food crops in cleared areas of forest (Connell and Lutkehaus 2016,
2017). The impacts of tephra fall have been shown to be more severe where farms
do not have access to technological improvement assets i.e. farming technologies
(Craig et al. 2016). Therefore probabilistic modelling of tephra fall provides a view of
hazard to the agricultural industry and subsistence farmers who are vulnerable to

this hazard.

Scenario 2 eruptions have a 50% probability of at least light tephra deposition
across Manam with the majority of the island shown to receive at least 1 mm. The
area likely to receive 1 mm of tephra includes all the slopes of Manam which is
typically where the largest agricultural gardens are located (Mercer and Kelman
2010; Connell and Lutkehaus 2016, 2017). The agricultural gardens would
experience some minor productivity loss and disruption of harvests due to issues
with equipment and access rather than widespread loss of plants (Jenkins et al.
2015). While the turbidity in natural water sources, which have their source on
Manam’s slopes would increase to an unsafe level for consumption with just 1 mm
of deposited tephra (Wilson et al., 2015) underlining the need for covered storage

of water to mitigate this issue.

Scenario 3 and 4 eruption scenarios have the potential to affect between 3-40 km?
of cropland depending on the time of year (Table 3.4) which would only see loss of
crops as most of these fall within areas likely to see 0.1 mm of tephra fall. Scenario
3 eruptions have a 50% chance of depositing 10 mm of ash on Manam (Figure 3.11)
causing structural damage to crops, especially low lying plants, resulting in an
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estimated <50% productivity loss (Table 3.3) (Jenkins et al. 2015). Whilst a scenario
4 eruption would cause burial of most crops under 100 mm of tephra across a large
portion of Manam with the most northerly areas still experiencing reduced
productivity and structural damage (Figure 3.12). This would require significant
long-term remediation for any cash crops but critically on Manam, this would
necessitate food supplies from the mainland over a sustained period as clean-up

and recovery of the soils.

A scenario 5 eruption would have a 50% probability of depositing 1000 mm across
most of the island resulting in total burial of crops, pastures and water sources are
likely under this level of inundation with long-term clean up required to remove the
large volumes of deposited material (Table 3.3, Wilson et al., 2015). This type of
eruption has the largest potential area affected by tephra fall with 67-100 km? of
cropland on the mostly on the mainland (Table 3.4). Any loss of harvest has an
direct and immediate impact on communities, especially island communities such
as Manam, but the impact to harvests has potential far reaching ramifications for

food security in the region following an eruption.

3.4.1.4 Transport Network

Long distance transport options in Bogia district are limited to the road network
(Figure 3.5) with boats used in the district typically only capable of shorter distance
journeys along the coast or to Manam and other islands. This makes the two road
routes that link Bogia district to Madang town are vital as Madang town is the
location of the nearest airport and hospitals. The first is via the North Coast

Highway, a single lane secondary road (OpenStreetMap contributors 2023), which
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runs directly between Madang town and Bogia along the coastline for 184 km. The
~3 hour car journey is the quickest route. The second route is a tertiary road of
unknown quality running inland between the Finisterre mountains and the central
Highlands coming to Bogia from the south. As the North Coast Highway is classed as
the highest graded road and has a short journey time it is considered the most
important transport link to Bogia and any closure of this road would represent a
major issue for the economy and delivery of aid during an eruption. It has been
demonstrated that <0.1 mm of tephra can cover road markings which can lead to
disruptions and accidents (Blake et al. 2016) and traction issues for vehicles begin
with <1mm (Biass et al., 2017; Wilson et al., 2015) and obstruction of vehicles at 10

mm (Blake et al., 2016; Jenkins et al., 2015; Wilson et al., 2015).

Tephra fall from scenarios 1 and 2 are not expected to reach the mainland and
therefore do not impact the road network. Scenario 3 eruptions have a 50%
probability of depositing at least 0.1 mm of tephra on 121 km of roads (Table 3.4).
The westward dominated dispersal during dry season eruptions would cause
traction issues along roads in northwest of Bogia including the North Coast Highway
which could see deposition of at least 1 mm around Hansa bay likely hampering
efforts to transport relief to communities in these areas. Whist the southward
extension of the wet season dispersal would cause traction issues on roads south of

Bogia including both key routes to Madang.

The smaller extent of tephra deposits expected from scenario 4 eruptions compared
to scenario 3 results in a 50% probability of the 48 km (Table 3.4) of road network
north of Bogia impacted by >0.1 mm of tephra but only in the dry season, as wet
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season winds would impede tephra from reaching the mainland (Figure 3.11). The
50% probability results indicate that scenario 5 eruptions are likely to disperse
tephra over the furthest distances impacting 195 km of roads in the wet season or
235 in the dry season (Table 3.4). In both seasons, 0.1 mm of tephra is expected to
be deposited on the two routes to Madang south of Bogia and 1 mm impacting the
coastal area, again impeding the access via the North Coast Highway (Figure 3.13).
Further to this 10mm or more of ash could be expected along the coast around

Hansa Bay during the dry season (Figure 3.13).

3.4.2 Implications for Emergency Planning

Volcanic islands, like Manam, are amongst the most vulnerable environments due
to the exposure to multiple hazards and the socio-economic context associated with
isolation from the mainland or other nations (Lopez-Saavedra and Marti 2023). As
such they are locations where established disaster risk management is most vital
(Miller et al. 2022; Lopez-Saavedra and Marti 2023). This need for clear emergency
protocols is compounded by the fact that scenarios 3, 4 and 5 type eruptions also
capable of depositing impactful accumulations of tephra on the nearby mainland.
This therefore requires cohesive regional level emergency plans to provide
sufficient support to the mainland and island communities of Madang province due
to eruptions of Manam. This section will discuss some considerations regarding
enhancing community and regional level resilience to tephra fall as well as

evaluating potential evacuation locations.
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3.4.2.1 Food Security

Agriculture plays a critical role in the economy of Madang province (Madang
Provincial Government 2024) yet up to 100 km? of cropland could be impacted by
tephra fall from an eruption of Manam. Alongside this economic agricultural impact,
92% of people in Madang province also producing their own food (National
Statistics Office [PNG] and ICF 2019). After the 2021 eruption of La Soufriere (St.
Vincent and the Grenadines) 81% of food producers reported that food production
was negatively impacted by the eruptions and 68% reported overall decreased
productivity of cropland due to ash fall (Augustus et al. 2023). When residents are
unable to produce crops and economic access also becomes impossible food
security must be alleviated by reserves or external aid until agricultural practices
can be restored (De Haen and Hemrich 2007). An additional consideration is that
inhabitants of volcanic islands and coastal regions suffering from acute food
security issues caused by natural disasters often become more reliant on coastal
fishing (Connell and Lutkehaus 2016; Steenbergen et al. 2020) yet if this reliance
becomes long-term, this causes pressures on fish stocks, compacting food security
issues if other food sources are not restored (Steenbergen et al. 2020). As such the
possibility of food scarcity in Manam and Bogia district should be a major concern

for emergency planners.

Food security studies in less economically developed countries consistently
emphasise the importance of community level planning with local governance
assistance to improve resilience to food supply issues (Pothukuchi 2004; Texier-

Teixeira et al. 2014; Rachmawati et al. 2017; Rozaki et al. 2022). Best practice is to
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perform a guided Community Food Assessment with the goal of achieving
community food security and should include planning for cessation of food
production and access (Pothukuchi 2004). Local communities and authorities should
be encouraged to maintain reserves of long lasting, ideally canned, food to alleviate
initial food availability issues as crops are destroyed by tephra, and transport issues
inhibit access to markets and while food aid delivery is pending (De Haen and
Hemrich 2007; Augustus et al. 2023). Larger farms have been shown to be more
resilient to impacts of volcanic activity (Rozaki et al. 2022) and that agricultural
growth, physically and technologically, are critical to reducing food poverty in
developing nations (De Haen and Hemrich 2007). Pre-emptive food security
improvement measures targeting the root causes of food supply issues during
disasters have been highlighted as a key target for in rural Papua New Guinea
(Jackson et al. 2020). Therefore, where possible, investment in both economic and
subsistence agricultural practices should be encouraged. Communities farmers
should also be encouraged include building protective structures over smaller crops
which are typically more heavily impact by smaller tephra accumulations or
undertake early harvests of near mature produce if pre-warning an eruption is

provided in any way (Ligot et al., 2022).

3.4.2.2 Construction Issues

Roof collapse are only responsible for 2% of volcanic fatalities they are reported as a
cause of death in 21% of volcanic eruptions (Simkin et al. 2001; Spence et al. 2005).
While roof collapses are a low contributor to volcanic fatalities, the loss of shelters

during and post-eruption causes displacement of people adding pressures to
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resources while clean-up and rebuilding take place. On Manam specifically, the
mass evacuation led to myriad socio-economic problems due to the number of
people displaced into care centres (Mercer and Kelman 2010; Johnson 2013;
Connell and Lutkehaus 2016, 2017). Therefore when structures are able to
withstand the roof loading from tephra fall and inhabitants are able to stay in their

own homes this can reduce the potential humanitarian issues post-eruption.

Experiments have shown that tephra accumulations of 100-300 mm will likely slide
off common modern roof construction types that have an angle of >35° and that
metal roofs require a shallower >32° angle to shed deposited tephra (Osman et al.
2023). The traditional Manam construction of timber frame have sloping coconut
frond roofs designed to allow accumulations of ash to slide off (Connell and
Lutkehaus 2016), this roof type however was not tested by Osman et al. (2023) but
it is likely that they would be less efficient than corrugated metal roofs at shedding
tephra. During the 1994 Rabaul (Papua New Guinea) eruption roof collapses
occurred where loads of >4 kN m™ (200-300 mm) had been deposited and complete
structural collapses began with at least >7.5 kN m2 (460 mm). Assuming building
practices in Rabaul and Bogia District are similar some recommendations can be
made to improve building resilience to tephra accumulation. Ideally all roofs should
have slope angles of 235° and where possible be constructed from corrugated
metal, though it is recognised that in remote villages like those on Manam where
metal roofs are seen as a status symbol (Connell and Lutkehaus 2017), this may not
be economically possible. At the 2011 Corddén-Caulle (Chile) and 2021 Tajogaite (La

Palma, Canary Islands) eruptions it was shown that roofs may not be the failure
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point in structure damage (Elissondo et al. 2016; Barragan et al. 2022). It has been
shown that clearing of tephra during eruptions significantly reduces the risk of
building failure (Hayes et al. 2015). Therefore to reduce the risk of roof or structural
collapse, residents should be encouraged to clear their roofs, when it is safe to do
so, as well as removing ash from around houses that may act as buttresses and

prevent ash from sliding from roofs.

Nonetheless it is highly likely that many buildings on Manam itself will experience
roof or structural collapse under the level of tephra deposition (10-1000 mm)
expected from major eruptions of Manam (Blong 2003; Jenkins et al. 2015). The
potential widespread roof and structural issues anticipated as a result from the
projected tephra deposition Scenario 3-5 eruptions suggests that there would be
limited appropriate shelter during eruptions of these magnitudes and therefore

local or regional level evacuations may be necessary.

3.4.2.3 Maintaining Transport Access to Bogia District

It has shown that tephra deposits of <0.1 mm are capable of causing disruption to
surface transport networks by obscuring road markings and decreasing vehicle
traction (Blake et al. 2016, 2017) requiring reduced speed to safely navigate and
thus slowing evacuations, arrival of first responders and delivery of aid (Hayes et al.
2022). The modelled results have shown that scenario 5 sub-Plinian eruptions of
Manam are capable of depositing 20.1 mm of tephra across the majority of western
Bogia district covering 38% of the district’'s road network (Table 3.4). The
northwestern portions of Bogia district will potentially receive 1 mm and areas

around Hansa Bay, including the North Coast Highway, could be inundated by 10
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mm. Thicknesses of 1 mm are shown to exacerbate traction issues and 4 mm (10 kg
m) can render a road impassable to non-specialised vehicles (Jenkins et al. 2015;
Blake et al. 2016). This means that the areas furthest from Bogia and Madang could
be isolated by tephra fall with disrupted escape routes leading to fatalities as
people are unable to leave unsafe areas and first responders are unable to gain

access (Kim et al. 2019).

Critically, the two routes between the towns of Madang and Bogia, the North Coast
Highway and the inland route, are both potentially impacted by tephra fall. The link
between these two towns is vital during a volcanic emergency as these are the only
terrestrial routes available for evacuation and access to the affected areas. As the
district capital and largest mainland town close to Manam, Bogia is a hub for
facilities including health care and financial services for the population of this part
of northwestern Madang province. Access to Manam is typically provided via boat
services from Bogia due to its relatively well established maritime infrastructure,
including multiple jetties. The North Coast Highway runs through Bogia as well as
linking it to other secondary roads to inland settlements. It is for this reason that
previous evacuations of Manam have been via Bogia where evacuees are
transferred to terrestrial transport and future evacuations would likely follow this

procedure.

Bogia represents a vital provider of non-emergency infrastructure to the region and
a key location for evacuations. Therefore it is paramount that road access to Bogia

is maintained during volcanic crises so that evacuation along the North Coast
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Highway is possible but also so that humanitarian aid can also reach the areas likely

to be affected by Manam’s eruptions.

3.4.2.4 Evaluating Proposed Resettlement Sites as Evacuation Destinations

The hastily organised mandatory evacuation of Manam in 2004 demonstrated how
unplanned emergency responses can turn a environmental crisis into a human crisis
as more people died as a result of poor health and violence than directly from the
eruption itself (Connell and Lutkehaus 2017). The perceived poor management of
the evacuation and humanitarian effort following the 2004-05 eruptions has
severely impacted trust in government involvement in volcanic emergency response
(Mercer and Kelman 2010). Rural residents have been shown to be less likely to
follow government emergency plans and evacuation orders (Bird et al. 2011) but
the involvement of local leadership and experiential knowledge has been shown to
shape views around hazard and risk (Martinez-Villegas et al. 2021). Therefore future
volcanic emergency response plans should be created in consultation with local
communities and leadership structures to ensure the planned responses, including
evacuation, meet the communities needs during the next emergency (Bonadonna

et al. 2021b).

Official relocation plans are often refused as they do not provide to the needs of the
community as seen in the settlements around Merapi (Indonesia) (Mei et al. 2013;
Jumadi et al. 2017). The problem of locating temporary accommodation for
evacuees is an ongoing issue following the 2004 evacuation to three sites along the
mainland coast in Potsdam, Asuramba and Mangem (Connell and Lutkehaus 2016).

Some residents still remain in these care centres and issues with land ownership
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and conflict with locals alongside other emergent social issues (Mercer and Kelman
2010; Connell and Lutkehaus 2017) suggest that these locations would not be
suitable for another large scale evacuation. Two other options for relocating these

remaining evacuees have been postulated.

The first is a site in Andarum, approximately 30 km inland from Bogia (Figure 3.5),
which has enough land to facilitate the permanent relocation of Manam’s entire
population (Connell and Lutkehaus 2016). As of 2016 this option had been the
national government’s preferred option but had not yet provided the funding to
realise this solution (Connell and Lutkehaus 2016). If the Andarum solution was
realised it would provide a location with resolved long-term land rights for current
islanders to remove to during major eruptions. However, a 30 km inland journey
during an eruption may prove to be difficult logistically at short notice. The issues
surrounding different agricultural practices on Manam versus the mainland that
were experienced in the care centres would require education to allow the
residents to support themselves over extended periods. This is compounded by the
fact that Manam islanders are reliant on sea fishing, a lack of access to the coastal
areas would further inhibit them to support themselves (Connell and Lutkehaus
2017) and contribute to feelings of displacement and disconnection from place
identity. Overall, the Andarum location faces ongoing funding issues (Connell and
Lutkehaus 2017) and does not provide a convenient destination during an ongoing

eruption and so does not represent a viable option for an evacuation destination.

The second previously suggested option is allow Manam residents to settle on the
disused Awar Planation and surrounding land on the north of Hansa Bay (Figure
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3.5), a short journey from Manam by boat (Connell and Lutkehaus 2016). The
plantation itself has been given to residents of Awar for redevelopment (pngbuzz
2020; Loop PNG 2024) but another site around Hansa Bay could serve a similar
function. Andarum is currently not accessible by a maintained road whereas Hansa
Bay is served by the North Coast Highway and so would require less investment to
construct evacuation care centres. Manam residents would more easily be able to
travel to Manam post-eruption to begin to restore island settlements allowing a
somewhat self-sufficient return to Manam over time. A key issue with Hansa Bay is
that it has a 50% probability of receiving >10 mm of tephra during a dry season
scenario 5 type eruption (Figure 3.13) and >1 mm during the wet season (Figure
3.13). This makes it possible that under a major sub-Plinian eruption like in 2004/05,
Hansa Bay could require at least short term relief making it unfit for an evacuation

destination in this scenario.

Ultimately, due to the low likelihood of being affected by tephra fall, the ideal
location for evacuation from Manam are locations along the mainland coast to the
southeast, as was done in 2004. However, previous experiences from the care
centres mean that evacuation to these areas may not be well followed by evacuees
nor would they be well suited for Manam residents as previous experience has
shown (Mercer and Kelman 2010; Connell and Lutkehaus 2017). As a result a site on
Hansa Bay, may represent the simplest and most cost effective solution but the
probability of also being impacted by large eruptions, albeit to a lesser degree than
Manam, makes this a non-ideal solution. Despite this, Awar represents a location

that would allow Manam residents to restore their villages and agricultural gardens
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themselves as aid to do so is unlikely while Manam remains a designated disaster

zone by the national government.

3.4.3 Limitations and Future Work

3.4.3.1 Data Availability

This chapter has used open source data sets to estimate the exposure to, and
impacts of tephra ground accumulation. While open source data is often found to
be more up to date and accurate than proprietary data sets (Hayes et al. 2022), it is
recognised that the Open Street Map buildings dataset (OpenStreetMap
contributors 2023) does not contain information for settlements in western Bogia
district, despite having good coverage on Manam. No other dataset was available to
fill these gaps and since structural integrity threatening accumulations of tephra
were modelled to predominantly impact Manam it was decided that digitised
mapping of Bogia district buildings using recent satellite images was outside the
scope of this work. However, it is recognised that a more comprehensive dataset
would improve the comprehension of tephra risk to buildings and so work to fill this

data gap would be beneficial.

In a similar vain impacts on the traditional timber framed buildings with coconut
frond roofs are based on damage to similar buildings during the Rabaul (Papua New
Guinea) 1994 eruption reported by Blong (2003) and the reported resilience of
these buildings to tephra loading on Manam itself (Mercer and Kelman 2010).
Recommendations to roof and structural designs were made considering the

findings of Osman et al. (2023) where the effects of tephra loads on different roof
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types were tested. This did not include frond roof types and so future work could
include following the same methodology to test frond roofs response to tephra
accumulation. Future improvements to this could include using remote sensing to
estimate ash deposition from future events using muography (Tanaka 2020) and
combining it with satellite-based assessment of building damage (Williams et al.
2020) in order to enhance understanding of vulnerability of structures to tephra

deposition in Madang province.

Land cover information was also limited the relatively coarse Copernicus land cover
data set (Buchhorn et al. 2020). For future uses of the process used in this chapter
finer landcover datasets could be created using classified (requiring fieldwork),
unclassified and machine learning remote sensing methods (Mitchell et al. 2013;
Kadavi and Lee 2018). Though it is recognised that implementation of these
methods in places like Papua New Guinea where rainforest canopies dominate the

land cover making fine scale classification difficult.

