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Abstract

Manam is one of the most frequently active volcanoes in Papua New Guinea and is a top contributor to global volcanic volatile
emissions due to its persistent open-vent degassing. Here, we present a multi-year time series (2018-2021) of thermal and
SO, emissions for Manam from satellite remote sensing, which we interpret in the context of open-vent feedback between
magma supply, reservoir pressure, and outgassing. We classify the time series into four phases based on the varying SO, flux
and observe a transient, yet substantial, increase in time-averaged SO, flux from background levels of ~0.6 to ~4.72 kt day™!
between March and July 2019. We also identify a transition from temporally coupled to decoupled gas and thermal emissions
during this period which we explain in the context of a magma recharge event that supplied new, volatile-rich magma to the
shallow plumbing system beneath Manam. We infer that the arrival of this recharge magma triggered the series of eruptions
between August 2018 and March 2019. These explosive events collectively removed 0.18 km® of degassed residual magma
and signalled the onset of a renewed period of unrest that ultimately culminated in a major eruption on 28 June 2019. We
quantify the magnitude of “excess” degassing at Manam after the removal of the inferred residual magma. SO, emissions
reveal that~0.18 km® of magma was supplied, but only ~0.08 km® was erupted between April 2019 and December 2021.
We highlight how multi-parameter remote sensing observations over months to years enable the interpretation of open-vent
processes that may be missed by short-duration campaign measurements.
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Introduction

Open-vent volcanism is sustained by the ascent and degas-
sing of magma at shallow depths (Kazahaya et al. 1994; Har-
ris et al. 1999; Shinohara 2008; Johnson et al. 2010; Palma
et al. 2011), with variable contributions from both conduit
convection and deep-derived segregated fluids that transfer
both heat and volatiles to shallow reservoirs (Caricchi et al.
2018; Edmonds et al. 2022a). Open-vent systems exhibit a
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spectrum of eruptive styles: silica-rich magmas can form
lava domes that may trigger Vulcanian eruptions if collapse
occurs (Stefan 1879; Robin et al. 1991; Wooster and Kaneko
1998; Calder et al. 1999; Young et al. 2003; James and Var-
ley 2012; Mueller et al. 2013; Girina 2013; Flower and Carn
2015; Shevchenko et al. 2020), while more mafic magmas
support open conduit conditions allowing increased mobility
of both melt and volatiles and, in rare cases, maintain lava
lakes over years to decades.

A common characteristic of open-vent volcanoes is per-
sistent degassing (Rose et al. 2013; Vergniolle and Métrich
2021), where the volume of magma required to supply the
observed volatile flux exceeds that erupted; this is referred
to as the “excess degassing phenomenon” (Kazahaya et al.
1994; Shinohara 2008). The fate of this unerupted degassed
magma is often explained by conduit convection (Kaza-
haya et al. 1994; Beckett et al. 2014; Coppola et al. 2022)
or by intrusion and endogenous crustal growth (Coppola
et al. 2019). In both scenarios, it remains unclear where this
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degassed magma accumulates in the crust. Typically, SO,
flux is used to determine the magma supply rate (Allard
et al. 1994; Andres and Kasgnoc 1998; Shinohara 2008),
and the magma output is often approximated using thermal
emissions (Wooster and Kaneko 1998; Laiolo et al. 2018;
Coppola et al. 2019, 2022). The balance between magma
input and output, and changes in this budget through time,
has been shown to be highly indicative of pressure and fluid
dynamic perturbations within the shallow magma storage
region, which can disturb open conduit processes and may
ultimately lead to eruptions.