A crucial facet of improving a community’s resilience to volcanic hazard is an
understanding of that group’s vulnerability which can be defined as the potential
for loss (Cutter 1996). The risk posed by a given hazard is a product of the intensity
of the hazards impact and the vulnerability of the population that would be affected
by that hazard. Therefore to provide a true view of risk to the tephra hazard posed
by Manam requires a view of the vulnerability of the population of western Madang
province, especially in Bogia district. Vulnerability and Capacity Assessments enable
guantification of population vulnerability and can be assigned easily communicable
levels for decision-making (Yoon 2012; Fuchs et al. 2012; Nguyen et al. 2019).
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Vulnerability and Capacity Assessments in data scarce regions threatened by
volcanic eruptions are difficult to undertake as baseline information population
statistics may not available or recent enough (e.g. Democratic Republic of Congo
(Michellier et al. 2020), Indonesia (Siagian et al. 2014) or the Philippines (Gaillard et
al. 2001)). However, the integration of remote sensing data sets (e.g. the LandScan
population data set (Sims et al. 2023) used in this chapter) have been used to

mitigate data availability issues (Michellier et al. 2020; Crummy et al. 2023).

3.4.3.2 TGSD Limitations

The tephra deposition modelling of Vulcanian and sub-Plinian eruptions of Manam
is able to provide insight into the likely dispersal and accumulation which can be
used to inform volcanic emergency protocols. TGSDs are known to strongly
influence plume dynamics (Girault et al. 2014; Costa et al. 2016; Connor et al. 2019),
therefore it must be recognised that this modelling is limited due to the use of
proxy TGSDs as no published TGSDs for Manam exist. It should be noted there are
relatively few volcanoes with sufficient tephra deposit information to estimated
erupted volumes or calculate TGSDs (Green et al. 2016). TGSDs were selected from
analogous volcanoes and eruptions to represent the likely parameters and
conditions of Manam’s future eruptions (Table 3.1). However, even within these
results the influence of different TGSDs can be seen in the difference in the lateral
spread of the 0.1 mm contours in the scenario 3 and 4 modelling. Both scenarios
shared the same duration and plume height ranges but the sub-Plinian scenario 4
were modelled with potential erupted mass range an order of magnitude greater.

Despite this the modelled Vulcanian scenario 3 dispersal pattern covers a greater
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area than scenario 4 eruptions (Figure 3.12). This is because of the TGSD used for
Vulcanian eruptions in this study have a more substantial composition of finer
grained particles compared to the sub-Plinian eruptions (Table 3.1). This
demonstrates the sensitivity the model towards to selected TGSD. While this
doesn’t invalidate the results of this study it does indicate the benefits of using
TGSDs from the study volcano itself. Ideally for future iterations of this study would
include field work to determine the TGSD of eruptions of Manam and where
possible distinguish between different eruptive styles as has been attempted here
with the two different proxy TGSDs. However, given Manam is an island, a portion
of the any substantial tephra fall will be deposited into the ocean leaving any TGSDs
for Manam incomplete. Additionally, Manam and mainland Madang province are
heavily forested and the dense vegetation would likely impede as access to suitable
sampling sites, especially on Manam where this would be coupled with the steep
slopes of the volcanic flanks and the inaccessible summit region. In other settings it
is possible to quantify or recognise the uncertainty around TGSD due to incomplete
ground deposit sampling (Bonadonna et al. 2015a; Pyle 2016; Alfano et al. 2016)
and it has been shown that determination of TGSDs are more sensitive to
uncertainties relating to proximal and medial deposits (Alfano et al. 2011).
Therefore, as proximal and medial tephra deposition from eruptions at Manam will
be on the island itself and the ocean, critical components of the ground deposits

would be missing from any attempts to calculate a TGSD for Manam.
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3.5 Conclusions

The aim of this chapter was to understand the tephra hazard associated with
explosive eruptions of Manam and what impacts the deposited tephra might have
on human activity in the affected areas. Five eruption scenarios, based on the
observed activity at Manam since the early 20t century, were modelled using the
probabilistic tephra deposition model TephraProb. Ash venting eruptions (scenario
1) are shown to deposit trace thicknesses of tephra around the summit of Manam,
not affecting the coastal populations of the island. Minor Vulcanian eruptions have
a 50% likelihood to deposit 21 mm of ash on central and southern areas of the
island, and are not anticipated to impact the mainland. Major Vulcanian eruptions
(scenario 3) are shown to have a moderate chance of depositing trace thicknesses
on several 10s of kilometres into the mainland and 210 mm on Manam itself
threatening structural damage to the traditional timber buildings of Manam,
especially during the wet season. Less intense sub-Plinian eruptions (e.g. 28 June
2019 eruption) are shown to have a 50% probability of depositing 2100 mm across
large parts of Manam causing significant damage to island infrastructure and
agriculture as well as trace ash deposits on the mainland during the dry season.
More intense sub-Plinian eruptions (e.g. 2004/05 eruptions) will have a moderate
chance to inundate most of Manam with 21000 mm effectively rendering the island
unhabitable and long distance dispersal of fine ash onto the mainland westerly into

the neighbour East Sepik province.

Using TephraProb has provided a method to understand the hazard at Manam in a

probabilistic manner by way of randomly sampling eruption source parameters
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from predetermined ranges. Additionally it has allowed the comparison of the
deposition of tephra from the same eruption scenario but during the dry and wet
seasons of Papua New Guinea. This has revealed a dominant westward dispersal of
ash during dry season eruptions with a more symmetrical distribution during the
wet season predominantly due to changing wind patterns in the lower 5 km of the
atmosphere. While the dry seasons impacts tend to affect a larger area, the wet
season winds cause tephra from scenario 3 and 5 eruptions to reach the key
mainland town of Bogia and the North Coast Highway that is the key route to the

provincial capital Madang.

This work has shown that with careful parameter selection that modelling of the
tephra hazard of volcano with sparse data relating to the deposits of previous
eruptions. However, improvements to this work include field-based characterisation
of tephra deposits of previous Manam eruptions to provide more specific
parameters for future modelling of Manam’s tephra hazard. This would include
collating new Manam specific TGSDs but also enable inversion modelling of
previous eruptions to ascertain eruption source parameters of these historical
events, to then further validate the TephraProb model specifically to eruptions of

Manam (Connor and Connor 2006; White et al. 2017).

Another recommendation for future work is to survey buildings on the mainland in
either in the field and by digitising recent satellite imagery. A field-based survey
would allow or improved records of construction types allowing for improve impact
assessments whilst digitising recent satellite imagery would provide the widen
scope of tephra deposition affects beyond Manam itself.
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In conclusion, this chapter has provided the first known assessment of tephra
deposition and associated impacts to infrastructure and livelihoods from eruptions
of Manam volcano across a range eruption scenarios. It has demonstrated a
methodology that can be used at other under studied yet frequently eruptive
volcanoes to provide first order assessment of tephra hazard. This probabilistic
tephra deposition assessment has also provided information from which volcanic
emergency protocol best practices can be developed, including evaluation of
potential evacuation locations and the highlighting of Bogia as the key to
emergency response and thus the need to improve resilience of the town and

transport links to the provincial capital Madang
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4 Chapter Four - Lava Flow
Modelling and Hazard
Assessment
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4.1 Introduction

Lava flows are frequent products of volcanic activity, especially for mafic volcanism,
and cover an estimated 70% of the Earth’s surface (Kilburn 2000). Basaltic lava flows
can erupt at temperatures as high as 1200°C and move at speeds in excess of 15 km
hr! (Baloga et al. 1995; Kilburn 2000; Griffiths 2000). The 1977 Nyiragongo (D.R.
Congo) lava flows inundated ~20 km? of land in less than an hour and tragically
resulted in around 100 fatalities (Tazieff 1977; Komorowski 2002; Favalli et al.
2009), highlighting the lethal potential of effusive volcanic eruptions. Lava flows
pose a hazard to large part of the global population with 47 million living within 5
km of a volcanic vent (Cottrell 2015). Fortunately, most lava flows are slower than
the highly mobile Nyiragongo flows and advance slowly enough to be evaded on
foot (Peterson and Tilling 2000). Even so, lava flows have killed 659 people between
1500 and 2017 including one fatality 29 km away from the source of the flow
(Brown et al. 2017). However, it is the immovable assets such as buildings and
infrastructure that is most vulnerable to the often inexorable advance of lava. This
damage to the built environment then has cascading societal and economic
repercussions, with long post-eruptive recovery periods. As development and
spread of human settlements increase, so has the number of lava flows impacting
the built environment over time: 50% of occurrences recorded over the last ~5500

years have occurred in the last 110 years (Meredith et al. 2024).

Recent examples where lava flows have resulted in substantial damage to homes
and other critical infrastructure include Fogo 2014-2015 (Cape Verde) (Jenkins et al.

2017), Kilauea 2018 (USA) (Meredith et al. 2022), Nyiragongo 2021 (Congo) (Mafuko
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Nyandwi et al. 2023), and Tajogaite 2021 (La Palma, Spain) (Biass et al. 2024). Many
of the examples given here are from island volcanoes where populations live in
proximity to volcanic hazards by virtue of the land they live on being formed by the
very volcano that poses a threat. A secondary hazard posed by lava flows is its
interaction with sea water which produces a volcanic gas plume known as laze (i.e.
lava haze) (Kullman et al. 1994; Sansone et al. 2002; Williams-Jones and Rymer
2015). Lava-seawater interaction can release toxic gases such as chlorine and metal
aerosols, capable of being transported by the wind to areas far from the lava flow
itself (Resing and Sansone 2002; Edmonds and Gerlach 2006; Mason et al. 2021).
The generation and transportation of laze is currently a less understood facet of
volcanic eruptions and often overlooked in hazard assessments. It is particularly
hazardous at island volcanoes where lava-seawater interactions are not uncommon.
Recent notable examples are the 2018 Kilauea (USA) (Mason et al. 2021) and 2021
Tajogaite (La Palma, Spain) (Gonzdlez-Santana et al. 2022) eruptions where laze
plumes were generated in proximity to inhabited areas. As with all populations
living in close proximity to volcanoes, an understanding of lava hazards is critical to
inform decisions by residents and policy makers before, during and after eruptions

(Blong 1996; Felpeto et al. 2001; Yoon 2012).

4.1.1 Lava Flow Modelling

Lava flow hazard assessments have historically been based on mapping of previous
flows to identify preferred flow routes and runout distances (Crandell and
Mullineaux 1978; Guest and Murray 1979). Since the 1980s however this approach

has been increasingly complemented by the application of numerical models (Yun
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et al. 2018). Modern models treat lava flows as gravity currents that spread under
their own weight and are slowed by their own rheology and underlying slope, whilst
also taking into account the yield stress of lava and a non-flowing basal profile
section (Cordonnier et al. 2016). Cooling and effusion rate are primary controls on
lava advance. Cooling increases viscosity through crystallisation and is a function of
thermal conductivity, specific heat and density (Stasiuk et al. 1993; Diniega et al.
2013; Harris and Rowland 2015a; Cordonnier et al. 2016). The effusion rate controls
the rate a flow grows and spreads (Walker 1973; Kilburn and Lopez 1988; Kilburn
2000; Harris and Rowland 2009). It also influences how easily surface crust can
break to expose underlying lava (Kilourn 2004, 2022) and, hence also, the rate at
which lava flows cool (Dragoni 1989; Crisp and Baloga 1990; Harris et al. 1998).
Additional factors that models must consider are the initial eruptive temperature of
the lava, vent geometry, thermal boundary conditions at the top and base of the
flow, and the control of temperature on the physical and rheological properties of
the lava, as well as the underlying surface topography (Costa and Macedonio 2005;

Cordonnier et al. 2016).

Several lava flow models are available for investigating lava flow dynamics and
producing hazard maps (see Cordonnier et al. (2016) and Costa and Macedonio
(2005)). One group of models includes those that that confine the flow into a
channel, allowing it to flow downslope in one direction, and thereby sacrificing the
complexities of the physical processes of flow emplacement (e.g. spreading) in
order to focus on modelling more nuanced thermal processes. FLOWGO (Harris and

Rowland 2001, 2015b) is the most prominent channelled flow model, which
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simulates the flow of a finite-mass parcel down a levee-contained channel (see
section 4.2.1.1 and Harris and Rowland, 2001, 2015b for more detail). This method
allows for fast computational times and is available to run in widely-available
software including Microsoft Excel (Harris et al. 2016), Python (Chevrel et al. 2018)
and within the probabilistic lava flow model Q-LavHA (Mossoux et al. 2016). The
flexibility and fast computational time of FLOWGO has made it a popular tool for
the assessment of lava inundation probability and maximum runout lengths
(Rowland et al. 2005; Wantim et al. 2013; Rodriguez-Gonzalez et al. 2021; Prieto-
Torrell et al. 2021; Derenius and Gao 2022; Ramayanti et al. 2022) including during
crises such as the 2018 Piton de la Fournaise (La Reunion) eruption (Harris et al.

2019).

Another common approach to lava flow modelling is the cellular automata method.
Here, a 2D grid of cells is populated with properties including elevation, lava height
and temperature and the advance and cooling of the lava flow is determined by the
evolution of the cells’ properties (Cordonnier et al. 2016). Cellular automata
models, such as SCIARA (Crisci et al. 2004) and MAGFLOW (Del Negro et al. 2008;
Cappello et al. 2016) rely on a physical model of the thermal and rheological
evolution of lava flows (Del Negro et al. 2008), which allows them to model flow
spreading and the emplacement of successive flows (Cappello et al. 2016). As such
these type of models are capable of not only forecasting lava flow hazard footprints
(Herault et al. 2009; Rongo et al. 2016) but also flow thicknesses (Crisci et al. 2004;

Avolio et al. 2006; Vicari et al. 2007; Del Negro et al. 2008).
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Probabilistic, or stochastic, models use probability distributions to determine the
movement of lava from cell to another (Favalli et al. 2005; Mossoux et al. 2016).
This is achieved by assigning a probability to each of the cells (pixels of the
underlying DEM) surrounding the flow representing the likelihood that the flow will
move to that cell. This probability typically relates to the difference in elevation
between cell occupied by the flow front and each of its surrounding cells (Tarquini
and Favalli 2010; Mossoux et al. 2016). The DOWNFLOW model (Favalli et al. 2005;
Tarquini and Favalli 2016) is able to forecast lava emplacement while accounting for
probabilistic lava flow length (Tarquini and Favalli 2013; Harris and Rowland 2015b).
Q-LavHA is a probabilistic modelling platform (provided as a plugin for QGIS) that
combines the probabilistic model of Felpeto et al. (2001) with deterministic flow
length constraints including FLOWGO (Mossoux et al. 2016). Stochastic models have
fast computational times and are therefore typically used to simulate different lava
flow scenarios as part of operational or responsive hazard assessments (Rodriguez-
Gonzalez et al. 2021; Vilches et al. 2022; Verolino et al. 2022; Derenius and Gao

2022; Németh and Moufti 2023).

Lava flow models are effective tools for not only understanding the processes
governing emplacement (Lev et al. 2012) but also for critically assessing the spatial
extent of lava flow hazard to inform pre-emptive land use planning, eruption
preparedness, crisis response management planning, and syn-eruptive monitoring.
Lava flow hazard assessments based on modelling have become integral to
improving the resilience of communities on or close to volcanoes, especially on

volcanic islands (Rowland et al. 2005; Favalli et al. 2009; Rodriguez-Gonzalez et al.
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2021; Vilches et al. 2022; Verolino et al. 2022). In this chapter, probabilistic lava
flow modelling will be applied to Manam volcano, where lava flows are frequent in
the historical eruptive record. Here, current hazard perception is primarily based on
experiences learned from previous flows (Palfreyman and Cooke 1976; Mercer and
Kelman 2010). It is therefore hoped that numerical modelling can enhance hazard
awareness by highlighting locations that are potentially vulnerable to lava flow

inundation but have not previously experienced them in the recent past.

4.1.2 Lava Flows on Manam

A key part of hazard assessments is not only representing the potential extent a
hazard may impact but also the likelihood a certain event or scenario may occur
(Marzocchi et al. 2004; Connor et al. 2015). This section examines historical lava
flow activity on Manam with the intent of understanding the frequency of which
lava flow runouts of differing magnitude have occurred in the past. It is also
necessary to consult the historical record to identify previous sources of lava flows
which may reactivate or provide insight into the location of future vents. This
section also attempts to provide context for the need for numerical lava flow
modelling at Manam by highlighting the impacts of lava flows on settlements in the
past. The frequent effusion of lava flows at Manam has been well documented
since at least 1887 (Palfreyman and Cooke 1976). The ability of lava flows to reach
and enter the ocean is not uncommon, with a flow during the major 1919 eruption
doing so alongside probable sub-Plinian explosive activity (Fisher 1939). McKee
(1981) mapped the historically-emplaced lava flows (Figure 4.1) showing how the

III

four radial “avalanche valleys” generally confine the flows in their upper reaches
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until ~400 m asl, below which the valleys open onto the shallower sloping coastal
regions (Figure 4.1). The exception to this is the southeast valley, which currently
broadens out much lower down at ~200 m asl. Interestingly, the mapped flows here
are well outside the current confines of the valley and more recent pyroclastic
deposits (Figure 4.1), suggesting a change in topography since these undated lava
flows were emplaced. The term “avalanche valley” likely comes from the fact
pyroclastic material has been observed to flow down the valleys in a manner
visually similar to snow avalanches. Indeed, accumulations of lava emplaced at the
head of the southeast valley were reported to become unstable and move down
slope “as avalanches” (Reynolds 1957). Pyroclastic density currents (PDCs) are also
common, especially Block and Ash Flows (BAF) that move rock or debris flows (Cole
et al. 2002; Charbonnier and Gertisser 2008), and deposit blocky pyroclastic

material on the lower flanks (Taylor 1958a).

The settlements on Manam are located in the coastal regions of the planezes, the
wedge shape-landforms between the eroded avalanche valleys, away from the
areas with pyroclastic deposits (Best, 1953 ; McKee, 1981; Palfreyman and Cooke,
1976) (Figure 4.1). These locations are supposedly chosen specifically based on
knowledge of the hazard posed by volcanic flows directed down the avalanche
valleys (Mercer and Kelman 2010). Both lava flows and PDCs become unconfined
towards the coast where they are able to fan out from the end of the valley to the
ocean. This has resulted in settlements closer to the coast being threatened or
inundated by lava flows in recent decades such as Bokure and Kolang (Global

Volcanism Program 1992c, 2019a, 2019b, 2019c).
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The potential for lava flows to directly threaten settlements situated between the
avalanche valleys is demonstrated most clearly by five satellite cones of unknown
dates that also are located between the avalanche valleys (Figure 4.1). These cones
are situated stratigraphically on top of unmapped lava flows and are thought to
have been built during a closing phase of explosive activity following initially
effusive eruptions (McKee 1981). No published work exists, to the best of my
knowledge, that considers the threat posed by future flank eruptions. Yet, despite
the prevailing hazard posed by the frequent summit eruptions at Manam, the
geological record of the island indicates clearly that flank eruptions represent an

eruptive scenario that cannot be ignored.
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Figure 4.1 Historical lava flows (pre-1981) mapped by McKee 1981. NW Valley A flow (light purple) is likely to be
the 1958 lava flow observed by Taylor (1958). The SE Valley 1946/47 flow (dark blue) is debated in the literature
as to whether it was a true lava flow (Best 1953) or debris flow (avalanche) (Reynolds 1957).
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4.1.2.1 Northeast Valley

Lava flows in the northeast valley emanate from Main Crater, which (in its current
topographical form) has an opening in its eastern wall directly into the valley itself
(Best 1953; Palfreyman and Cooke 1976). The lava flows mapped by McKee (1981)
(Figure 4.1) show two lava flows in the northeast valley from 1958 (Taylor 1958a)
and 1960 (Taylor 1963) reaching within ~900 m and ~1600 m of the coast
respectively. These are the first two observed lava flows in the written history of

Manam'’s eruptions (Palfreyman and Cooke, 1976).
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Figure 4.2 Recent (August 2018 — December) northeast valley flows visible in and mapped from Sentinel-2 MSI
and Landsat 8 OLI shortwave infrared (SWIR) imagery. 25t September — 2 October 2018 flow — Sentinel-2 MSI
02/10/2018 SWIR, 8 January 2019 flow Landsat 8 OLI 22/01/2019 SWIR, 28 June 2019 and August 2019 flows —
Sentinel-2 MSI 13/08/2019 SWIR.
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Despite Manam’s frequent eruptions through this intervening period, the next lava
flows into the northeast valley only occurred on 13 April 1992 (Global Volcanism
Program 1992d), followed by another seven lava flows in 1992, three of which that
reached the coast. Notably, the 1992 flows destroyed 28 houses on the south side

of the northeast valley (Global Volcanism Program 1992a, 1992b, 1992c).