Manam (4.078° S, 145.038° E) is a frequently erupt-
ing mafic open-vent stratovolcano located ~ 19 km off the
northeast coast of mainland Papua New Guinea (Fig. 1)
(Palfreyman and Cooke 1976; Global Volcanism Program
2021a). Manam is situated within the Western Bismarck
Arc where the arc-continent subduction has ceased. Melt-
ing of the remnant hanging slab is considered the source of
volcanism based on geochemical and geophysical evidence
(Abbott et al. 1994; Abbott 1995; Woodhead et al. 2010;
Holm and Richards 2013). Historically, Manam has erupted
magma of basaltic to basaltic andesite composition from two
active craters that typically exhibit different styles of activity
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(Palfreyman and Cooke 1976). Main Crater hosts degassing
from a broad fumarole field and is the vent from where most
lava effusions originate. South Crater emits a near-constant
dense gas plume and is generally the source of most explo-
sive eruptions. The top surface of the magma column was
observed at shallow depths within South Crater on 22 May
2019 (Liu et al. 2020), but the temporal persistence of this
state is currently unknown aside from occasional reports of
incandescence (Global Volcanism Program 2021a).
Manam is a top-ranking emitter of volcanic volatiles in
a global context and is therefore an important case study
with which to explore temporal variability in emissions
and their relationship to subsurface processes. Satellite
measurements of SO, using NASA’s Ozone Monitor-
ing Instrument (OMI) between 2005 and 2015 indicate
an average SO, flux of 1480 + 750 tonnes day~! plac-
ing Manam as the 11" strongest emission source glob-
ally (Carn et al. 2017). Similarly, Manam’s CO, flux has
been estimated at 2760 + 1570 tonnes day~' making it
the 10™ highest emitter of volcanic CO, (Aiuppa et al.
2019). Direct sampling and spectroscopic measurements
of Manam’s plume using a Unoccupied Aerial Vehicle
(UAV) in May 2019 revealed an elevated average SO, flux
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Fig.1 Left—Map of Papua New Guinea with the locations of Manam (M), Kadovar (K), and Ulawun (U). Right—True colour image from 17
August 2020 Sentinel-2 overpass with key features of Manam Island used for Sentinel-2 imagery processing annotated
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of 5150+ [336/733] and CO, flux of 3760 +[313/595] (Liu
et al. 2020). These campaign-style measurements ranked
Manam, albeit transiently, at 2™ and 5-7% in global inven-
tories of volcanic SO, and CO, release, respectively.

Manam generated 29 major and 139 minor eruptions
between 2000 and 2021 (Palfreyman and Cooke 1976;
Global Volcanism Program 2021a). Over the same inter-
val, frequent clusters of thermal anomaly detections were
identified from satellite multispectral imagery. Following
large-scale evacuations associated with the major erup-
tions in 2004-2005 (Johnson 2013; Connell and Lutkehaus
2016), approximately 4000 residents had returned to the
island by August 2021 and experience ongoing impacts to
agriculture, settlement infrastructure, and water supplies
due to persistent volcanic activity (J Sukua, Pers Com.,
2021).

A new phase of eruptive activity began in August 2018
after 11 months of quiescence. A series of 23 eruptions
then took place until March 2019, including 5 major erup-
tions (i.e., eruption columns > 10 km) on 25 August 2018, 8
December 2018, 7 January 2019, 11 January 2019, and 23
January 2019. Lava effusions occurred between 27 Septem-
ber - 1 October 2018 and on 8 January 2019, which reached
within 500 and 400 m of the coastline, respectively. The
largest eruption in recent years occurred on 28 June 2019,
generating an eruption column that rose to 15.2 km asl,
pyroclastic density currents, and a lava flow reaching within
700 m of the coastline. During this eruption, 3775 residents
evacuated temporarily, and 455 homes and agricultural gar-
dens are reported to have been destroyed or damaged (Global
Volcanism Program 2021a).

Low-viscosity open-vent systems like Manam can transi-
tion from frequent small benign eruptions to larger explo-
sive eruptions, and the physical processes responsible for
transitions are poorly understood and remain a matter of
debate (Wilson 1980; Jaupart and Vergniolle 1988; Allard
et al. 2005; Rose et al. 2013; Vergniolle and Métrich 2022).
As such, it is difficult to identify precursory signals that are
commonly difficult to identify or are entirely absent, pos-
ing challenges to local monitoring agencies responsible for
providing science advice and warnings. Manam’s frequent
eruptions present a valuable opportunity to probe temporal
variability in observable emissions and, ultimately, relate
these observations to the mechanisms responsible for larger
explosive eruptions at open-vent volcanoes. Further, ground-
based monitoring is challenging at Manam due to the island
setting, dense vegetation, steep topography, and tropical
climate, and therefore key gaps remain in observational
capability despite the high level of volcanic risk. Improving
understanding of the relationship between satellite remote
sensing observations and subsurface volcanic processes is
therefore critical to augmenting future volcano monitoring
at this, and other, open-vent volcanoes.

Satellite remote sensing provides regular measurements
and near-global coverage of volcanic SO, (Theys et al.
2019) and thermal emissions (Wright et al. 2004; Coppola
et al. 2016), enabling monitoring of remote or inaccessible
volcanoes, such as Manam. Here, we present a multi-year
time series from 2018 to 2021 of (a) SO, emissions derived
from the European Space Agency (ESA) Sentinel-5P Trop-
ospheric Monitoring Instrument (TROPOMI), (b) thermal
anomaly detections from the National Aeronautic and Space
Administration (NASA) Moderate Resolution Imaging Spec-
trometer (MODIS) instrument processed by the MODVOLC
algorithm, and (c) surface temperature measurements in
Main and South Crater using ESA’s Sentinel-2 MultiSpectral
Instrument (MSI). We use this multi-parameter time series
to interpret magmatic processes influencing transitions in
open-vent behaviour at Manam, quantify the magnitude of
excess degassing and consequently the volume of unerupted
degassed magma, and evaluate the time-varying contribution
of Manam to global volcanic volatile emission inventories.

Methods
Sulphur dioxide (SO,) emissions

We quantify SO, emissions using the TROPOMI spectrom-
eter on board ESA’s Sentinel-5P polar orbiting platform.
TROPOMI has a spectral resolution of 0.25 to 0.54 nm and
a spatial resolution of 3.5 7 km at launch (Veefkind et al.
2012) and updated to 3.5 5.5 km on 6 August 2019. TRO-
POMI observes every point on the Earth’s surface at least
once per day. The TROPOMI Differential Optical Absorp-
tion Spectroscopy (DOAS) retrieval algorithm calculates
SO, Vertical Column Densities (VCDs) for each pixel within
its field of view (Theys et al. 2017); VCDs are then con-
verted to column mass (QueiBer 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 TROPOMI instrumental response to SO, is height-
dependent, and therefore, the plume altitude used is often
the main source of uncertainty in SO, retrievals. Higher
altitudes used to interpolate the SO, retrievals result in
lower masses, and conversely, lower plumes result in higher
masses. Maximum gas plume or eruption column heights,
reported by RVO or Darwin Volcanic Ash Advisory Centre
(VAAC), were used to represent the SO, plume altitude and
provide conservative estimates. Visual observations from
May 2019 suggest that the buoyant gas plume generally rises
between a few hundred meters to~ 1 km above the sum-
mit before dispersing laterally (Liu et al. 2020). Therefore,
given Manam’s summit is ~ 1800 m asl, for days without
reported plume height, a maximum altitude of 3 km was
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used. To constrain the uncertainty related to plume height,
SO, retrievals were calculated using minimum reported
plume heights to produce a maximum SO, mass estimate.
Where no plume height was reported, we used 2.2km asl to
represent the typically observed lower gas plume altitude
(Liu et al. 2020). The median difference between the mini-
mum and maximum plume altitude SO, retrievals is 9% and
is used here as the uncertainty on plume height. Given this
uncertainty, we report SO, retrievals based on the maximum
observed or estimated plume height throughout the remain-
der of this work, as they represent the best estimate of SO,
altitude, and errors reported alongside are the TROPOMI
random error.

It is important to identify other SO, sources that might
contaminate a scene resulting in overestimation of SO, mass
flux from Manam. Identified contamination sources include
two nearby volcanoes: Kadovar (3.6069° S, 144.5878° E),
which has been outgassing regularly in recent years (Plank
et al. 2019, 2020; Global Volcanism Program 2021b) and
Ulawun (5.0514° S, 151.3310° E), which has had five con-
firmed eruptions during the study period (Johnson 2013;
Wood et al. 2019; Global Volcanism Program 2021c;
McKee et al. 2021). TROPOMI scenes contaminated by
SO, from external sources are identified from (a) activity
reports for nearby volcanoes and (b) visual inspection of
true colour Sentinel-2 images and TROPOMI VCD scenes
(Fig. 2). Where possible, the measurement extent is delim-
ited to include only the plume from Manam. If the external
sources cannot be clearly separated, then the contaminated
images are omitted from the time series.