Three shorter lava flows were emplaced in 1996, the longest reaching only to 600-
700 m asl (Global Volcanism Program 1996a). The major explosive eruptions in
October and December 2004 were accompanied by two longer lava flows, one
reaching within 1 km of the coast in October and the other entering the sea in

November and within 100 m of Bokure village (Global Volcanism Program 2004d)

The eruptive activity from August 2018 to December 2021 (see Chapter 2) produced
several lava flows that propagated down the northeast valley; including three that
came within 400-650 m of the ocean (Figure 4.2). A lava flow stopped within metres
of Bokure on the southern side of the northeast valley 1 October 2018 and had
threatened Kolang on the north side. A subsequent lava flow on 8 December 2018
prompted the evacuation of both villages (Global Volcanism Program 2019a) and
their later relocation to the south between the northeast and southeast valleys

(Figure 4.1).
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Figure 4.3 Graphical representation of the lava flow runout distances observed (Global Volcanism Program 2024) or mapped by McKee (1981) or measured as part of this work from satellite
imagery. Grey zone represents observed flows with no reported runout distance.
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4.1.2.2 Northwest Valley

Manam’s northwest valley is described as being the most mature valley with well
established drainage patterns (McKee 1981), which alludes to the fact that volcanic
flows have travelled down this valley the least frequently, historically (Global
Volcanism Program 2024). Two young but undated lava flows were identified by
McKee (1981) with one of these (NW Valley A in Figure 4.1) likely to be the 14
January 1958 flow that reportedly reached within 0.5 miles (800 m) of the coast
(Taylor, 1958). McKee (1981) did not map the upper slopes of the avalanche valleys
(Figure 4.1) and Taylor (1958a) does not describe the source of this lava flow other
than that Main Crater was the more active crater during this eruptive phase. The
source remains unclear: if Main Crater had been the source, the lava would have
had to overcome the high back wall of the crater, or if it had been South Crater lava
might have been directed down the northwest valley but this seems unlikely as this
behaviour has never been documented. A remaining option is that another vent
opened somewhere in the northwest valley. The circumstances under which lava

flows may descend the northwest valley are thus uncertain at this time.

4.1.2.3 Southwest Valley

The southeast valley is the narrowest of the four avalanche valleys on Manam. It
reaches its widest point (~1000 m) at 1200 m asl but then narrows to ~300 m at 700
m asl, a width it approximately maintains until ~150 m asl, where it opens up on the
shallow slopes of the coastal areas. It would therefore be expected that lava flows
are contained within this narrow valley. However, the mapped lava flows by McKee

(1981) show two undated flows that reached the ocean but are outside the current
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valley geometry but taper towards the head of the valley (Figure 4.1). In Palfreyman
and Cooke’s (1976) compilation of Manam’s eruptive history there is only one
observed lava flow that flowed down the southwest valley: the 26 October 1904
flow was observed to have stopped where the valley’s slope angle reduced and it is
explicitly stated not to have reached the sea (Palfreyman and Cooke 1976) meaning
that it is unlikely this event corresponds to either of the two mapped flows (McKee,
1981, Figure 4.1). Furthermore, all observed southwest valley lava flows have been
contained within the valley’s boundaries (Global Volcanism Program 2024), raising
guestions about how these two mapped flows had overcome the valley walls and
whether future flows in this valley could do the same. These questions have very
practical relevance towards understanding the potential risk to settlements situated

near to the bottom of this valley.

At least three sources have been reported from which lava flows entered into the
southwest valley. The first is the South Crater, which has been the confirmed source
of nine lava flows between 1984 and 1998 and a possible source for a further five
flows (Cooke et al. 1976; Palfreyman and Cooke 1976; Global Volcanism Program
2024). Lava flows from South Crater have been observed exiting the crater via a
collapsed portion of the crater wall that is periodically destroyed and rebuilt (Global
Volcanism Program 1984). This lower section of crater wall was observed by an UAS
flight in 2019 (Liu et al., 2020, Figure 4.4). Lava flows sourced from South Crater
must descend the steep headwall of the southwest valley; this often results in the
brecciation and breakup of the lava as it cascades down the steep terrain (Global

Volcanism Program 1984, 1992d). Flows that are able to negotiate the headwall
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without disintegrating typically reach the upper part of the narrow neck of the
valley around 600 m asl and obtain a maximum runout of ~2.5 km down to

approximately 450 m asl Figure 4.3.

Possible headwall
vent location

/Iabu Rock

Figure 4.4 Location of labu Rock (pink ring) after which the labu Vent is named and is presumably in located in

nearby. The black ring image A indicates a vent-like feature on the southwest valley headwall. A — Imagery of

fixed wing overpass of the southwest valley in October 2018 (Courtesy of E. Nicholson). B — Photo of from the
bottom of the southwest valley looking up towards the summit (Adapted from (Johnson 2013).

In 1992, lava flows in the southwest valley were reported to come from a vent
named labu Vent (Global Volcanism Program 1992e). This vent is not mentioned
before or after these reports and the exact position is not published. However, labu
Rock is a prominent skyward protrusion of angular rock situated on the boundary
between the southwest and southeast valley (Johnson, 2013, Figure 4.4). Flows
from labu Vent reached as far as 200 m asl (~3.8 km) on 14 May 1992 (Global
Volcanism Program 1992e) (Figure 4.3). On 15 April 2013, two vents opened on the
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headwall of the southwest valley sending lava flows into the valley (Global
Volcanism Program 2013). Further reports of lava flows on 14 and 15 May 2017
from a unspecified vent and a shortwave infrared hotspot located on valley
headwall on 14 July 2017 (Sentinel-2 Multispectral Instrument imagery (MSI),

indicate that new vents are capable of opening across the breadth of the headwall.

4.1.2.4 Southeast Valley

Of all Manam’s avalanche valleys, the southeast valley has the most recorded lava
flows since 1919 (Figure 4.3), where a large flow reached the ocean during the
major eruption of 2 August 1919 (Fisher 1939). In 1946/47 a lava flow from South
Crater is reported to have reached the ocean (Best 1953) and was subsequently
mapped as a lava flow by McKee (1981, Figure 4.1). However, the observation in
January 1957 of lava accumulating at the top of the valley, collapsing and then
moving down hill as debris flows led to the reclassification of the 1946/46 lava flow
as a debris flow (Reynolds 1957; Taylor 1958a). Since the 1919 flow, only two more
flows have been recorded reaching the ocean via the southeast valley. The first was
on 6 March 1958 (reportedly from South Crater; Taylor, 1958, Figure 4.1) and the
second on 18 October 1994 (the source of which was not reported; Global
Volcanism Program, 1994). Other lava flows originating from South Crater have
remained in the upper reaches of the valley (Taylor 1958a; Global Volcanism
Program 2024) and, of the three lava flows supposedly entering the ocean, only that

in 1958 was explicitly stated to have originated from South Crater (Taylor 1958a).

Other vents have been observed to produce lava flows in the southeast valley. A

vent or fissure has been regularly observed at the top of the southeast valley
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estimated to be situated 400-500 yards (365-457 m) from the rim South Crater in
1964 (Branch 1965). Although these lavas flows typically travelled only short
distances before disintegrating downslope (Reynolds 1957), some reached halfway
down the valley (Branch 1965) and even to 150 m asl, ~500 m from the coast
(Global Volcanism Program 1993b). An active vent was observed on 15 April 2013
was reported as being at the same elevation as those formed in 2012 (Global
Volcanism Program 2013); however, the position of these 2012 vents are not

recorded in any publicly-available report.

The historical record has shown that multiple lava flow producing vents have been
active over the last 100 years and that they each have undergone periods of
quiescence with activity shifting to other locations, often nearby within the same
valley. The origin of the longest runout lava flows in the southeast valley is the most
unclear and represents an area in which this work seeks to clarify. Additionally, the
circumstances required for lava to flow down the northwest valley are unresolved
at present. Given that there is clearly a possibility of lava flows issuing from many
locations it is therefore important that the hazard represented by each of these
vents quantified. The assessment of the hazard represented by each vent will
enable local communities to respond appropriately when a particular vent opens

and produces lava.

4.1.3 Aims and Objectives

This chapter aims to quantify the potential runout lengths of future lava flows at

Manam and, from this, assess the hazard posed by effusive eruptions to local
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settlements and their resident populations. Although most villages are situated
away from the areas typically affected by volcanic flows at the bottom of the
avalanche valleys, some remain proximal including Kulaguma, Dangale, and Abaria
(Figure 4.1). In addition to assessing the likelihood of direct inundation of lava
flows, this chapter seeks to evaluate the probability of a lava flow entering the
ocean, and therefore generating secondary hazards, for a range of eruptive
scenarios. Additionally this work looks to test whether the FLOWGO model
embedded in Q-LavHA is fit for purpose. The Q-LavHA probabilistic modelling

platform (Mossoux et al. 2016) will be used to achieve the following objectives:

1. By varying the vent location and effusion rate within relevant bounds,
determine which (if any) eruption scenarios are capable of producing lava
flows that inundate settlements on Manam.

2. Generate a distribution of future satellite cones based on the location of
existing cones and model the potential lava flows generated by the opening
of such lower flank vents to reveal potential inundation of settlements.

3. Evaluate the potential for different vents and effusion rates to generate lava
flow ocean entry sites, which may produce secondary hazards such as a laze
plume or littoral explosions.

4. Reconcile previously mapped flows (McKee, 1981) with simulated model
outputs, specifically testing (a) whether historically-recorded vents are
capable of generating lava flows in the northwest valley or if another source
was responsible for the lava flows mapped in this valley (McKee 1981) and

(b) determining the likelihood that future lava flows may overtop the
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southwest valley walls and following similar paths to the undated flows

mapped by McKee (1981).

4.2 Methods

This section describes the procedures followed to assess the spatial distribution of
lava flow hazard at Manam including (a) the selection of vent locations and eruption
scenarios, (b) background detail on Q-LavHA (Mossoux et al. 2016) and the
underlying FLOWGO model (Harris and Rowland 2001, 2015b), and (c) the selection
of the model input parameters. This section includes preliminary model runs of Q-
LavHA to test the sensitivity of the model output to varying individual parameters
over relevant value ranges; this informs the definition of eruptive scenarios and
selection of model starting conditions. Two different resolution digital elevation
models (DEMs) are also tested against recently mapped flows to determine the
optimal option for replicating past and modelling future Manam lava flows. For
clarity, throughout this chapter the use of Q-LavHA refers to the model in its
entirety including the elements from FLOWGO (unless otherwise stated) and when
FLOWGO is used specifically it should be understood as the lava flow length

constraint method provided by FLOWGO and not the full Q-LavHA model platform.

4.2.1 Q-LavHA

Q-LavHA is a plugin for Quantum GIS (Q-GIS) that simulates the probability of 'a'a
lava inundation over a DEM for a given vent location (Mossoux et al. 2016). The
vent location can be given as a point source, line (or fissure) source, or as a surface

area. Point and line sources are intended to model lava flows originating from well
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defined vents or fissures. Surface area sources allow the simulation of flows from a
broader area where the exact location may be unknown or changeable. For line and
surface area defined vents flows are generated at regular, user defined, intervals
with the minimum being that of the pixel resolution of the underlying DEM

(Mossoux et al. 2016).

The advance of channelised 'a'a flows is simulated following the model of Felpeto et
al. (2001), which allows the lava flow to overcome topographic obstacles. Beginning
at the vent pixel, the model advances the flow pixel by pixel, by selecting one of the
eight surrounding pixels. This is done by calculating a flow probability (P;) for each

of the surrounding pixels according to Equation 4.1:

Ah; .
Pi—m,l—l,z,...,g (4.1)

where Ah; represents the difference in elevation between the central pixel (i = 0)
and each of the eight surrounding pixels. If the elevation difference between the
central pixel and a surrounding pixel is negative, Ah; is set to 0 as uphill propagation
is impossible. Backward propagation to the pixel the flow has come from is not

allowed and Ah; is also set to 0.

Following Felpeto et al. (2001), corrective factors are included to enable the lava
flows to overcome small topographic barriers or depressions. The factor H,
represents the thickness of the lava flow and is added to the central pixel before
calculating the elevation difference between it and the surrounding pixels. H), is a
higher corrective factor that allows the lava flow to attempt to fill a topographic

depression and continue to flow. This factor is only applied if the flow front

287



occupies a pixel where all the surrounding pixels are at a higher elevation that the
central pixel with H, applied (see Mossoux et al., 2016 for full procedure of applying
Hp). These corrective factors are applied to the DEM temporarily and are not

carried over to subsequent simulation runs.

Once P; has been calculated for all surrounding pixels, a cumulative probability
value S; (Equation 4.2) and a random number (rnd) is generated between zero and
one. If the randomly generated number falls within the interval [S;_; S;], pixel i
selected as the pixel for the flow to move to (Equation 4.3, Felpeto et al., 2001;

Mossoux et al., 2016):
Si= Yj4P;i=12..,8 (4.2)
Si—l <rnd< Si! 1,2, ,8 (4.3)

Q-LavHA also includes a method of calculating the pixel flow probability using the
second power of Ah; (Equation 4.4). This gives pixels with higher elevation
differences higher probabilities for the flow to move to that pixel, therefore
increasing the probability of the flow following the steepest flow path. It is the
recommended method and so is used in the modelling of Manam lava flows:

p? — (Ahy)?

= —,i=12,..8 4.4
3R (hy)? (44)

If the lava flow reaches a depression that cannot be overcome with the application
of H,, then Q-LavHA also has the provision to allow the flow to propagate to one of

the 16 surrounding pixels bordering the initial 8 surrounding pixels. The probability
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calculated in the same manner as for the 9 surrounding pixels (Mossoux et al.

2016). This is also a recommended setting and is used in this work.

There are 3 methods available within Q-LavHA to determine the runout length of
lava flows within each iteration. The first is a user-defined maximum length either
by a) Manhattan length, which is the length of the flow line pixel by pixel or b)
Euclidean length, which is the straight line distance from vent to terminus (Mossoux
et al. 2016). The second is using a decreasing probability method where the user
determines a mean Euclidean runout distance (x) and the standard deviation (o)
(both ideally calculated from historical flow measurements). The flow stops when
reaching a max Euclidean distance equal to X + 3 X ¢ and then weighted by a
decreasing probability density function (Mossoux et al. 2016). The third method is
the application of the FLOWGO cooling-limited model (Harris and Rowland 2001);
this is the option selected for modelling Manam'’s lava flows and is discussed in the

next section.

The final probability that a pixel will be inundated by a lava flow is given by
attributing an incremental probability of inundation (prob;) to each pixel after each
iteration is complete (Equation 4.5). This probability is added to a matrix that
calculates the final probability for a pixel to be inundated (PROB;). Where the
eruption source is a line fissure or surface (i.e. where multiple regularly-spaced
permutations of the vent location are simulated), all simulations are combined and

divided by the total number of vents simulated (Equation 6).

prob; = 1/(total number of iteration) (4.5)
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PROBi = Zprobi X@ X Psusc (4.6)

number of vents simulated

The values @ and P, relate to the use of the descending probability runout
length method and the use of susceptibility maps, respectively; neither are used in

this work and are therefore held as 1.

4.2.1.1 FLOWGO Model

The 2001 version of the FLOWGO cooling-limited lava flow model (Harris and
Rowland 2001) is available within Q-LavHA to determine lava flow runout distance.
FLOWGO is used as the runout length constraint option in this project as it uses
physical properties and the simulation of thermodynamic processes within the flow
rather than the other options which pre-define the maximum runout length
(Mossoux et al. 2016). FLOWGO requires a larger set of input parameters than the
other runout length constraint methods, but Q-LavHA only specifically requires:
effusion rate (m3s), initial lava viscosity (Pa-S), initial phenocryst mass fraction and
channel ratio (width/depth) and holds defaults for all other “advanced” parameters,
which can also be individually modified. The determination of input parameters will

be discussed in section 4.2.4.

FLOWGO simulates the movement of a one-dimensional finite-mass lava parcel
down a levee-constrained channel with no mechanically continuous roof, typical for
an ‘a’a flow (Kilburn and Guest 1993; Kilburn 2022). The rheological properties of
lava change as it loses heat by radiation and convection at the surface and
conduction of air across the surface and by conduction through the ground along
the base of the flow (Harris and Rowland 2001; Cordonnier et al. 2016). The
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FLOWGO model operates under the principle that the velocity of lava flowing in a
channel depends on the rheological properties of the lava, environmental factors
(e.g. slope angle and gravity) and the dimensions of the lava channel itself. The
primary rheological factors are viscosity and yield strength, which depend on the
temperature and crystallinity of the lava (Harris and Rowland 2001). As lava flows
along a channel, it cools and causes the rheological factors to change (Dragoni 1989;
Kilburn and Lopes 1991; Stasiuk et al. 1993). In FLOWGO, the finite-mass lava parcel
is advanced down the channel until either velocity reaches zero or the temperature
of the core of the lava flow reaches its solidus (Harris and Rowland 2001). Q-LavHA
also stops the flow when the yield strength of basal lava exceeds the stress of the

downhill slope (Harris and Rowland 2015b; Mossoux et al. 2016).

4.2.2 Eruption Source Locations

This section describes the location of sources or vents including (a) the summit
craters, (b) the flank vents in the southeast and southwest valleys (Figure 4.5), and
(c) the illustrative potential locations of future satellite cones. Where the exact
position of a vent is unclear or not described in the literature, the rationale for the
placement of vents will be outlined. The decision to model the vents as a point

source or surface area will be explained.
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Figure 4.5 Hillshade relief map of the summit area of Manam indicating all eruption source locations modelled.
Pink “I” indicates approximate location of labu rock from which the assumed location of labu Vent is based on.

4.2.2.1 Main Crater

The most recent observations of Main Crater from UAS overflights in October 2018
and May 2019 (Liu et al. 2020a) show that the topography of Main Crater is open on
the eastern side into the northeast avalanche valley with the crater wall intact on
the western side (Figure 4.6). This observation closely matches previous
descriptions of Main Crater (Best 1956; Palfreyman and Cooke 1976; McKee 1981)
implying that no substantial alterations to this crater have occurred since at least
the 1950s. Main Crater is the source of all confirmed lava flows that have flowed
down the northeast valley (Palfreyman and Cooke 1976; Global Volcanism Program

2024) and its current morphology explains why lava flows in the historical record
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are preferentially directed down the northeast valley. The higher western crater
wall, which appears visually as the headwall of the northeast valley, presents a
significant barrier to lava entering the northwest valley (Figure 4.6). The historical
northwest valley lava flows are undated (McKee 1981) and the literature does not
record their origin. Although, as discussed in section 4.1.2.1, the NW Valley A flow
in Figure 4.1 is likely to be the 1958 flow described by Taylor (1958a) potentially
originating from Main Crater. In this case it is unclear whether lava overcame the
western crater wall or whether the wall had been broken or opened to facilitate

lava flowing down the northwest valley.

Figure 4.6 Fixed-wing drone overpass imagery of Main Crater from October 2018 (Courtesy of E. Nicholson).
Topography of Main Crater shown from behind the crater wall looking approximately southeast (A) and into the
crater from the north (B). Orange line indicates the high back wall that separates Main Crater and the northeast
valley from the northwest valley. Yellow dashed area indicates the area in which vents form and lava flows
originate. White arrows indicate two channels into which lava typically flow from the Main Crater. South Crater
is situated behind Auroka Peak (Manam’s summit), the plume from which can be seen in B.
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In December 1996 and September 2003, two vents were seen to be emitting ash
within Main Crater (Global Volcanism Program 1996b, 2003). This demonstrated
that that there is not one fixed vent within Main Crater. Consequently, the locations
of lava flow sources may vary between eruptions. The variable position of the

vent(s) within Main Crater, was thus modelled as a surface area within Q-LavHA.

4.2.2.2 South Crater

Direct observation of South Crater in May 2019 showed that, the crater rim was
lower on the southwestern side and opened out onto the headwall of the
southwest valley (Liu et al., 2020, Figure 4.6). This open side may have resulted
from a reopening of the “V-shaped channel” which formed during the 2005
eruptions and was filled up in 2011 (Global Volcanism Program 2013). The crater
itself was estimated to be 60 m deep in 1987 (Global Volcanism Program 1987)
while the diameter of the crater rim was estimated at 94 m based on satellite
imagery from 2020 (Chapter 2 calculates depth of 64 m based off an assumed 30°
crater flare angle and conduit radius of 10 m, close to the estimated depth in 1987).
The size of the crater rim, in addition to observations of multiple vents active within
the crater (Palfreyman and Cooke 1976) and its ability to direct lava into either of
the southern valleys, mean that modelling South Crater as a surface area source is
the most appropriate option to capture the variability in where lava exits the crater

(Figure 4.5)
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Figure 4.7 Fixed-wing drone overpass imagery of South Crater from 22 May 2019 (Courtesy of E. Nicholson). Red
line indicates the high crater wall that runs from the west side all the way round to the south side. The crater
wall is lower on the southwest side and is indicated here as the “crater rim” to differentiate the two. A — View of
the southwest and southeast valley heads below South Crater looking approximately westward. B — Nadir view
of the South Crater where incandescent lava can be seen.

4.2.2.3 Southeast Valley Vents

The most detailed description of the vent that has periodically opened up at the
head of the southeast valley places it between 400-500 yards (365-457 m) below
the rim of South Crater (Branch 1965). Hereafter, this vent is referred to as the
“Southeast Valley Head Vent”. Using QGIS, a band representing where this vent
could reopen was drawn below the South Crater rim. Areas on the steep valley walls
were removed and the band was divided into a northern and southern section so
that the potential flow paths from these two different areas could be compared.
These two areas will be modelled as surface areas to represent the uncertainty in

the exact location the vent will open.
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Figure 4.8 Hillshade map of Manam’s southeast valley. The two coloured rings indicate the two depression
features in the mid to upper valley that are potential locations for the flank vents that opened in 2012 and 2013
(Global Volcanism Program 2013).

Reports that vents opened somewhere in the southeast valley in 2012 and 2013
(Global Volcanism Program 2013) are vague and do not provide any positional
information. However, when examining the 12 m resolution TanDEM-X DEM
(Krieger et al., 2007; Rizzoli et al., 2017), two depressions can be seen within the
southeast valley at 1000-1150 m asl and 1150-1250 m asl (Figure 4.8). These
depressions are assumed to be the approximate location of the 2012-2013
“missing” vents for the purpose of hazard assessment, and are named the Higher
and Lower Southeast Flank Vents. They are modelled as point sources ~100 m to
the northeast (Figure 4.5) in order to model a worst case scenario of vents opening
at a similar elevations without being influenced by the depressions highlighted in

Figure 4.8.
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4.2.2.4 Southwest Valley Vents

In addition to South Crater, two sources of lava flows mentioned throughout the
literature that are here referred to as the labu Vent and the Southwest Headwall
Vent. However, the exact positions of these two vents are not given (Global
Volcanism Program 1992e, 2013). It is assumed that to be given the name labu
Vent, the source must be close to labu Rock on the boundary of the southwest and
southeast valleys (Figure 4.4 & Figure 4.5). Therefore, an area below labu Rock on
the eastern headwall of the valley was selected to represent labu Vent. The vent
itself was modelled as a surface area source to include the uncertainty of the exact
location but also to present the wider potential of vents to form on this eastern side
of the headwall. The Southwest Headwall Vent is modelled as a surface area source
corresponding to the shortwave infrared hotspot partially obscured by the gas

plume emanating from South Crater on 14 July 2017 (Figure 4.9).
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SW Valley Headwall Vent

Figure 4.9 Sentinel-2 MSI shortwave infrared imagery on 9 December 2017 showing the location of the recurring
faint hotspot on the headwall of the south valley.
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4.2.2.5 Satellite Cones

Satellite cones are formed by dykes propagating either: a) laterally away from a
magma-filled conduit (common at persistently-degassing open-vent volcanoes, and
known as L-type dykes; Acocella and Neri, 2009; Harp and Valentine, 2018) or b)
sub-vertically from a source beneath the volcano (associated with closed conduit
systems with a lack of summit activity, known as V-type dykes; Acocella and Neri,
2009; Harp and Valentine, 2018). Given Manam’s persistent open vent activity
throughout historical records it is likely that the five satellite cones were formed by
L-type dykes. However, the satellite cones are undated and therefore it is unclear
whether they formed during Manam’s current open vent state or in a period of
where it the vent may have been closed, and thus the cones may more likely have
been formed by V-type dykes. Dykes propagate parallel to the maximum
compressive stress (Gudmundsson 2005; Tibaldi 2015; Di Vito et al. 2016), which at
Manam would likely be controlled by the vertical loading of the edifice itself on the
crust below. Dykes directly beneath the main edifice would therefore preferentially
propagate laterally away from the conduit unless the loading stress changes (Kervyn
et al. 2009). Where the load is approximately circular, dykes typically will propagate
radially and, where they reach the surface, produce cones in a ring away from the

central cone (Di Vito et al. 2016).
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Figure 4.10 Locations of the projected satellite cones. The green dashed lines were used to measure the distance
between the South Crater (assumed location of the central conduit) and the centre of the current satellite cones.
The average distance of these were used as the radius to draw the black dashed circle to show the calculated
mean distance from the central conduit. Projected satellite locations (purple dots) were placed at 1 km intervals
along this circle. Those overlapping or close to current cones were removed (see main text) as was one point in
the sea.

Given most activity historically has been centred at South Crater, it likely represents
the approximate location of the central conduit and the five existing satellite cones
are all a similar distance from this crater, with a range of 4-4.5 km (mean = 4.3 km).
Given Manam’s symmetrical circular shape, it may be that the stresses caused by
the load of the central edifice produces a compressive stress trajectories which
causes dykes to reach the surface at a radial distance of approximately 4.3 km from
the central conduit. Therefore, in order to represent the potential for flank
eruptions at similar distances to the existing satellite cones, lava flows were
modelled at “projected cones” placed at 1 km intervals around a ring with a 4.3 km
radius (Figure 4.10). Emplaced dykes enhance the strength of the surrounding rock

impeding the ability of later dykes to propagate along a similar paths to the initial
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dyke, known as the piling effect (Yokoyama 2015). Therefore projected cones that
fell within or close to the current cones were discounted as it is more likely for new
vents to open away from previously emplaced cones. One projected cone fell within
the ocean and was discounted as Q-LavHA is not capable of modelling sub-marine

eruptions (Figure 4.10).

4.2.3 Initial Input Parameter Selection

This section describes the process used to determine the input parameters for
modelling Manam’s lava flows using the FLOWGO lava flow length constraint
method within Q-LavHA. Firstly, the methods are described for estimating or
calculating effusion rate, initial viscosity, phenocryst mass fraction, channel ratio,
eruption temperature, dense rock equivalent (DRE) density and vesicularity.
Secondly, sensitivity testing is used to determine how well the chosen parameters
replicate two recent flows in the northeast valley and whether other values for
these parameters would be more appropriate. The final parameters and scenarios

for modelling are then presented.
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wt. % | Sample Sample Sample Sample Sample Sample Sample Sample Sample Sample Sample Mean
1 2 3 4 5 6 7 8 9 10 11
SiO; 53.9 53.05 52.7 51.1 51.01 51.19 51.96 52.42 52.6 53.5 53.93 52.49
TiO: 0.38 0.35 0.37 0.58 0.35 0.39 0.3 0.33 0.37 0.49 0.35 0.39
Al,0O5 16.6 13.9 17 16.65 17.05 15.39 14.74 15.59 16.9 16.6 17.02 16.13
Fe,0s 4.9 6.07 4.45 4.98 4.78 4.01 3.34 4.04 4.6 4.4 4.55 4.56
FeO 3.9 3.99 4.4 4 4.6 5.29 5.19 4.7 4.1 3.95 3.7 4.35
MnO 0.17 0.16 0.17 0.16 0.18 0.17 0.17 0.17 0.16 0.16 0.15 0.17
MgO 6.7 8.6 6.8 6.8 6.63 7.83 9 7.89 6.7 6.4 5.7 7.19
Cao 10.5 10.68 0.75 10.6 11.31 11.76 11.28 11.2 10.7 9.7 10.29 9.89
Na,O 2.4 2.57 2.5 4.25 241 2.44 2.37 241 2.65 2.75 2.66 2.67
K20 0.69 0.9 0.66 0.88 0.55 0.63 0.6 0.62 0.73 1.03 0.83 0.74

301




P05 0.12 0.25 0.11 0.19 0.12 0.13 0.1 0.11 0.12 0.2 0.15 0.15
H,O+ 0.06 - 0.08 - 0.41 0.42 0.52 0.09 0.04 0.41 0.22 0.25
H,O- 0.07 = = = 0.07 0.01 0.13 0.03 0.04 0.14 0.04 0.07
CO. 0.05 - 0.02 - 0.05 - - 0.05 0.05 0.05 0.05 0.05

S = = = = = = = = 0.01 0.01 = 0.01

Table 4.1 Bulk rock compositional analysis of Manam lava samples. Sample 1 — Lava from South Crater, January 1957 (Morgan, 1966, specimen 6), Sample 2 — Lava from Main Crater, 1957/58
(Morgan, 1966, specimen 6), Sample 3 — Lava from unknown crater, 1962 (Morgan, 1966, specimen 19), Sample 4 — Lava from South Crater, April 1964 (Branch 1967), Sample 5 — Lava flow in
stream bed near Warisi (McKee, 1981, registered sample 75710007), Sample 6 — Lava flow at southeast coast forming part of low-profile, grass-covered hill (McKee, 1981, 78710015), Sample
7 — Lava flow at coast north of Godagi cone (McKee, 1981, 78710009), Sample 8 — December 1974 lava flow in southeast valley (McKee, 1981, 74710013), Sample 9 — Lower 1964 lava flow in
upper part of southeast valley, (McKee, 1981, 74710028), Sample 10 — Lava flow near lassa cone (McKee, 1981, 78710030), Sample 11 — 1946-47 lava flow in southeast valley, north lobe at
coast (McKee, 1981, 78710014)
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4.2.3.1 Lava Temperature, Density, Viscosity and Phenocryst Mass Fraction

Eruption Temperature

The eruption temperature of lava is classed as an advanced FLOWGO input
parameter within the Q-LavHA user interface and was also used here to calculate
initial viscosity and density. The temperature was calculated from lava composition
using a simplified method requiring only the liquid MgO content (Putirka 2008)

(Equation 4.7):

T(°C) = 26.3 Mg0'9 + 994 4°C (4.7)

Mean bulk rock MgO content was used as a proxy for the unavailable liquid MgO
content. The value of 7.19 wt%, from Table 4.1 for MgO”q yields a temperature of
1183 + 71°C (this error is a standard error of estimate calculated by Putirka (2008)).
This value falls within the ranges of eruption temperatures for basalts (1050-
1200°C) and andesites (950-1170°C) (Kilburn 2000) and given Manam’s lavas are
generally classified as basaltic to basaltic-andesite (Cooke et al. 1976; Palfreyman
and Cooke 1976; McKee 1981) this value is taken as the eruption temperature input

parameter value throughout this chapter.

Density

The method of Bottinga and Weill (1970) was used to calculate the DRE bulk density
of the lava on eruption. Using the mean compositions of Manam lavas in Table 4.1,
the calculated eruption temperature of 1183°C, and a pressure of 0.1 MPa

(approximately atmospheric pressure) gives a density of 2640 kg/m?3.
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Initial Viscosity

Initial viscosity was calculated using the model proposed by Giordano et al. (2008),
based on the eruption temperature of 1183°C and the mean composition of Manam
lavas in Table 4.1. Given these inputs the model calculates the viscosity of Manam’s

lava as 44 + [6, 860] Pa-S.

Initial Phenocryst Mass Fraction

The seven lava samples compiled by McKee (1981) (samples 5-11, Table 4.1) are the
only samples with reported phenocrysts volume fraction (Table 4.2). We convert

the total PVF to total phenocryst mass fraction using Equation 4.8.

Mean Crystal Density
Total Melt Density

PMF =

X PVF (4.8)

Typical densities of the phenocrysts were used as reported by Deer et al. (2013) and a
representative mean density for opaques was calculated from the densities of commonly
occurring opaque crystals in mafic rock (Wilson 1989). The phenocryst densities used are
shown in Table 4.3. The calculated phenocryst mass fraction of the halted lava was 0.41.
FLOWGO, however, requires the initial phenocryst mass fraction and so the value calculated
here is used as a basis for the parameter sensitivity testing in section 4.2.4.2 from which

final input parameters are determined.
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Phenocryst volume Sample Sample Sample Sample Sample Sample Sample Mean
fraction (%) 5 6 7 8 9 10 1

Plagioclase 21 31 9 14.5 23.5 21 13.5 19.07
Olivine 2.5 4.5 3 2.5 1.5 2.5 1 2.50
Orthopyroxene 0.5 0.5 0.5 0.5 0 0.5 0.5 0.43
Clinopyroxene 7.5 15.5 16 11 8.5 8 3.5 10.00
Opaques 0.5 1 0.5 0.5 0.5 0.5 0.5 0.57
Total 32.00 52.50 29.00 29.00 34.00 32.50 19.00 32.57
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Phenocryst Typical Density (kg/m3)
Plagioclase 2620
Olivine 3222
Orthopyroxene 3210
Clinopyroxene 3375
Graphite (Opaque) 2260
Magnetite (Opaque) 5170
Ilmenite (Opaque) 2400
Pyrite (Opaque) 5000
Pyrrhotite (Opaque) 4610
Chalcopyrite 4190
(Opaque)

Opaques Mean 4316

Table 4.3 Typical densities of phenocrysts present in McKee (1981) lava samples as reported by (Deer et al. 2013).
A mean density for opaque phenocrysts was calculated using the densities of common opaque crystals in mafic
rocks (Wilson 1989).

306



4.2.3.2 Channel Ratio

To calculate the channel ratio for lava flows at Manam requires knowledge of the
width of lava flow channels and the height or thickness of the flow. The height of
the September & October 2018 northeast valley lava flows is calculated to be ~3.5
m using a 3D orthomosaic model generated from UAS imagery (see Chapter 2). The
widths of lava flows were estimated from a simple method based on that used by
Dietterich and Cashman (2014) to determine the morphology of lava flow networks.
The morphological features (e.g. the flow extent and levees) are digitised into a
geographical information system (GIS). Centre lines are then generated through the
flow and every ten metres a transect is drawn through the centre line to the levees.

This enables a width profile along the flow of the channel to be produced.

Ideally lava flows are digitised in using an ultra-high resolution DEM that allows the
identification of the levees. Unfortunately no such DEM exists for Manam other
than for the lower portion of the September & October 2018 lava flow. Here we use
a combination of the digitised lava flow maps from McKee (1981) (Figure 4.1) and
the four lava flows mapped from shortwave infrared Sentinel-2 MSI and Landsat 8
Operational Land Imager (OLI) satellite imagery (see Chapter 2) (Figure 4.2). It is
recognised that utilising McKee’s map (1981) adds an unquantifiable element of
uncertainty to the measurements. The uncertainty of measurements based on
satellite imagery is directly related to the pixel resolutions: MSI and OLI shortwave
infrared imagery resolutions are 20 and 30 m respectively. Therefore, flows
digitised from these satellites have a maximum potential error equal to the pixel

resolution of the platform and imagery were used. Levees were not marked on
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McKee’s map (1981) and is difficult to identify the levees in the satellite imagery.
Instead, the whole channel width was measured (Figure 4.11) and therefore strictly
the flow extent ratio is calculated, which is used as proxy for the channel ratio.
Transect lines were generated every 10 m along the centre line but transect lines
were discounted if they a) intersected another transect, which was often due to a
small meander along a centre line, or b) crossed two centrelines which would
represent a bifurcation of the flow and so would result in an exaggerated channel
width here as the levees cannot be identified. The range of mean channel widths
per flow was 29-404 m and a mean lava flow width for all Manam flows is 159 m,

resulting in a channel ratio of 45.

145°4'E

|| Main Crater

[l Buildings

----- Centre Line
Transects

Lava Flow Outline

Abaria

4°4'S

e

145°4'E

Figure 4.11 Example of the flow width measurement method used to calculate the channel ratio input parameter
for the FLOWGO lava flow length constraint method in Q-LavHA. In this exampled the 25 September — 10 October
2018 lava flow extent was digitised (light grey outline) using QGIS from Sentinel-2 MSI SWIR imagery
(02/10/2018). Centre lines (light blue) were generated from the extent and transects were drawn every 10 m.
The average lengths of these transects was used as the average width of the lava flow. The channel ratio was
calculated using an average 3.5 m thickness.
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Lava Flow (Mapping Source)

Mean Width
(m)

Channel Ratio

Northeast Valley 1958 (McKee 1981) 178 51
Northeast Valley 1960 (McKee 1981) 128 37
Northeast Valley October 2018 (S2 MSI SWIR) 125 36
Northeast Valley January 2019 (L8 OLI SWIR) 217 62
Northeast Valley June 2019 (52 MSI SWIR) 264 76
Northeast Valley August 2019 (52 MSI SWIR) 120 34
Southeast Valley 1964a (McKee 1981) 65 18
Southeast Valley 1964b (McKee 1981) 79 22
Southeast Valley 1966a (McKee 1981) 133 38
Southeast Valley 1974a (McKee 1981) 79 23
Southeast Valley 1974b (McKee 1981) 65 19
Southeast Valley 1974c (McKee 1981) 46 13
Southeast Valley 1974d (McKee 1981) 29 8
Southeast Valley 1946a (McKee 1981) 248 71
Southeast Valley 1946b (McKee 1981) 189 54
Northwest Valley A (McKee 1981) 132 38
Northwest Valley B (McKee 1981) 144 41
Northwest Valley C (McKee 1981) 404 115
Southwest Valley A (McKee 1981) 349 100
Southwest Valley B (McKee 1981) 163 47
Mean 159 45

Table 4.4 Mean lava flow widths and channel ratios
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4.2.3.3 Effusion Rate

Lava flow effusion rates have not been published for Manam and so this parameter
must be estimated. A compilation of effusion rates from mafic lava flows (Appendix
D, Table 7.1) was used to determine appropriate effusion rate scenarios. The range
and means for historic lava flows originating from summit, flank, fissure and
satellite cone type vents Table 4.1 shows that effusion rates range over 4 orders of

magnitude (10-10%m3 s%).