Converting scene SO, mass into a flux requires knowl-
edge of the residence time of SO, in the atmosphere. If
the SO, lifetime exceeds 24 h, 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 make converting total scene mass to SO,
fluxes non-trivial, especially under different atmospheric
conditions (McCormick Kilbride et al. 2019). Here, the

Fig.2 TROPOMI SO, Verti-
cal Column Density (VCD)
interpolated at 15 km altitude

SO, total column : Lower Stratosphere (15 km)

method proposed by Fioletov et al. (2015) is used where,
under steady-state emissions, the flux (®S0O,) and SO,
mass are related by Eq. 1:

MSO,
(DS 02 =

ey

where MSO, is SO, (tonnes), and 7 is the residence time of
SO, in the atmosphere in days. 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. 2020). 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). As the timing of emissions is unknown, apply-
ing a residence time of 1 day assumes all detected SO, was
emitted in the previous 24 h. Assuming higher residences
would lead to underestimating SO, mass if residence times
are < 1 day. Therefore, the fluxes based on a 1-day residence
time are used in the discussion. Lastly, we calculate time-
averaged SO, fluxes by fitting a first-order polynomial to the
cumulative @S0, emissions (Fig. 3).

Satellite-based measurements of atmospheric SO, are
known to be impacted by meteorological cloud cover.
Meteorological clouds at a higher altitude than the SO,
plume cause an underestimation of total column SO, as the
cloud firstly reduces the solar radiation reaching the plume
and then reduces the radiation reaching the sensor from
that scattered back from the SO, plume itself (McCormick
et al. 2013). The inverse is true for cloud altitudes lower
than the SO, plume, as the cloud reflects more radiation
back toward the satellite than would be expected from
typical ground albedo which results in a higher amount of
SO, being estimated (McCormick et al. 2013).

Correcting for the influence of the cloud on SO, VCD
measurements is non-trivial and beyond the scope of this
work. Instead, we use the cloud fraction indicator available

30

over Manam on 28 June 2019 0°
showing the SO, plume from
the major eruption of Manam
that day. This total emitted SO,
mass was 58.3 kt on 28 June
2019. The total emitted SO,
mass is calculated by summing 5og
all pixels within the view extent.
N.B. This retrieval has a pixel
resolution of 3.5% 7 km as it
was taken prior to the resolution

25

=
(0]
[Nn@] uomneiusduod QS

improvement to 3.5 5.5 km on
6 August 2019
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for every pixel in the TROPOMI SO, product. We take the
mean cloud fraction for pixels within the target measure-
ment area around Manam for a given overpass to produce
a daily cloud fraction time series and histogram (Fig. S1).
These are used as a reference to assess the possible impact
of cloud cover on SO, retrievals from TROPOMI and con-
sequently on the temporal trends identified.

Thermal anomalies

The MODVOLC algorithm measures the radiant heat flux, or
volcanic radiative power (VRP), emitted by Manam (Wright
et al. 2004; Wright 2016). MODVOLC uses Level 1B prod-
ucts from the MODIS multispectral instrument onboard the
NASA Aqua and Terra satellites, providing a 1 km? pixel
resolution for the infrared bands. These two satellites ensure
coverage of most of Earth’s surface every 1-2 days. 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™! according
to Eq. 2 (Coppola et al. 2013; Wooster et al. 2003; Wright
et al. 2015).

VRP(¢,) = 1.89 X Apjx X Dpjy Q)

where 1.89 is a best-fit regression coefficient calculated
using the MIR (Middle Infrared) method (which relates
the VRP estimated by the simple power law used by MOD-
VOLC to the expected value under the Planck function;
Wooster et al. 2003), Apy is the area of the pixel, and Dpy
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 hotspot pixels. Thermal
anomaly intensity is classified following Coppola et al.

(2016):<1 MW = Very Lo, > IMW =Low, > 10MW =Mod-
erate, > 100 MW =High,>1 GW = Very High and > 10
GW =Extreme.

Manam’s two craters are within 1 km of each other, and
so the measured VRP likely includes thermal contributions
from both due to MODIS’s pixel resolution. To determine
the source of each anomaly, we use (a) thermal infrared
(TIR) imagery from NASA’s Advanced Spaceborne Ther-
mal Emission and Reflection Radiometer (ASTER) (90 m
resolution) and (b) short-wave Infrared (SWIR) (20 m reso-
lution) and True Colour Imagery (TCI) (10 m resolution)
from ESA’s Sentinel-2 MSI (Fig. 4).

We use the MODIS cloud mask product to analyse the
impact of cloud cover on MODVOLC thermal anomaly detec-
tions. Of particular interest is whether all “non-detections”
truly represent the absence of volcanic thermal emissions or
whether cloud cover is obscuring the signal from the sensor.
The process and results of the cloud mask analysis can be
found in Table S1.