Vent Type Min Effusion Mean Effusion Max Effusion
Rate (m®s™) Rate (m®s™) Rate (m®s™)
Summit 0.07 2 10
Flank 0.04 60 800
Fissure 8 132 374
Satellite Cone 1 30 80
All 0.04 43 800

Table 4.5 Summary table for effusion rates of mafic lava flows. See Appendix D for full table of lava flow effusion
rates used here.

The three scenarios chosen for this study are based on the mean summit effusion
rate (2 m3 s1) (Table 4.1) across the three largest orders of magnitude yielding
effusion rate scenarios of 2 m3® s, 20 m3 s, and 200 m3 s1. The mean summit
effusion rate is used as the basis of the scenarios as most of Manam’s lava flows
originate from summit vents (Palfreyman and Cooke 1976; McKee 1981; Global
Volcanism Program 2024). The same effusion rates scenarios were used so that all

modelled flows from all vent types would be easily compared whilst ensuring that
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the range of modelled effusion rates encapsulates the potential of all vent types.
The three scenarios representing best to least to worst case scenarios from a hazard

assessment perspective.

4.2.4 Parameter Testing

Q-LavHA is able to calculate three fitness indexes (Fl), which assess the accuracy of
a simulated lava flow by comparing it to a historical flow of known extent. The
overlapping area between the simulated flow and the historical flow (FI e positive)

is calculated by Equation 4.9 (Mossoux et al. 2016):

AN A,

Flipye positive = A,UA, (4.9)

where Ag is the area covered by the simulated flow and A, is the area covered by
the real flow. Fliyepositive Varies between 0 and 1 where values closer to 1
represent a greater overlap between the simulated and real flows. To determine
whether the discrepancy between the simulated and real flows is due to
overestimation or underestimation by the simulation requires calculating the
Flgise positive (Equation 4.10) and Flfgise negative (Equation 4.11) respectively

(Mossoux et al. 2016):

_ As—(Agn 4y)

FIfalse positive = W (4.10)
A,—(AsN 4;)

FIfalse negative = W (4.11)

The composite score (CS) (Equation 4.12) enables the fits of different simulated lava

flows to be compared by giving more importance to high Flyye positive Values and
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very low Fl g e negative Values. A simulated flow that perfectly matches a real flow

would have CS equal to 100 (Mossoux et al. 2016).

Cs = FItrue positive X (1 - FIfalse positive)l/z) X (1 - Flfalse negative)z) x 100 (4'12)

The Q-LavHA sensitivity testing function was used to test the initially selected input
parameters (described in the section 4.2.4.1) in conjunction with the fitness indexes
to determine whether any adjustments to the input parameter values should be
made for the final modelling. The sensitivity testing function allows one parameter
to be varied by a regular value inclusive of and between a minimum and maximum
value, while holding all other parameters as constants. This testing was performed
against effusion rate (between 10 and 100 m3 s* at 10 m3 s intervals and between
100 and 1000 m3 s at 100 m3 s intervals), channel ratio (10-50 in intervals of 10),
initial viscosity (between 50 and 1000 Pa‘s in 50 Pa-s intervals), phenocryst mass
fraction (0.05-50 in intervals of 0.05) and threshold (0.01-0.2 in intervals of 0.01).
Threshold is a Q-LavHA value that allows the user to discount any pixels with a
probability below the given threshold from being included in the final output, for
example a threshold of 0.05 would discount any pixels with a 5% probability of lava

inundation from being included in the final results.

4.2.4.1 Digital Elevation Model Testing

Using the most recent digital elevation model (DEM) is critical to accurate modelling
and forecasting of lava flows because changes in topography may alter the flow
direction of lava (Tarquini and Favalli 2010). The spatial resolution of a DEM has also

been shown to impact the modelled runout length when using FLOWGO to
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constrain the runout length in Q-LavHA (Rodriguez-Gonzalez et al. 2021). On steep
slopes runout distances are shown to be closer to true lengths on coarser resolution
DEMs, whereas on shallower slopes higher resolution DEMs more closely replicate
the true runout distance (Mossoux et al. 2016). Therefore, two different resolution
DEMs were tested alongside the sensitivity testing of the input parameters to find
the best combination for replicating Manam’s lava flows. The TanDEM-X 12 m
resolution DEM (the data for which was acquired in 2015; Krieger et al., 2007;
Rizzoli et al., 2017) and the ASTER GDEM v3 30 m resolution DEM (constructed with
imagery from 2000-2013; Abrams et al., 2022, 2020) are both tested. While neither
of these DEMs represent current topography given numerous lava effusion events
since their acquisition dates, they are, especially in the case of TanDEM-X, the most

recent high resolution DEMs available for Papua New Guinea.

4.2.4.2 Final Parameter Selection

The initial parameter selections and the two DEMs were tested against the
September-October 2018 and the January 2019 lava flows (Figure 4.1). These are
the two of the most recent lava flows mapped as part of this project in the
northeast valley and have come within 1 km of the coast. Both were used for
parameter testing because they represent two possible flow paths down the
northern (January 2019) and southern sides (September and October 2018) of the
upper valley. Overall the composite scores across the different parameters are low
with maximum scores ranging between 15 and 20. These low scores are likely to be
a result of a) the fitness index methodology which looks for the difference in the

cumulative area covered by the model flows and the real flow b) the shape of the
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two previous flows used for testing. The Q-LavHA propagation method enables
lower probability initial flow paths to be simulated meaning that many potential
flow routes are modelled. Where topography does not constrain the initial flow
paths it is to be expected that fitness index values are produced because the

modelled flows are able to flow in many directions but also do not spread.

Specifically in this testing, the wide northeast valley has many potential flow paths
but the two test flows have an initially narrow channel until reaching shallower
parts of the valley where upon they spread and bifurcate. Therefore the 5,000
iterations produce many flows that take routes outside the real flow extents and
thus the cumulative modelled flows have a high level of high overestimation
(FIfaise positive) in the upper reaches of the valley. As Q-LavHA does not model the
spreading of flows, the relatively few modelled flows that do reach the lower
coastal areas appear to underestimate compared to the real flows resulting in low
Fl i1y positive SCores. Therefore these discrepancies in both the upper and lower
parts of the valley result in low composite scores. However given these explanations
it is still of merit to compare the composite scores across the two DEMs and the

different values within each parameter.

Generally across all parameters tested the TanDEM-X 12 m resolution DEM
produces higher composite scores compared to the ASTER GDEM 30 m resolution
DEM (Figure 4.12). The only exceptions to this are at channel ratios of 15-25 and at
effusion rates of 350-550 m3s! for the January 2019 flow. The TanDEM-X 12 m DEM

produces higher composite scores for the September and October 2018 flow in all
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parameters. Therefore it is clear that the higher resolution DEM is the preferred

option the final modelling.
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Figure 4.12 Q-LavHA composite scores representing best fits of simulated flows to real flows, the September &
October 2018 flows and the January 2019 flow. Composite scores range between 0-100 with 100 representing a
perfectly replicated flow.

The effusion rate sensitivity testing showed composite score peaks of ~10 for both
flows in the 12 m DEM at 20 m3s and 200 m3st and has a score of 15 for the
January 2019 flow that increases to 17 at 300 m3s* (Figure 4.12). The effusion rate
composite score peaks at 200 m3s? for the September and October 2018. This
therefore suggests that the two higher effusion rate scenarios (20 and 200 m3s?)
are appropriate for use in the final modelling of Manam’s lava flows (Figure 4.12).
The lowest effusion rate scenario (2 m3s?) will also be used as it represents a

smaller event than those that seem to have produced the two test lava flows.

Composite scores for the channel ratio parameter show that the best fit is for the
January 2019 lava flow using the 30m DEM at a ratio of 20 and also at a ratio of 30

for the 12 m DEM for the same flow (Figure 4.12). The calculated ratio of 45
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produces the lowest composite scores for all flows across both DEMs (Figure 4.12).
However, since this metric was directly measured and that the highest composite
scores are relatively low overall (17) it was decided to keep the measured channel

ratio of 45 for the final modelling.

The sensitivity testing for the initial viscosity shows that changing the viscosity
between the tested values of 50 and 1000 makes relatively little difference (Figure
4.12). The highest composite scores across all lava flows were found at 50 Pa-s with
a comparable peak at 500 Pa's for the January 2019 flow tests (16 and 17
respectively) (Figure 4.12). Therefore, the calculated initial viscosity of 42 Pa-s was
kept for the final modelling. Initial phenocryst mass fraction was shown to have very
little impact on the composite scores of both flows across both DEMs when varied
between 0.05 and 0.5 (Figure 4.12). As such, final modelling used the calculated

phenocryst mass fraction of 0.41.

The threshold parameter testing showed that utilising this parameter drastically
lowers the composite score for both flows and DEMs (Figure 4.12). This is due to
the highly variable potential flow paths within the northeast valley, which itself
lowers the range of inundation probabilities, in conjunction with the previously
noted observation that higher resolution DEMs also increases the possible
permutations of potential flow paths (Tarquini and Favalli 2010; Mossoux et al.
2016). Therefore, it was decided not to set a threshold value so that all potential

flow paths can be viewed.
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Parameter Value Source
Lava Flow Propagation
Hc (m) 3.5 This Study
i 10 (glgozbj)l Volcanism Program
P? Activated
Hie Activated
Lava Flow Length Constraints
Basic Parameters
Effusion Rate (m3®s™) 2,20, 200 This Study

- . . This Study -
Initial Lava Viscosity (Pa-s) 42 (Giordano et al. 2008)
Initial Phenocryst Mass Fraction 0.41 McKee (1981)
Channel Ratio (width/depth) 45 This Study
Advanced Parameters
Thermal Parameters
T(eruption) (°C) 1183 This Study (Putirka 2008)
T(crust) (°C) 500 (Mossoux et al., 2016)
Offset (°C) 160 (Mossoux et al., 2016)
d (constant) -0.16 (Mossoux et al., 2016)
Viscosity & Elasticity
a (1/K) 0.04 (Dragoni 1989)
b (Pa) 0.01 (Dragoni 1989)
c (1/K) 0.08 (Dragoni 1989)
Convection Parameters
Wind Speed (m s™) 5 (Mossoux et al., 2016)
Ch (related to the friction wind speed) 0.0036 (Mossoux et al., 2016)
T(air) (°C) (ambient air temperature) 20 (Mossoux et al., 2016)
Density (air) (kg m=) 0.4412 (Mossoux et al., 2016)
Specific Heat Capacity (air) (J/kg - K) 1099 (Mossoux et al., 2016)
Velocity Constant
Gravity (m/s?) 9.81 (Mossoux et al., 2016)
Lava Density & Vesicularity

. This Study -

DIRE el (e 2640 (Bottingaénd Weill 1970)
Vesicularity 0.18 This study
Crystal Parameters
Growth Rate 0.0027 (Mossoux et al., 2016)
L (J/kg) (latent heat of crystallization) 350000 (Mossoux et al., 2016)
R (inverse of maximum solid fraction) 1.51 (Mossoux et al., 2016)
Radiation Parameters
Stefan-Boltzmann Constant (W/m?2-K4) 5.67 x 10 (Mossoux et al., 2016)
Emissivity 0.95 (Mossoux et al., 2016)
Conduction Parameters
Thickness of Lava Crust (%) 10 (Mossoux et al., 2016)
T (base of lava crust) (%) 700 (Mossoux et al., 2016)
Lava Thermal Conductivity (W/ m-K) 2.5 (Mossoux et al. 2016)

Table 4.6 Final input parameters for Q-LavHA modelling of Manam lava flows using the FLOWGO lava flow
length constraint method. Q-LavHA defaults can be found in (2016)
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All final modelling parameters are given in Table 4.6. Of note are the Thermal
Parameters T(crust), (°C) Offset (°C), and d (constant) which describe the thermal
insulation efficiency of the lava flow (Harris and Rowland 2001). These defaults
given by Q-LavHA (Mossoux et al. 2016) describe a lava flow that is thermally
inefficient at retaining heat that would result in much shorter runouts than those
that have a continuous crust (i.e. those with no or few cracks) which are responsible
for the majority of heat loss from a lava flow. This should be kept in mind when

viewing the modelled lava flow results .

4.3 Results

The results of the Q-LavHA modelling are presented here, with specific attention on
the lava flow runout distance and the proximity of the potential inundation areas to
settlements. The results are organised according to the different vent scenarios,
beginning first with the summit craters followed by the flank vents from the two
southern valleys and finally the projected satellite cones. The modelled outputs
show the probability of flows to inundate each pixel for a given effusion rate
scenario. These probabilities are relative within each scenario and are not strictly
comparable between scenarios. Hence, instead of being presented as absolute low
to high probabilities, they are described as having lower or higher probabilities. The
lava flow inundation probability maps are divided into five categories representing
differing levels of relative probability: Lowest (>0% - <12.5%), Lower (212.5% -
<25%), Moderate (225% - <37.5%), Higher (237.5% - <50%), and Highest (>50%). The
outputs as the sum of the trajectories (Mossoux et al. 2016) and the possible total

area inundated and the maximum runout length are the key metrics for comparison
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between scenarios. Maximum runout lengths are given as straight line distances in

this section as the model outputs do not show individual modelled flows paths.

4.3.1 Main Crater

For an effusion rate of 2 m3 s, flows originating at Main Crater are likely to remain
within the crater area or reach no lower than 1600 m asl in the northeast valley
(Figure 4.13). The maximum runout distance of the modelled flows is ~580 m,
reaching approximately 1350 m asl. In comparison, the 20 m3 s flows exhibit a
moderate probability of reaching the maximum runout of distance of the 2 m3 s
scenario (Figure 4.13). The maximum runout distance for a 20 m3® s flow is
modelled at ~1800 m, reaching to 700 m asl. The 200 m? s* effusion rate scenario
results show that, close to source, three flow paths are more likely than others, as
outlined by the moderate to higher probability areas in Figure 4.13. These three
preferred flow routes include: one path that flows down the southern side of the
valley; a second that initially flows down the centre of the valley and then
transitions to the north side between 900-1000 m asl; and a third that follows the
centre route and then moves to the north side of the valley at 700 m asl (Figure
4.13). These three higher probability areas approximately correspond to the three
flows emplaced in 2018-2019 (Figure 4.2). The maximum flow length for this
highest effusion rate scenario is 4.8 km, reaching the coast, though very few flow
paths reach the ocean and these have the lowest relative probability (Figure 4.13).
Lava ocean entry it remains a potential high hazard scenario for the highest effusion
rates. There are several flow paths that reach approximately 4 km, which closely

replicates the runout distances of the mapped flows illustrated in Figure 4.2.
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Figure 4.13 Results of the Q-LavHA modelling of lava flows from Main Crater at 20 m3 s'1(top), 20 m3 s’ (middle),
and 200 m3 s'1 (bottom) effusion rate scenarios.
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4.3.2 South Crater

For a 2 m3 st effusion rate scenario from South Crater, it is most likely that lava
flows would remain within the vent area (Figure 4.14). The maximum runout length
for this scenario is ~130 m with flows capable of reaching to ~1650 m asl in the
southeast, southwest and northwest valleys. Results for the 20 m?3 s scenario show
that the same three valleys could be affected. The pixel inundation probabilities in
this scenario reveal three preferred flow paths. The first flows into the south east
valley with a maximum runout length of ~630 m, reaching ~1300 m asl, and
overrunning the postulated position of the southeast valley head vent area. The
second path takes a fairly central route down the southwest valley headwall
between the modelled locations of the southwest headwall and labu vents with a
maximum runout of 600 m, reaching ~1250 m asl (Figure 4.14). The third route
flows into the southern portion of the northwest valley but suggests that flows may
potentially returning back into the southwest valley at around 1500 m asl, passing
over the area of the southwest headwall vent with a maximum runout length of 630

m (Figure 4.14).

The 200 m3 s scenario at South Crater shows that the two southwest valley paths
identified in the 20 m3? s scenario converge around 1000 m asl (Figure 4.14).
Following this convergence, an area of higher inundation probability is shown in the
centre of the valley between the steep valley walls, which converge at ~600 m asl.
Longer runout flows are confined by these walls and the maximum flow length is

~1740 m, reaching to 700 m asl (Figure 4.14).
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Figure 4.14 Results of the Q-LavHA modelling of lava flows from South Crater at 20 m3 s (top), 20 m3 s
(middle), and 200 m3 s'1 (bottom) effusion rate scenarios.
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The flow paths that initially pass into the northwest valley indicate that the
delineation of the northwest and southwest valleys is not an abrupt watershed and
instead represents a transitional plateau area, as suggested by the flow paths in the

20 and 200 m3 st scenarios that return to the southwest valley.

The higher probability pixels in the southeast valley show that there is preferred
path over the south sector of the headwall vent. Flow trajectories then become
more variable below approximately 1350 m asl. Here, flows have higher
probabilities to either move more northwards and flow into the higher of the two
depressions, to maintain a central path and flow into the lower depression feature,
or to flow slightly further south within the valley. The maximum runout distances in
this valley are observed along the southern side at 1950 m, reaching around 700 m

asl (Figure 4.14).

4.3.3 Southeast Valley Vents

4.3.3.1 Southeast Valley Head Vent

The 2 m3 st effusion rate scenario for the northern and southern sectors of the
southeast valley head vent both have relatively low inundation probabilities across
all flow paths. Lower to moderate probabilities are focused around the proposed
vent location area (Figure 4.15 &Figure 4.16). Flows from the southern sector have
a maximum runout length of around 1840 m, reaching just short of 600 m asl along
the southern side of the valley (Figure 4.16). The northern sector maximum length
is ¥2070 m reaching ~550 m asl (Figure 4.15). The maximum lengths for both flows
are outliers, with most flow paths much shorter and terminating at the elevation of

the two topographic depressions. Notably, the maximum runouts under these two
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scenarios reach lower elevations than the South Crater 20 m3 s effusion rate

scenario in this valley (Figure 4.15 &Figure 4.16).

For an effusion rate of 20 m3 s}, the southeast valley head vent scenarios both have
flow pathways capable of reaching the ocean, albeit within the lowest probability
range (Figure 4.15 &Figure 4.16). The southern sector flows have moderate to
higher probabilities of reaching ~1250 m asl. However, the modelled outputs
suggest that at lower inundation probabilities, flows would be capable of flowing
further predominantly down the south side of the valley (Figure 4.16). Although
flows are also capable of passing between the two depressions and reaching the
northern side of the valley, reaching to around 180 m asl, this appears unlikely given
the very small number of model runs that suggest this trajectory. Lava flows from
the southern sector also could migrate into the centre of the valley from 900 m asl
paths, which appear to facilitate reaching the ocean (Figure 4.16). Some lowest
probability flows are shown to escape the southern boundary of the valley between
600-700 m asl (Figure 4.16). Flows originating from the southern sector of this vent

are also able to enter the upper southwest valley flowing to 1200 m asl.

The modelled flows from the southeast valley head vent at an effusion rate of 200
m3 st show multiple pathways where lava flows can reach the ocean. Northern and
southern sector eruptions both are able to produce flows affecting the breadth of
the southeast valley and produce lava ocean entry locations in multiple regions
(Figure 4.15 & Figure 4.16). The highest inundation probability pixels from flows
originating in the northern sector suggest a dominant path into the upper valley
depression, whereas southern sector flows show a higher probability to either flow
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Figure 4.15 Results of the Q-LavHA modelling of lava flows from the northern sector of the southeast valley head
vent area at 20 m3 s (top), 20 m3 s1 (middle), and 200 m3 s (bottom) effusion rate scenarios.
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Figure 4.16 Results of the Q-LavHA modelling of lava flows from the southern sector of the southeast valley head
vent area at 20 m3 s’ (top), 20 m3 s (middle), and 200 m3 s (bottom) effusion rate scenarios.
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towards the lower depression or pass south of this feature (Figure 4.16). As with the
20 m3 s scenario, southern sector flows with a 200 m3 s! effusion rate may also
enter the southwest valley and flow centrally to ~750 m asl, a maximum runout in
this valley of ~1500 m. Additionally, a greater area beyond the southern boundary
of the southeast valley can be inundated by lava flows, regardless of whether flows

are emitted from northern or southern regions (Figure 4.15).

4.3.3.2 Southeast Valley Flank Vents

The higher and lower flank vents both feed short flow paths when the effusion rate
is 2 m3 s, The higher vent has a maximum flow distance of 210 m compared to 75
m for the lower vent (Figure 4.17). In comparison, the flow paths modelled under
the 20 m3 s? effusion rate scenario for both vents produce moderate to highest
probability areas of inundation directly downslope from the point-defined eruption
source (Figure 4.17 &Figure 4.18). The maximum modelled runout distance for the
lower vent is ~380 m, reaching just below 900 m asl, whereas the higher vent is
capable of producing longer flows of approximately 770 m down to ~820 m asl

(Figure 4.18).

At an effusion rate of 200 m3 s, the lower vent is able to generate lava flows
reaching down to elevations of ~500 m asl, with a maximum distance of ~1390 m
(Figure 4.18). The probabilistic output from this modelling shows that the preferred
central flow trajectory from the 20 m3 s scenario is maintained with highest
probabilities of inundation at around 800 m asl and moderate to higher
probabilities maintained as far as 600 m asl (Figure 4.18). The higher vent is capable

of producing maximum runout distances of 2450 m, 1060 m longer than those from
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the lower vent, and reaching to ~180 m asl (Figure 4.17); the position of the higher
vent therefore has a greater ability to produce flows that reach further towards the
coast than the lower vent. This scenario has moderate to highest probabilities of
inundation on the northern side of the valley to approximately 850 m asl (Figure

4.17).

4.3.4 Southwest Valley Vents
4.3.4.1 Southwest Valley Headwall Vent

At a 2 m3 st effusion rate the southwest valley headwall vent produces a maximum
runout of ~160 m, with flows reaching between 1250 and 1400 m asl (Figure 4.19).
The highest probabilities are found within or immediately adjacent to the proposed
vent area. In the 20 m3 s! effusion rate scenario, the area of moderate to highest
probabilities extends to 1200 m asl with the maximum runout extending ~530 m
down to 1000 m asl (Figure 4.19). The flows produced under a 200 m3 s effusion
rate scenario from this vent descend to 700 m asl, a maximum distance of 1560 m.
The highest probabilities of inundation occur just below 1000 m asl where it
appears that flows begin to be channelled by the steep side walls (Figure 4.19); this
was also seen in the South Crater flows reaching these elevations (Figure 4.14).
Overall, flows from the southwest valley vent are capable of occupying most of the
upper valley except the eastern portion around the proposed labu vent (Figure

4.19).
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4.3.4.2 labu Vent

All labu vent flow scenarios have greater maximum runout distances than their
southwest valley headwall counterparts (Figure 4.20). An effusion rate 2 m3 s from
labu vent is able to produce a flow reaching 850 m asl, approximately 850 m from
the vent. Higher inundation probabilities are located just north of the proposed
vent, suggesting a topographically-controlled exit geometry from the vent area.
Lower probability flows reach to around 1100 m asl (Figure 4.20). The 20 m3 s?
effusion rate scenario has a maximum runout of 1940 m down to ~470 m asl within
the narrow portion of the southwest valley (Figure 4.20) and, similar to the previous
scenario, the highest inundation probabilities occur just north of the vent. In the
200 m3 st effusion rate scenario, the highest probabilities exist in the same area to
the north of the vent and within the same part of the valley just below 1000 m asl
where lava flows appear to be preferentially channelled regardless of source (Figure
4.20). The maximum flow distance for labu vent is ~3300 m reaching to ~160 m asl|
where the narrow section of the southwest valley opens up onto the shallower

coastal areas (Figure 4.20).
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4.3.5 Satellite Cones

For an effusion rate of 2 m3 s within the satellite cone scenario, model simulations
show that most flows from the projected cones would be very localised, travelling
no more than 150 m. Notable exceptions are cones 6 and 20 which have maximum
runouts of ~400 and ~780 m, respectively, with the latter reaching the ocean
(Figure 4.21). An effusion rate of 20 m3 s at these cones produces possible lava
ocean entry locations at Cones 1, 2, 3, 4, 5, 6, and 20 (Figure 4.21); though for south
and eastern sides of the island are closer to the coast due to the single radial mean
distance used to define the projected cone locations (Figure 4.10). An effusion rate
of 200 m3s* produces far more flows that result in an ocean entry. Cones 1, 6, 7, 9,
10, 11, 14, 15, 16, 17, 18, 21 and 22 produce flow paths that overlap mapped
buildings of nearby settlements (Figure 4.21). The flows are generally well
constrained by topography, with projected cones situated in river channels (Cones
15 and 16) producing narrow inundation footprints. In contrast, those forming in
more open terrain, especially nearer the coast, have many more flow path
permutations (Figure 4.21). Regardless of topography, cone generated flows with a
200 m3 s effusion rate are capable of runout distances of more than 700 m, with

Cone 13 producing a flow of approximately 1350 m (Figure 4.21).
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4.4 Discussion

The main aim of this chapter is to assess the hazard posed by lava flows to
settlements on Manam. Probabilistic modelling of lava flow inundation areas at
Manam, for a suite of pre-defined eruptive scenarios, shows considerable variability
in the distances that the flows can reach depending on the eruption source.
Therefore, this section will draw on the modelling results presented to discuss the
overall potential for lava flows to directly impact settlements across a range of
relevant eruption scenarios. The results also indicate that future flows will not
produce similar runouts lengths as the mapped flows in the northwest and
southwest valleys (McKee 1981) and possible explanations will presented. Lava flow
ocean entry situations are a frequently under-recognised hazard during effusive
eruptions at ocean island volcanoes, and yet have implications for public health.
The modelling analysis suggests that lava flows are capable of reaching the ocean
under several eruptive scenarios, although generally only at higher effusion rates.
The analysis presented demonstrates clearly that the ability for lava flows to reach
the ocean is largely dependent on the vent location and this is critical information
for local response when assessing the potential hazard posed by a newly-formed
and active lava flow. Consequently, the final section of this discussion will consider
mechanisms that may explain the discrepancy between historical records and
modelled results regarding the ability of flows to reach the coast within the

southeast valley.
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4.4.1 Can Valley Channelled Lava Flows Impact Settlements?

The September and October 2018 northeast valley lava flows threatened the
villages of Bokure and Kolang prompting the relocation of these settlements to the
coastal region between the northeast and southeast valleys (Global Volcanism
Program 2019a). The closest villages to the lower avalanche valleys are now
Dangale and Abaria (both less than 1 km from the lower reaches of the northeast
valley), Kuluguma (parts of which are within 100 m of the northwest valley) and
lassa (<1 km from the northwest valley). In the northeast valley the longest
modelled flows reach between 4 and 5 km in runout distance, with most of these
flows fronts being located in the centre of the valley down to ~100 m asl, a
considerable distance from Dangale and Abaria (Figure 4.13). None of the modelled
scenarios produced flows that propagated down the northwest valley which means
that the circumstances leading to the 1958 flow that threatened Kuluguma (Taylor

1958a) remain unclear.

4.4.1.1 Flow Field Development in the Northeast Valley

The modelled runout distances match the 2018-2019 lava flows in the northeast
valley (Figure 4.2) relatively well but do not replicate the full northerly and
southerly extents reached by recent flows. Q-LavHA does not model the lateral
spreading of flows, nor the development of flow fields, as each iteration does not
take into account the emplacement of previous iterations (Mossoux et al. 2016).
The maximum widths of the lower reaches of the recently emplaced flows are
between 200-500 m. Even with this amount of spreading at the distal lobes, the

modelled flows do not threaten Dangale or Abaria.
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As Q-LavHA only models a single lava flow channel, the hazard posed by flow field
extension is not represented. Flow fields develop when the pressure within the
channel exceeds the strength of the levees containing the flow, causing breaches
from which lava escapes from the main channel (Kilburn and Lopes 1991; Kilburn
2000). The 1983 and 1989 flow fields on Etna (Italy) were shown to have extended
beyond the limit of the initial flow by 67% and 22% respectively (Kilburn and Lopez
1988; Barberi 1990; Kilburn and Guest 1993). If flows extended down the most
northern or southern extremities of the northeast valley it is possible that Dangale
and Abaria villages could be inundated. However, the likelihood of such an event at
Manam is very unlikely given the eruption durations required for extensive flow
fields to develop. Flow fields observed globally commonly take weeks to months to
develop (Kilburn and Guest 1993; Mattox et al. 1993; Pedersen et al. 2017),
whereas lava flows at Manam are typically emplaced within hours to days (Taylor
1958a; Palfreyman and Cooke 1976; Global Volcanism Program 2024). The exact
emplacement duration of the September-October 2018 flow is uncertain but at
most may have been active for 8 days based on observations of lava flowing in the
valley on 25 September 2018 and later reports of a flow halting on 2 October 2018
but with no confirmation if the two were the same flow (Global Volcanism Program
2019a). However, while this lava flow did develop three distinct lobes (Figure 4.2)
this cannot be described as a flow field. From a forecasting perspective it would be
unlikely that Dangale and Abaria villages would be considered under threat from
flows in the initial days of lava flow emplacement in the northeast valley. These
villages could be considered at risk if effusions from Main Crater continued for one

week or more and breakouts began to form on the northern or southern most
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extremities of the valleys. However, given the typical duration of Manam lava flows

being less than one week this is currently unlikely.

4.4.1.2 Possible Topographic Change in the Northwest and Southwest Valleys

The greatest discrepancy between the mapped and observed real flows and the
modelled lava flows can be seen in the northwest and southwest valleys. The
mapped flows in these valleys are within hundreds of metres of current buildings
and settlements and so investigating what circumstances may have led to lava
emplacement previously is an important part of understanding lava flow hazard in
these areas particularly. The modelled flows reflect observed behaviour of flows in
the southwest valley where most flows remain within the wider upper reaches of
the valley with some flows advancing down into the narrower section below ~600-
700 m asl. Although, all flows remain within the confines of the valley walls, the
divergence between the modelled and true lava flows relates to the two undated
flows mapped by McKee (1981). These flows were mapped from the coast to ~300-
350 m asl and originally drawn as if extensions of the southwest valley; however,
current topography indicates they fall outside the valley confines and the modelling
suggests that these flow paths are not currently possible. There are three options
that are considered here to explain the inundation of these areas: 1) the vent
position feeding these historical flows was different from observed vents, 2) a
higher effusion rate enabled lava to overcome the valley walls, or 3) a topographic
change has since occurred in the southwest valley. The direction of the mapped
flows indicate they flowed from the narrow mid-section of the valley (McKee 1981)

suggesting a vent source in the upper valley, as with recently observed flows. The
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200 m3 s effusion rate modelling scenario has already been acknowledged as
reflecting the upper limit at Manam based on observations at analogue volcanoes
such as Etna (Kilburn and Guest 1993; Andronico and Lodato 2005; Zuccarello et al.
2022). Even this scenario does not favour overflows in the southwest valley, so that
an elevated effusion rate cannot explain how the flows mapped by McKee (1981)

were emplaced.

It is also unlikely that the vent location has changed significantly. Topographic
change within the valley is thus considered the most likely explanation for the
difference between these undated flows and the more recently observed and
modelled flows. McKee (1981) recognised that the undated flows were recent, thus
the topographic alteration must have taken place relatively quickly, with only 34 or
so years between mapping and the TanDEM-X acquisition in 2015 (Rizzoli et al.
2017). Assuming the undated flows overcame the valley walls then subsequently
either the valley wall height has increased, the valley became deeper or a
combination of the two. If the flows did overcome the valley walls, their
emplacement may have impeded future flows from overcoming the walls, either by
adding to the height of the walls or by making other flow paths within the valley
more favourable. In terms of deepening of the valley, it is possible that erosion by
PDCs or lahars may have gouged out a deeper valley floor, in the upper reaches and
depositing material in the coastal areas at the bottom of the valley (Palfreyman and
Cooke 1976; McKee 1981) that would now mean that lava flows cannot escape the
confines of the channel. PDCs are capable of entraining finer particle substrate and

larger, more coarse material (Roche et al. 2013) resulting in the erosion of flow
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channels (Cole et al. 1998; Calder et al. 2000; Brand et al. 2014). Frequent PDCs in
the southwest valley over the last 100 years or more (Global Volcanism Program
2024) would thus be capable of deepening the valley to such an extent that all
future lava flows are constrained by the deeper valley topography. This has had the
effect of limiting the hazard posed by lava flows to the villages near to the

southwest valley.

Model simulations of flows originating Main Crater do not show any propagation of
lava into the northwest valley, suggesting that there is no hazard posed to
Kuluguma and Yassa villages. However, the NW Valley A flow in Figure 4.1, likely the
1958 flow described by Taylor (1958a), was emplaced within metres of current
structures on Manam and within 1 km of the main area of Kuluguma. Therefore it is
necessary to understand the circumstances, eruptive and topographical, that led to
this flow’s emplacement, and what would be required for similar flows to be

emplaced in the future.

The account of the 1958 northwest valley lava flow describes explosive and effusive
eruptions at Main Crater and then states that on 14 January “a more powerful
eruption poured a much larger lava flow into the northwestern valley” (Taylor
1958a). This description implies that the flow did indeed originate from Main Crater
and flowed over the northwestern crater wall. Since the scientific record of
Manam’s activity began in 1939 (Fisher 1939), explosive eruptions at Main Crater
have been uncommon with most explosive activity centred on South Crater
(Palfreyman and Cooke 1976). Paroxysmal explosive eruptions followed by
substantial effusion of lava has been linked to the release of trapped volatiles
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beneath a low permeability plug, followed by subsequent depressurisation of the
shallow magmatic system and rapid magma ascent (Cassidy et al. 2018a). Therefore,
precursory explosive behaviour may be an indicator of the potential conditions
required for lava propagation in the northwest valley. However, the magmatic
processes responsible for the triggering of effusive eruptions do not necessarily
dictate the flow path of the effused lava as this is primarily topographically-
controlled. Therefore, similar to discussion of the southwest valley flows above,
there must have been different topography at the time of effusion to that of the

present day.

Pre-existing topography strongly controls the emplacement geometry of lava flows
(Miyamoto and Papp 2004) and, in turn, lava flows change the topography during
emplacement (Ebmeier et al. 2012). As such, the lava flows preceding the 1958
northeast flow may have been emplaced in such a way as to direct future flows into
the northwest valley. To investigate this possibility, Figure 4.22 shows a Q-LavHA
model of a Main Crater lava flow with a 200 m3 s’ effusion rate over a modified
version of the TanDEM-X DEM. This DEM was modified by adding 3.5 m (the
calculated average Manam lava flow thickness) to any pixel where one of the four
lava flows from 2018-2019 (Figure 4.2) had been emplaced; a maximum increase of
14m where all flows cover a given pixel. The probabilistic output from the modelling
on this modified DEM show that there are possible flow paths where lava is able to
pass over the northern wall of Main Crater and flow down the northwest valley to
around 750 m asl, a 1660 m maximum runout (Figure 4.22). Although highly

simplified, this rudimentary example demonstrates how successive lava flows can
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change the underlying topography sufficiently to cause future flows to be directed
down the northwest valley. Ultimately, under this example there is still a low
probability of Main Crater flows entering the northwest valley. However, the build-
up of lava within the crater area should still be monitored, especially if the open

northeastern side of the crater begins to fill in as a result of successive overflows.

Overall the modelling of Manam’s lava flows indicate that there is a low probability
direct inundation of villages in their current locations, especially given the
relocation of Bokure and Kolang in recent years. Topographic changes over the last
70 or more years has likely prevented lava from threatening villages around the
northwest and southwest valleys. It has been shown that Main Crater generated
flows may be capable of entering the northwest valley due to successive build up of
lava flows in the crater area but these are not expected to travel far enough to
threaten villages (Figure 4.22). Therefore more substantial topographical change is
thought to be required for lava flows to directly threaten settlements situated

around the base of the northwest and southwest valleys

4.4.2 Southern Villages Most at Risk from Future Satellite Eruptions

The primary issue facing volcanic hazard assessment of monogenetic cone fields is
that typically activity is centred in one location with subsequent eruptions moving
location (Schmidt et al. 2022). This adds additional uncertainty to hazard modelling
where the vent location is normally a well constrained parameter. As such hazard
assessments attempt to statistically analyse the distribution of cones to infer future

locations (Kereszturi et al. 2014; Sieron et al. 2021; Bevilacqua et al. 2022) and may
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randomly generate cone location within a known field (Marrero et al. 2019). Due to
the unpredictability of where a cone will form, it represents a significant challenge
for planning and response to these events from large monogenetic fields (Kereszturi
et al. 2014; Charlton et al. 2020; Bevilacqua et al. 2022) to small island volcanoes
like Manam (Marrero et al. 2019; Barragan et al. 2022; Biass et al. 2024). Given that
only five satellite cones have been emplaced at Manam it was not possible to
replicate these approaches but they do point to the general difficulty in modelling
satellite cone hazard. In this section the hazard to Manam’s settlements given the
assumption that cones form at approximately similar distances due to stresses
produced the loading effect of the central edifice, whilst recognising the difficultly
in representing the probability of cones forming in any one particular part of the

island.

The modelled results for lava flows produced by satellite cones reveal that the
potential inundationextent is sensitive to the effusion rate (Figure 4.21). The2 m3 s’
! effusion rate scenario shows very limited flow mobility, likely due to shallower
slope gradients the lower flanks, and generally flows are not able to flow far enough
to reach populated areas unless the vent itself is close (<500 m) to settlements (e.g.
Cones 1, 6,11, 14, 11, 21 and 22). The 20 m3 s scenario flows are capable of longer
runouts of up to ~800m (Cones 8, 13 and 20, Figure 4.21) but are typically shorter,
especially if they are topographically-constrained (Cones 1, 7, 9, 10, 11, 12, 16,
Figure 4.21). The 200 m? s scenario shows that all projected vent positions are
capable of longer runouts of 600-1000 m; only when source vents are located on

steeper slope gradients (projected cones 12, 16 and 22, Figure 4.21). At analogue

345



volcanoes, satellite cone effusion rates are typically between 1 and 20 m3 s?
(Andronico and Lodato 2005; Branca et al. 2013; Larrea et al. 2017; Pedersen et al.
2022; Zuccarello et al. 2022) and so the hazard represented by the 2 and 20 m3 st
scenarios should be considered the most realistic, with the 200 m3 s scenario

representing a low probability but high consequence (i.e. worst case) scenario.