Surface temperatures

Surface temperature within each of Manam’s summit craters
is derived from the Sentinel-2 MSI Level 1C product (Top of
Atmosphere (TOA) Reflectance). First, TOA reflectance meas-
ured from the MSI band 11 (central wavelength of 1610 nm)
is converted to radiance using Eq. 3:

Q.aE,,(cos0)
()
U
where O, = reflectance stored as a digital number (DN);
E,,= solar irradiance (W mz); 0 = incidence angle (°), and

Li= /10*

3
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Pixel Integrated Temperatures (PIT) are then calculated for
each band using Eq. 4 (adapted for use with MSI imagery from
Francis and Rothery 1987; Rothery et al. 1988; Harris 2013),
which is derived from the Planck function (Planck 1901).

C2
T =
An([erC A5 /10°2L,] + 1)

“

where L, = radiance (Wm ™2 sr~! um™!), C, = 3.742x 1071
(W m?), C, = 0.0144 (mK), A = wavelength (m), 7=black-
body temperature (K), e =emissivity of the radiating sur-
face, and 7=atmospheric transmissivity. C; and C, are
simplified constants representing hc? and hc/k, where h
is Planck’s constant (6.266x 107* J s), ¢ is the speed of
light (2.998 x 10® m s7!), and k is Boltzmann’s constant
(2987 um K).

Emissivity for the basaltic andesite lava erupted at
Manam (Palfreyman and Cooke 1976; McKee 1981) is
estimated as 0.852 for band 11, based on basaltic andesite
lavas measured for emissivity in the John Hopkins ECOS-
TRES Spectral Library (Meerdink et al. 2019). Atmospheric
transmissivity for Manam was estimated using MODTRAN
based on a cloud-free atmosphere (MODerate resolution
atmospheric TRANsmission) to be 0.892 for band 11 (Berk
et al. 2014) (Table S2).

Magma balance calculations
Degassing magma volume

Here, we use TROPOMI-derived SO, masses, estimated
erupted volumes based on plume heights reported in Volcanic
Ash Advisory Bulletin (Darwin VAAC), and lava flow inun-
dation areas estimated from Sentinel-2 satellite multispectral
imagery using ArcGIS to calculate the mass balance.

@ Springer
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The volume of magma required to generate the observed
SO, emissions is calculated using the petrological method first
presented by Devine et al. (1984) and adapted into Eq. 5:

f

V= x 107
cpy AS )

where V = magma volume (km?), f = measured SO, flux
(kg d™H,c=Sto SO, conversion constant (¢ = 2), p =
magma density (2640 kg m™), y = vesicularity (expressed as
melt fraction, i.e., 1 =0% porosity, 0.7 =30% porosity), and
AS = degassed sulphur (ppm x 107%). Density is calculated
using the method of Bottinga and Weill (1970) using bulk
rock compositions from Palfreyman and Cooke (1976) and
McKee (1981). The values of vesicularity and both initial
and degassed melt sulphur contents are unconstrained for
recent eruptive products; therefore, the vesicularity term is
varied between 0 and 30%, and the total degassed sulphur is
approximated as 0.2 +0.02 wt%, based on the upper bound
of the main population of undegassed arc melt inclusion
S contents (Muth and Wallace 2022) and on experimental
constraints on the sulphur content at sulphide saturation for
oxidation states ~FMQ+ 1 (Jugo 2009). However, we rec-
ognise that magmatic sulphur contents can be substantially
higher in enriched melt inclusions (Zelenski et al. 2022) and
are influenced by the composition of the mantle wedge, the
addition of slab components, and whether sulphide satura-
tion is attained either during melting or ascent.

Effusively erupted magma volume

Six lava flows were emplaced between May 2018 and Decem-
ber 2021, identified in satellite imagery. The area inundated
by each flow was measured using ArcGIS using multispectral
imagery from MSI, ASTER, and NASA’s Enhanced The-
matic Mapper Plus (ETM +) and Operational Land Imager
(OLI) sensors aboard Landsat 7 & 8, respectively (Fig. S4).
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The volume of each flow was approximated based on the
average thickness of the September—October 2018 flow,
which was estimated as~3.5 m based on a digital elevation
model (DEM) (Fig. S5) created from an Unoccupied Aerial
System (DJI Mavic 2 Pro) video of Manam’s Northeast Val-
ley. A porosity of 18.8% was measured (see supplementary
materials) in a lava sample from the distal portion of the 28
June 2019 lava flow and used to convert bulk volume to dense
rock equivalent (DRE) (Table S3).