The regular placement of vents at the average distance of current satellite cones
from South Crater attempts to capture an approximation of the hazard posed by
lava flows from satellite vents. However, this cannot be considered as a
comprehensive hazard assessment as the vent placement is arbitrary and future
flank eruptions may initiate at any position, closer to or further from Manam’s
coastal settlements. The locations of existing satellite cones provide some
indication as to the position of future vents and cones. Clustered distributions of
monogenetic cones around the central cone have been identified at composite
volcanoes globally (e.g. Springer Volcanic Field (USA) - Connor et al., 1992; Etna
(Italy) - Corazzato and Tibaldi, 2006; Kadovar, Long Island and Langila (Papua New
Guinea) McKee, 1981; Bazman (lran) Saadat and Stern, 2011; Jeju Island (South
Korea) Yokoyama, 2020). Clustering typically follows either an annular pattern or
more linear pattern where cones concentrate along identifiable axes from the main
conduit (Yokoyama 2015). Manam’s satellite cones seem to follow a linear axes
distribution with four cones situated along a north-south axis and the fifth located
on in the west (Figure 4.10). The north-south and west axes represent more viable
pathways for dyke propagation. The absence of cones to the east may indicate that

sub-surface conditions, such as stress field and emplaced strata (Gudmundsson
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2005, 2006; Bazargan and Gudmundsson 2019) are conducive to vent-forming dyke
propagation on eastern Manam or that such behaviour is rarer than along the other
directions. Thus the north-south axis and tentative western branch represent the
most likely locations for future satellite vents. Piling effects, whereby solidified
dykes improve the strength of surrounding rock hampering successive dyke
propagation (Yokoyama 2015), may also influence future location of satellite vents.
Future dykes are less likely to reach the surface in close proximity to previously
emplaced cones and so could instead surface 500-1000 m away from previous
cones, based on the distance between the two northern and two southern satellite

cones on Manam (Figure 4.1).

The position of existing cones indicate that villages on the north, south and west
coasts are more at risk from lava flows produced by future cone-forming eruptions
than those on the east cost. In addition the mean distance of existing cones from
the South Crater conduit suggest that future cones forming in southern Manam
would likely open within hundreds of metres away from or potentially within
villages themselves. Thus overall southern villages are most at risk from future cone
formation given this potential proximity to future forming cones and the indicated

preference for cones along the north-south axis.

4.4.3 Secondary Lava Degassing Hazard

This research has indicated that the likelihood for lava flows inundated a populated
area of the island is low without topographic alteration to the avalanche valleys or a

change in effusive behaviour to become more long-lived. However, an often
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overlooked aspect of lava flow hazard is that of its degassing as volatiles continue to
exsolve from the lava during and continue for weeks to months after emplacement
(Simmons et al. 2017; Kern et al. 2020). The reaction of atmospheric moisture with
volcanic gas emissions, especially SOz, produces volcanic smog increasingly known
as “vog” (Sutton et al. 2001). The primary constituent of vog is sulphate aerosols a
particulate matter with a mean diameter of less than 2.5 um (PM_s) (Mather et al.
2012). Vog has been shown to result in respiratory health issues (Longo et al. 2010;
Edmonds et al. 2018) when communities are overexposed and as such particulate
dispersal models are increasingly used to forecast the impact of vog generation
(Perrone et al. 2012; Moisseeva et al. 2023) however this remains outside the scope
of this work. Communities on Hawaii within several kilometres of vog sources have
been show to be regularly exposed to SO, and PM; s levels exceeding 24 hour safe
levels (Businger et al. 2015). The modelling presented in this chapter show that lava
flows are capable of reaching within 1-2 kilometres of settlements and therefore

may pose a health hazard due to ongoing degassing and possible vog production.

Lava-seawater interaction can result in explosive behaviour capable of generating
ballistics (Mattox and Mangan 1997) and also produce a gas and aerosol plume
known as laze (“lava haze”), which is rich in chlorine from volatilised seawater
(Edmonds and Gerlach 2006; Mason et al. 2021). It has long been clear that lava
flows have been capable of reaching the ocean via the northeast (Global Volcanism
Program 1992c, b, 2004d) and southeast valleys (Fisher 1939; Taylor 1958a; Global
Volcanism Program 1994). Similarly to vog, laze contains volatile trace elements,

which are emitted initially in their gaseous form and then condense rapidly to
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particulate aerosols, predominantly complexed with sulphur or chlorine ligands
(Edmonds et al. 2022b). Many of the trace elements are classified as environmental
pollutants (llyinskaya et al. 2021b) and exposure can negatively impact on regional
air and water quality and be detrimental to human health, especially over
prolonged exposure timescales (Sabra et al. 2017; Rehman et al. 2018; Ilyinskaya et
al. 2021b; Stewart et al. 2021). Even short-term exposure to volcanic plume, and
particularly laze, can cause significant respiratory aggravation and eye irritation
(Stewart et al., 2021). Persistent degassing from Manam is generally thermally
energetic, producing a buoyant gas plume that rises from the summit craters
(~1600-1800 m asl) to an elevation of around 3000 m asl (Liu et al. 2020a) where it
is then transported laterally. Consequently, under quiescence conditions, gases and
aerosols within the plume do not present a significant hazard to local populations.
Laze however, forming at sea level, and with an unfavourable wind direction could
potentially expose populated areas to highly acidic chlorine-rich gases and elevated
concentrations of particulate aerosols. Deposition of these aerosols into stored
open drinking water containers may contaminate water supplies, and so planning
for the extended use of well water and only covered water storage sites would be
an important preparedness measure. The impact of volcanic trace element aerosol
on agriculture is less well understood; although supplying additional nutrients to
soils may be beneficial to productivity over long timescales, the uptake of high
concentrations of metallic elements into growing produce may prove hazardous for
consumption. As such it is important to understand what the conditions are

required for lava flows to reach the sea.
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The ability for lava flows in the northeast valley to reach the ocean is dependent on
the effusion rate. Only the 200 m3 s effusion rate scenario was capable of
producing flows that reach the ocean, which in itself would be considered a low
likelihood eruptive intensity, and may explain why just four northeast valley lava
flows have reached the ocean according to the historical records (Global Volcanism
Program 1992c, b, 2004d). The conditions for southeast valley flows to reach the
ocean is less clear. Three confirmed southeast valley lava flows are known to have
reached the ocean: the 2 August 1919 flow which was not directly observed (Fisher
1939), the 6 March 1958 which reportedly came from South Crater (Taylor 1958a)
and the 18 October 1994 flow which came from a breach on the east side of South
Crater (Global Volcanism Program 1994). The modelled results in this study indicate
that lava flows sourced directly form South Crater with high effusion rates of 200 m3
s1 are not capable of reaching the ocean (Figure 4.14). In contrast, flows from the
southeast valley head vent can reach the ocean under both the 20 and 200 m3 s
scenarios (Figure 4.15 &Figure 4.16), indicating that a flank eruption promotes the

formation of ocean entry sites relative to summit overflows.

4.4.3.1 Anticipating Ocean-Entry Hazards in the Southeast Valley

This subsection seeks to reconcile the inconsistency between the modelled South
Crater flows and the account of the 6 March 1958 ocean-entering lava flow.
Modelling suggests that a South Crater flow cannot result in a ocean-entry and
therefore there is no risk of laze but the account of the 1958 flow suggests

otherwise. Determining how the 6 March 1958 lava flow reached the ocean informs
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whether local communities should prepare for potential laze hazard when

observing South Crater generated flows in the southeast valley.

The ocean entry of the 1958 flow can be explained in one of three ways: 1) the
rheology of the 6 March 1958 lava was markedly different than modelled, enabling
a more mobile flow, 2) since the 6 March 1958 flow was emplaced the topography
of the southeast valley has changed to prevent flows advancing to the ocean, or 3)
the 6 March 1958 flow did not originate from the South Crater. The physical
properties of the 6 March 1958 lava flow may well have been different from those
modelled; however, the simulated flows from Main Crater and the southeast valley
head vent were able to reach the coast (Figure 4.13,Figure 4.15, & Figure 4.16)
where South Crater flows were only projected to flow to ~700 m asl (Figure 4.14).
This suggests that topography may be the limiting factor for the modelled South
Crater flows. However, if TanDEM-X topography as of 2015 is the limiting factor for
modelled South Crater flows to reach the sea then, surely, modelled southeast
valley head vent flows may also be expected to have been limited. Instead, more
viable flow paths to lower elevations are found by flows simulated from this vent
(Figure 4.15 & Figure 4.16). Given that differences in rheology and topography did
prevent the modelled South Crater flows from reaching the ocean, it follows that
the 6 March 1958 flow may not have originated from South Crater but from a vent
at a lower altitude. It is common for longer lavas to be fed from lower-altitude
vents. At Etna (Italy), for example, lavas from flank vents have longer average and
maximum runout distances than summit-fed flows (Chester et al. 1985; Andronico

and Lodato 2005). It is therefore suggested that the 1958 flow may in fact have
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issued from either a breach in the crater wall, similar to the 18 October 1994 flow
(Global Volcanism Program 1994) or from the southeast valley head vent region

based on the modelled results (Figure 4.15 & Figure 4.16).

Misidentification of the source of the 6 March 1958 flow may therefore have been
similar to the discredited 1946/47 lava flow that reportedly reached the ocean (Best
1953). This was later interpreted to have been an accumulation of lava at the top of
the valley that collapsed and descended the valley as a debris flow (Reynolds 1957).
These debris flows were noted to leave deposits superficially similar to an ‘a’a lava
flow (Taylor 1958a). McKee (1981) did subsequently map these 1946/47 deposits as
a lava flow. Here, it is suggested that both the 1946/47 and 6 March 1958 flows may
have indeed been lava flows that issued from a vent high up in the southeast valley
which, from the modelling (Figure 4.14, Figure 4.15, Figure 4.16), is the only vent
location capable of generating flows that enter the ocean in this valley. Therefore,
as per the modelled results, local communities should only be concerned of

potential lava sea-entry hazards if flows are generated below South Crater’s rim.

4.4.4 Limitations and Future Work

There are no published effusion rates for Manam’s lava flow and publicly available
reports are generally not detailed enough for any estimations. Therefore, this
chapter used published effusion rates at analogous systems to define the three
effusion rate scenarios used in the modelling. Effusion rates have been estimated
using thermal satellite remote sensing methods (Wright et al. 2001; Harris and

Baloga 2009a) at volcanoes such as Etna (ltaly) (Vicari et al. 2009; Harris et al. 2011),
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Kilauea (USA) (Harris et al. 1998; Plank et al. 2021), Piton de la Fournaise (La
Reunion) (Coppola et al. 2009), Holuhraun (Iceland) (Bonny et al. 2018), and Pacaya
(Guatemala) (Morgan et al. 2013). These method relates the radiated energy from a
lava flow to the time averaged discharge rate (TADR) by assuming the temperature
of the lava (Harris et al. 1997) typically using satellite-borne thermal infrared
sensors such as NASA’s Advanced Very High Resolution Radiometer (AVHRR) and
Moderate Resolution Imaging Spectrometer (MODIS) instruments (Harris et al.
1997, 2011; Coppola et al. 2009). These satellites-based data sources are open-
access and provide robust estimations of effusion rates and so therefore represent

a natural next progression for lava hazard assessment at Manam.

The lava flow properties selected as input parameters for Q-LavHA were based on
compositional analyses of lava flows from 1974 or earlier (Palfreyman and Cooke
1976; McKee 1981; Johnson et al. 1985). To better constrain the properties of
Manam’s lava flows, samples from more recent flows should be collected and
analysed, and used to update the representative Manam lava bulk composition.
These data would also enable evaluation of whether the bulk composition of
erupted products from Manam has evolved over time, which would yield
independent yet complementary constraints on magma storage conditions and
potential eruption triggering mechanisms such as magma recharge, mixing,

protracted crystallisation and volatile exsolution.

Most critically, the TanDEM-X DEM used as the topographic input for Q-LavHA
represents the topography in 2015 (Rizzoli et al. 2017). Since then, Manam has
generated both explosive and effusive eruptions capable of altering the topography
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of the summit areas and avalanche valleys. Up to date DEMs are critical for accurate
lava flow hazard assessment (Tarquini and Favalli 2010). The TanDEM-X product is
the most recent satellite derived DEM and in addition to this its high-resolution
means that it represents the best possible basis for current modelling. However, an
updated DEM ideally should be produced during future field work, potentially using
ground-based LIDAR (Fornaciai et al. 2010; Bisson et al. 2016; Hunt et al. 2020) or
UAS photogrammetric surveys (Miller et al. 2017; Granados-Bolafios et al. 2021;
Vieira et al. 2021). LIDAR or UAS photogrammetric derived DEMs typically produce
very high-resolution DEMs (in the range of millimetres to centimetres per pixel
compared to metres for satellite-derived DEMs). High-resolution DEMs produce
lower inundation probabilities in Q-LavHA due to the increased number of potential
flow paths (Mossoux et al. 2016) and so any field data based DEMs would need to
be smoothed to lower resolutions on the orders of metres for use with lava flow

models.

As indicated in section 4.1.3 the default Thermal Parameters for Q-LavHA are
thermally inefficient and limit the runout distances of lava flows. Future iterations
of this study should either determine these parameters through analysing lava flow
samples from Manam or utilising a newer version of FLOWGO (Harris and Rowland
2015b) coupled with DOWNFLOW (Tarquini and Favalli 2011, 2016) in place of Q-
LavHA for the flow direction propagation (Gurioli and Paris 2015; Harris et al.
2016).The DOWNFLOW code simulates the propagation of lava flows by way of
steepest descent path and perturbates the topography within user defined

elevation intervals and number of iterations (Tarquini and Favalli 2011, 2016). This
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enables more realistic simulation of lava flow bifurcation and spreading (Favalli et
al. 2005; Tarquini and Favalli 2016) which are not well represented in Q-LavHA as it

is unable to alter topography between iterations (Mossoux et al. 2016).

A further area of work to comprehensively assess lava hazards at Manam would be
to quantify the lava degassing hazards posed by both vog and laze. Initially
particulate dispersal models such as VogCast (Moisseeva et al. 2023) or FLEXPART
(Perrone et al. 2012) should be used to model scenarios based upon the rainy
(November-April) and wet seasons (May-October), which have different prevailing
wind directions, and varied wind speeds. This would allow for Manam residents to
be more aware of whether a volcanic gas and particulate plumes from an active or
recently emplaced lava flow is likely to affect their settlement. A further
improvement to this would be to measure the lava plume gas specie composition
using a MultiGAS (Shinohara 2005; Aiuppa et al. 2007) and the particulate matter
within the plume (llyinskaya et al. 2021b; Mason et al. 2021) where possible. These
could then be fed into the particulate dispersal model to better constrain the

exposure hazard from the lava degassing vog and laze hazards.

4.5 Conclusions

The aim of this chapter was to assess the potential for lava flows to impact
settlements on Manam through direct inundation and through lava-seawater
interaction at ocean entry sites generating harmful gas plumes. This chapter shows
that Q-LavHA is capable of assessing lava flow hazard on Manam but needs to

invoke high effusion rates to produce runout distances comparable to observed
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flows. This is most likely due to the thermally inefficient default Thermal
Parameters (Table 4.6) (Mossoux et al. 2016) and so it is recommended to better

constrain these parameters for Manam'’s lava flows for future hazard assessments.

The probabilistic results of Q-LavHA lava flow modelling indicates that direct
inundation of settlements does not currently pose a significant threat to existing
settlements. Manam’s four radial avalanche valleys direct lava flows generated
from the summit and flank vents and direct them to uninhabited regions of the
island. This chapter also shows that Q-LavHA is capable of assessing lava flow
hazard on Manam but needs to invoke high effusion rates to produce runout
distances comparable to observed flows. This is most likely due to the thermally
inefficient default Thermal Parameters (Table 4.6) (Mossoux et al. 2016) and so it is
recommended to better constrain these parameters for Manam’s lava flows for

future hazard assessments.

The potential threat from satellite cone formation was also explored by
systematically simulating the formation of cones around the island at the mean
distance of the five current cones from South Crater. This analysis showed that
flows emitted at lower effusion rates (2 m?3 s) are largely contained by local
topography and have limited runout capability. Flows erupted at higher effusion
rates (20-200m3s!) are capable of reaching between ~500 and 1300 m putting most
settlements on Manam at risk. Settlements located on the northern coast of
Manam, such as Baliau, Boda and Dangale are further from the assumed cone
forming region, whereas other regions, especially south coast settlements, are
closer to this region (Figure 4.10). However, the likelihood of future lower flank
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eruptions forming satellite cones is uncertain, as those in the eruptive record are

undated so the repose time is unconstrained.

Modelling results have shown that, under the suite of eruptive conditions explored,
only lava flows descending via the northeast and southeast valleys are capable of
entering the ocean and generating secondary hazards, primarily laze. Only high
effusion rate scenario flows (200 m3 s') from any source vent were shown to be
capable of reaching the ocean and the probability of this occurring was relatively
low. In the southeast valley, only lava flows generated from the southeast valley
head vent were able to reach the ocean under the 20 and 200 m3 s effusion rate
scenarios. Although the probability of a lava flow reaching the ocean was similar
between the two valleys, the number of simulated flow paths that reached the sea

was greater in the southeast valley.

This work has demonstrated the application of open-source lava flow models to
assess hazard at a frequently active island-arc volcano. The different mobility and
resulting hazard footprint of lava flows generated by flank eruptions compared to
summit overflows, as observed at other mafic volcanoes, is also reflected
guantitatively here in the modelled outputs. These results provide actionable
information for local communities and eruption response agencies when observing
and responding to effusive eruptions at Manam by highlighting the maximum
potential runout for Manam’s recent and current vent configurations. To extend the
results, further research into the geochemical and rheological properties of more
recent lava flows and the production of up to date topographic models are
suggested for future evaluations of Manam’s lava flow hazard.
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5 Chapter Five - Summary
and Conclusions
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5.1 Summary

This thesis set out to achieve two main aims, which were a) to interpret the
volcanological processes responsible for the observed open-vent activity of Manam
volcano using satellite remote sensing of thermal and SO, emissions, and b) to
assess the hazard posed by tephra deposition and lava flows to human activity and

infrastructure on Manam and the nearby Papua New Guinea mainland.

5.1.1 What are the Processes Governing Manam’s Activity?

Satellite remote sensing of Manam enabled the production of the first multi-annual
and multi-parametric timeseries of Manam’s emissions, which was used to gain
insights into the magmatic processes operating between May 2018 and December
2021. Specifically, this work identified the arrival of a volatile-rich magma into
Manam’s shallow plumbing system. This recharge event is inferred to have
triggered a series of eruptions, which evolved in character as residual degassed
magma was progressively removed from the conduit and replaced by buoyant gas-
rich melt, and to have been responsible for subsequent elevated SO, emissions due
to enhanced fluxing of volatiles through the shallow plumbing system. These
heightened gas emissions resulted in further eruptions that are consistent with the
emplacement and subsequent failure of a conduit plug formed as a result of rapid
degassing-driven dehydration and crystallisation. Furthermore, this chapter
quantified the excess degassing at Manam and found that, over the full study
period, more magma was erupted than supplied. However, this was interpreted as

including the removal of the residual degassed magma. From March 2019 to
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December 2021, after which we invoke that only the recharge magma remains,

Manam degassed an excess of 0.1 km3 more magma than was erupted.

5.1.2 What are the Likely Impacts of Tephra and Lava Flows?

Modelling of lava flows and tephra deposition using Q-LavHA and TephraProb
guantitatively assessed the future exposure areas of these hazards across a range of
scenarios, enabling discussion of the potential impacts. It was found that lava flows
source from Manam’s summit and flank vents were not likely to inundate
settlements in their current locations but that lava-seawater interaction (and the
resulting laze plume) was a more likely mechanism of which to impact Manam’s
population. This work shows that satellite cone eruptions on the lower flanks of
Manam represent a direct threat to populations and infrastructure but recognises
the ambiguity related to the location and probability of these types of eruption on
Manam. This source location ambiguity represents a considerable source of
uncertainty to eruption preparedness and planning. Vulcanian and sub-Plinian
eruptions generating >10km eruptions columns are likely to deposit 10-1000 mm of
tephra across much of Manam, which may require at least a temporary evacuation
of the island. These major eruptions would also impact the coastal mainland areas
of Bogia district; in particular, this work highlighted vulnerability in the road
network, which would be relied on to facilitate evacuations and the receipt of
incoming relief aid to Bogia and on to surrounding settlements, due to reliance on
single access points located within the footprint of tephra fall. The influence of

changing prevailing wind directions during the wet season would promote an east-
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southeast dominated tephra dispersal leading to the key town of Bogia being

impacted as well as both road routes from the provincial capital Madang.

5.2 Implications

This project set out to improve understanding of the behaviour and lava flow and
tephra hazards of Manam volcano. In doing so, some of the findings have
ramifications not just for Manam and Papua New Guinea, but also for the wider
study of open-vent volcanoes and it is these implications that this section will

examine.

5.2.1 Excess Degassing Timescales

The excess degassing phenomenon, where seemingly more magma is degassed
than erupted, is frequently observed at persistently degassing open-vent volcanoes
(Kazahaya et al. 1994; Shinohara 2008; Edmonds et al. 2010; Coppola et al. 2022;
Lages et al. 2024). Generally excess degassing has been identified solely based on
the persistent degassing in the absence of eruption (Allard 1997; Delgado-Granados
et al. 2001; Beckett et al. 2014) or calculation mass flux using thermal radiance
typically at lava lakes or domes (Harris et al. 1999; Gonzalez et al. 2015; Coppola et
al. 2022; Lages et al. 2024). The analysis of Manam’s magma budget between 2018-
2021 indicated that more magma was being erupted over the whole time series, but
that excess degassing dominated from degassing Phase 2 onwards. This shows that
there can be some intricacies regarding the timescales over which excess degassing
is observed. The implication for the wider study of excess degassing is that

volcanoes can be in a state of excess degassing over shorter timescales (e.g. daily,
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weekly, monthly) but when analysed over longer timescales (e.g. annual, multi-
annual, decadal) a volcano may have a balanced magma budget or even a deficit; or
vice versa. This therefore suggests that timescale-based excess degassing
definitions would benefit future classification and understanding of the
phenomenon, in a similar way that Harris et al. (2007) sought to define
classifications of lava effusion rates over different timescales. These more robust
definitions would also provide an avenue for theoretically identifying systems that
predominantly facilitate excess degassing by conduit convection and endogenous
growth (Coppola et al. 2019) or those that expel their degassed magma when
triggered by pressure fluctuations within subsurface storage regions. Such as the
proposed magma recharge arrival at Manam in 2018 that was heralded by the
extrusion and eruption of residual degassed magma (Figure 2.31), or a combination
of both. Overall this work has shown the variability of the magma budget at one
system over 4 years and in doing so has highlighted need to better constrain
definitions of excess degassing in order to achieve a greater holistic view of the
phenomenon globally. This work has also highlighted the utility of satellite remote

sensing to reconstruct such chronologies.

5.2.2 Towards Forecasting Manam’s Eruptions

Predicting or forecasting volcanic eruptions is widely considered to be the primary
goal of volcanology (Scarpa 2001; Sparks 2003b; Poland and Anderson 2020;
Acocella et al. 2024). This is particular challenge at open-vent volcanoes where
geophysical signals that typically herald the movement of magma towards the

surface at closed-vent systems are not often present (Palma et al. 2008). Instead,
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rather than identifying the onset of renewed activity (e.g. recommenced inflation),
changes in monitoring parameters from background typically need to be identified
and these can often be subtle or difficult to detect except in hindsight (Palma et al.
2011; Johnson et al. 2018; Naismith et al. 2019). Chapter Two presented a
conceptual model based on the thermal and SO, emissions at Manam, which
explained explosive eruptions at Manam being the result of the repeated formation
and failure of semi-permeable plugs in the conduit. A sharp decrease in SO;
emissions occurred prior to the series of minor eruptions in June 2019 and again
prior to the major 28 June 2019 eruption, and this is inferred to reflect the conduit

sealing that led, ultimately, to the partial failure and subsequent complete failure of

a plug.

Sealing is the reduction in permeability of a plug or lava dome reducing the ability
for volatiles to escape to the atmosphere and can be inferred from reduced gas
emissions (Edmonds et al. 2003a; Diller et al. 2006). Therefore, this project leads to
two recommendations towards identifying precursory signals from Manam’s SO;
emissions. The first is to expand the analysis of thermal and SO; emissions alongside
observed activity into the preceding and succeeding years. Satellite derived SO;
emissions prior to May 2018 would require the integration of MODIS thermal
anomaly detections alongside SO, emissions measured by the Ozone Monitoring
Instrument (OMI) aboard NASA’s Aura satellite (Carn et al. 2013; Fioletov et al.
2015). This would allow the examination of more eruptions to see if there is a
pattern of reduced SO; emissions prior to explosive eruptions during normal open-

vent behaviour. The second recommendation is to install ground-based SO
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monitoring equipment such as an ultraviolet camera (Tamburello et al. 2011; Lages
et al. 2019; Delle Donne et al. 2022) or scanning differential optical absorption
spectrometer (ScanDOAS) (Arellano et al. 2021). This would provide high spatio-
temporal resolution measurement of Manam’s SO; emissions allowing the
identification of eruption related SO> flux changes more precisely that may identify
sealing events or other precursory signals in real time. The combination of these
two recommendations would greatly improve the understanding of the
mechanisms of plug-failure triggered eruptions at Manam and improve the ability
for forecasting of future eruptions, allowing monitoring agencies, policy makers,
and communities to be able to respond quicker to potential hazards that may

result.

5.2.3 Hazard Awareness and Resilience

The most important implications of this work relate to how the new hazard
information can be utilised by local communities and policy makers to augment
hazard resilience and response measures. This project has modelled extents of lava
flows and tephra deposition across various eruption scenarios, which provide a
basis for renewed volcanic eruption response procedures and for long-term land
use planning. This work indicates areas most likely to experience impactful tephra
deposition, thus giving stakeholders (communities on Manam and the mainland,
and monitoring agencies) quantitative and visual hazard information with which to
make informed decisions regarding construction methods or the implementation of
new agricultural practices that can increase food security resilience. This modelling

of lava flow hazard also suggests that lava flows are unlikely to inundate Manam’s
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settlements but does highlight the requirement for improved awareness of how
lava flow ocean entry sites may generate gas plumes that present a health risk. The
modelling critically identifies the vent locations that are most likely to generate
flows capable of reaching the coast, providing communities and policy makers with
a simple way of assessing hazard at the beginning of an effusive eruption. The
analysis of Manam’s thermal and gas emissions have provided an interpretation of
the processes at work in the shallow magmatic system that can be used to infer the
state of the system by observing future emissions. Alongside the continued analysis
of these emissions, and the seismic monitoring already in place, these findings
represent a foundation from which to begin assessing the eruptive potential of

Manam in the future.

To enable these results to be effective in a practical sense, the insights into the
volcanological processes potentially driving Manam’s activity and the modelled
extents of lava flow and tephra hazards require communicating in an
understandable format for non-specialists (Fearnley et al. 2018). Hazard maps that
integrate individual hazard extents into combined zones of varying degrees of
relative hazard are shown to be the most effective for communication to local
populations (Lindsay and Robertson 2018; Thompson et al. 2018). Clear
communication of hazard is vital for achieving appropriate hazard awareness and
perception, as was found in the aftermath of the 1985 Nevado del Ruiz (Colombia)
eruption where residents and local policymakers underestimated the hazard posed

prior to the eruption (Voight 1990) and conversely the success of which was seen
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from the mass self-evacuations during the 1994 eruptions of Rabaul (Papua New

Guinea) (McKee et al. 2018).

5.3 Directions for Future Work

5.3.1 Fieldwork

The greatest limitation placed on this project was the inability to perform fieldwork
on Manam, largely as a result of travel restrictions during a substantial portion of
the study period. Each of the main chapters in this thesis would have benefited
from data derived from field work. Therefore, for future iterations of this work it is
suggested that field-based data collection be undertaken where possible. The
collection of lava and tephra samples would offer improved constraints on input
parameters used in modelling of both hazards including: updated compositional
data (used to calculate multiple parameters for lava flow modelling), representative
guantification of the range in vesicularity of both products, and specific tephra
densities. UAS photogrammetric surveys of the avalanche valleys would allow the
production of an up-to-date DEM on which to model future lava flows (Favalli et al.
2018; Vieira et al. 2021). This would have also enabled the accurate measurement
of previously emplaced lava flow geometric properties (e.g. length, width,
thicknesses, channel ratios) (Bretar et al. 2013; Cashman et al. 2013) to improve

upon those estimated from satellite imagery used in this work.

Field-based data collection of SO, emissions using a ultraviolet camera would
enable the creation of a high spatio-temporal resolution timeseries, which would

provide insights into the timescales of the processes proposed to explain Manam’s
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activity (Tamburello et al. 2011; Lages et al. 2019). Specifically, this dataset would
quantify outgassing dynamics on much shorter (sub-daily) timescales compared to
satellite remote sensing observations; this may aid the identification of geochemical
eruptive precursors. Additionally, in-situ gas plume compositional data acquired
using a UAS-mounted MultiGAS would allow a) the calculation of CO; and H>S fluxes
based on combining measured mixing ratios with the SO, flux measured
independently using the ultraviolet camera, and b) enabled the inference of the
depths of the magmatic degassing through comparing measured ratios to
thermodynamic decompression degassing models, initiated using petrological
constraints on Manam’s primary melt and volatile compositions (Shinohara 2005;

Aiuppa et al. 2007; Liu et al. 2019, 2020a).

5.3.2 Seismo-Acoustic Monitoring

This project sought to demonstrate the utility of satellite remote sensing techniques
to study the behaviour of a lesser studied, remote and largely inaccessible volcano.
A future enhancement of this work would to incorporate seismic and infrasound
monitoring of Manam to achieve another dimension to the multi-parameter
approach used here. Utilising data from the regional seismometer network or
installing additional seismometers on Manam itself would provide further insight
into sub-surface processes operating at Manam over the study period. Seismic
monitoring of open-vent systems has played a key part in studies that have
identified cyclic behaviour at open-vent volcanoes and has enabled the
identification of various types of sub-aerial and sub-surface explosions and their

generating mechanisms (Palma et al. 2008; Lyons et al. 2010; Naismith et al. 2019).
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Open-vent volcanic systems have been shown to be particularly effective producers
of resonant infrasound tones and these have been used to infer the height of
magma columns (Ripepe et al. 2007; Sciotto et al. 2022) and lava lakes (Johnson et
al. 2018; Barriere et al. 2018), which has been shown to provide a surface
representation of changes in shallow reservoir pressure and has been observed at
some systems as a repeated precursor to passive to explosive transitions (e.g.,
Villarrica, Fuego, Stromboli). A future research avenue here would be to test and
calibrate the method for estimating intra-crater magma level at Manam (presented
in Chapter 2) against infrasound calculated lava lake levels. A further ambition
would be to implement infrasound monitoring equipment at Manam to provide
estimates of sub-surface magma column depths alongside thermal remote sensing

to gauge system pressure (Patrick et al. 2015a).

5.3.3 Pyroclastic Density Current and Lahar Hazards

In addition to lava flow and tephra deposition hazard, Manam is also capable of
generating lahars and pyroclastic density currents (PDC). Lahars are volcanic
mudflows consisting generally of tephra and other volcanic products generated
from heavy rainfall or melting of glaciers during volcanic unrest (Thouret et al.
2020). Lahars on Manam pose a direct threat to life as demonstrated by the 13
March 2007 lahar which killed four people (Global Volcanism Program). Manam’s is
able to generate both block and ash flow and column collapse PDCs, with the
former generally constrained within the avalanche valleys (Palfreyman and Cooke
1976; McKee et al. 2018; Global Volcanism Program 2024). Notable recent

examples were the southwest valley channelled 28 November 1992 PDC which
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destroyed Budua Old Village killing 13 and those generated during the 28 June 2019
eruption that flowed down the northeast and western flanks (Global Volcanism
Program 2019b). To undertake a comprehensive hazard assessment it is suggested
that lahars and PDCs should be modelled using a scenario-based approach (such as
those adopted in Chapters 3 and 4) using numerical models such as LAHARZ
(Schilling 1998) and TITAN2D (Sheridan et al. 2005). The output from these
modelled hazard assessments would ideally be combined with the lava and tephra
deposition modelling presented in this work to produce a comprehensive view of

hazard of Manam volcano in accessible and useful formats for all stakeholders.
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Appendix A - Dual-Band Analysis Convergence Testing
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Figure 7.1 The parameter fiim represents the theoretical maximum proportion occupied by the hot portion of a lava covered pixel. When the fiim of Band 12 (2.19 um) is greater than that of Band
11 (1.61 um) (orange) a solution to the dual-band simultaneous equations can theoretically found i.e. the two equations can converge (Flynn et.al,1004). It is however possible that where a
solution is theoretically possible, a real solution cannot be found (red). Of a total 7710 cloud-free pixels between 17 November 2015 and 31 December 2021 there are 283 theoretically solvable
pixels. Of these 243 (86%) actual found a solution (orange).
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Figure 7.2 Time series of showing the difference between Band 12 and 1 fim values for all pixels where a solution to the dual-band simultaneous equations is theoretically possible. Instances
where a solution was not found all occur at differences less than 104. However, solutions are also found between 10°-104.
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Figure 7.3 Time series showing the difference between the pixel integrated pixels of band 11 and 12. Pixels where a dual-band solution is not possible have a pixel integrated temperature
differences range of 109-293°C and where theoretical solutions are possible have a range of 12-104°C. A narrow range of pixel integrated temperatures differences of 101-108°C exists where

solutions are theoretically possible but could not be found.
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Appendix B - Observed Plume Heights
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Figure 7.4 Time series of observed ash plume heights by Rabaul Volcanological Observatory (Global Volcanism Program 2024) and Darwin Volcanic Ash Advisory Centre (Darwin Volcanic Ash
Advisory Centre 2021). Mean tropopause height as per Feng et al. (2012).
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Appendix C - Manam Thermal Anomaly Detections 2002-2021
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Figure 7.5 Time series of Manam thermal anomaly detections by MODVOLC alongside reported activity (Global Volcanism Program 2024).
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Appendix D - Compilation of Effusion Rates of Mafic Lava Flows

Volcano Eruption Vent Type Effusion Rate Source
(m°s”)
Villarrica (Chile) 1971 Flank 800 (Castruccio and Contreras
2016)

Etna (ltaly) 29/04/1908 @ Flank 33 (Andronico and Lodato 2005)
Etna (ltaly) 23/03/1910 Flank 28 (Andronico and Lodato, 2005)
Etna (ltaly) 10/09/1911 @ Flank 50.8 (Andronico and Lodato, 2005)
Etna (ltaly) 30/11/1918 Flank 7 (Andronico and Lodato, 2005)
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Etna (Italy)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

17/06/1923

02/11/1928

04/11/1928

30/06/1942

24/02/1947

02/12/1949

25/11/1950

18/07/1955

Flank

Flank

Fissure

Flank

Flank

Flank

Flank

Summit

29

27.3

374.4

37.6

9.2

39.3

4.7

3.6

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Zuccarello et al. 2022)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

432




Etna (Italy)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

28/02/1956

01/03/1956

02/04/1956

16/04/1957

01/02/1964

13/01/1966

07/01/1968

08/05/1968

Summit

Flank

Summit

Summit

Summit

Summit

Flank

Summit

9.9

6.2

3.4

0.9

0.4

0.1

0.04

0.07

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)
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Etna (Italy)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

05/04/1971

30/01/1974

11/03/1974

10/10/1974

24/02/1975

12/09/1975

29/11/1975

16/07/1977

Flank

Satellite Cone

Satellite Cone

Summit

Flank

Summit

Flank

Summit

13

0.9

0.7

0.9

0.8

0.3

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)
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Etna (Italy)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

29/04/1978

25/08/1978

23/11/1978

03/08/1979

01/09/1980

05/02/1981

17/03/1981

17/03/1981

Flank

Flank

Flank

Flank

Summit

Summit

Flank

Flank

8.6

7.7

10.6

14.5

0.5

0.9

641.4

64

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Zuccarello et al., 2022)

(Andronico and Lodato, 2005)
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Etna (Italy)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

28/03/1983

27/04/1983

28/04/1984

10/03/1985

12/03/1985

25/12/1985

13/09/1986

30/10/1986

Flank

Flank

Summit

Flank

Flank

Summit

Summit

Flank

8.8

50

0.7

2.8

3.2

2.1

13

(Andronico and Lodato, 2005)

(Zuccarello et al., 2022)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Zuccarello et al., 2022)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Zuccarello et al., 2022)
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Etna (Italy)

Etna (ltaly)

Lonquimay (Chile)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

30/10/1986

11/09/1989

1988-1990

04/01/1990

14/12/1991

14/12/1991

04/07/1996

Flank

Flank

Satellite Cone

Summit

Flank

Flank

Summit

5.7

15.9

80

3.1

13.5

6.1

0.2

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Castruccio and Contreras,

2016)

(Andronico and Lodato, 2005)

(Zuccarello et al., 2022)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)
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Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

Etna (ltaly)

09/07/1997

04/02/1999

17/10/1999

17/07/2001

27/10/2002

07/09/2004

13/05/2008

24/12/2018

Summit

Summit

Summit

Satellite Cone

Flank

Flank

Flank

Flank

1.4

4.3

34.3

39.2

21.5

15.6

80.2

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Andronico and Lodato, 2005)

(Zuccarello et al., 2022)

(Zuccarello et al., 2022)

(Zuccarello et al., 2022)

(Zuccarello et al., 2022)

(Zuccarello et al., 2022)
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Fagradalsfjall (Iceland) | 19/03/2021 Fissure 8 (Pedersen et al. 2022)

Fagradalsfjall (Iceland) | 19/05/2021 Fissure 13 (Pedersenetal., 2022)

Table 7.1 Table of effusion rates from mafic lava flows used to determine effusion rate scenarios in Chapter 4. A summary of these flows is shown in Table 4.5.
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