Explosively erupted magma volume

The volume of magma erupted during explosive events can
be estimated using the relationship between eruption plume
heights (H, km) and erupted volumes (V, km® DRE) pre-
sented by Mastin et al. (2009). This relation is empirical,
based on a catalogue of 34 moderate to large explosive erup-
tions spanning mafic to silicic magma compositions (Eq. 6):

H = 25.9 + 6.64log,,(V) 6)

An uncertainty of approximately one order of magnitude
is associated with using Eq. 6 to calculate erupted volume
from plume height (L. Mastin, Pers Com.). Here, we use
Eq. 6 to calculate erupted volumes at Manam based on
explosive eruption column heights reported in RVO bulletins
and Darwin VAAC reports (Fig. S6).

Results
SO, emissions
Daily SO, mass loadings from Manam between 6 May 2018

and 31 December 2021 (Fig. Se) have a mean of 1.1 kt day~!
and a median of 0.47 kt day™'. The time series is dominated

Fig.5 Combined time series
of Maximum Pixel Inte-

by several short-duration, high-magnitude emissions associ-
ated with explosive eruptions with 75% of daily emissions
below the mean. Using a 7-day moving-average, we define
four degassing phases, using a 1 kt day~! threshold to dis-
tinguish Phases 1 and 4 (below threshold) from Phases 2
and 3 (above threshold), which refer to the background and
elevated degassing phases, respectively. The elevated degas-
sing phases are identified by the moving-average exceeding
1 kt day~! and subsequently not dropping below this thresh-
old for more than 8 days. The transition between Phases 2
and 3 is demarcated by a gradient change of cumulative SO,
emissions, which occurred on 21 July 2019 (Fig. 3).

The TROPOMI meteorological cloud fraction analysis
shows that over the study period, 30% of daily mean cloud
fraction values were below 35%, and the average daily mean
cloud fraction was 50% (Fig. S1). The cloud fraction time
series in Fig. S1 shows that cloud cover is variable through-
out the year, and no clear seasonality is present. Therefore,
while we note that the magnitude of individual SO, retriev-
als on a given day may be impacted by cloud above or below
the plume, the longer-term trends discussed in this section
are not considered to be artefacts of cloud cover.

The TROPOMI meteorological cloud fraction analysis
shows that over the study period, 30% of daily mean cloud frac-
tion values were below 35%, and the average daily mean cloud
fraction was 50% (Fig. S1). The cloud fraction time series in
Fig. S1 reveals that cloud cover is variable throughout the year,
and no clear seasonality is present. Therefore, while cloud cover
will impact SO, detection on a given day, the trends discussed
in this section are not likely to be artefacts of cloud cover.

Phase 1: 6 May 2018-21 March 2019

SO, emissions for Phase 1 totalled 198.8 +8.3 kt over
319 days, with a time-averaged SO, flux of 0.62 kt day™!
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(Fig. 5e). After an 11-month period of eruptive quiescence,
explosive eruptive activity returned on 10 August 2018, after
which 13 minor explosive eruptions, 5 major explosive erup-
tions, and 6 effusive eruptions occurred. The daily emitted
SO, mass exceeded 3 kt on ten occasions, all associated
with explosive behaviour. The largest Phase 1 emission of
22.1 kt SO, is linked to explosive and effusive activity on
25 August 2018.

Phase 2: 22 March-20 July 2019

Phase 2 began when the 7-day moving average exceeded
1 kt day~! and did not drop below this threshold for more
than 8 consecutive days. Manam emitted 539.9 + 10.6 kt
of SO, over 120 days, with a time-averaged flux of 4.72
kt day™!, during Phase 2 (Fig. 5e). This period contained
relatively few eruptive events with 5 minor eruptions and
1 major eruption on 28 June 2019. Despite the lower erup-
tion frequency, SO, emissions prior to the major eruption
were elevated substantially above the Phase 1 time-averaged
flux. A total of 325.8 +7.6 kt SO, was released prior to the
28 June 2019 eruption, with most of these emissions not
linked with documented eruptions. The 28 June 2019 erup-
tion alone emitted 58.3 +0.5 kt of SO, and 82.1+0.4 kt
released over the following 4 days.

Phase 3: 21 July-16 October 2019

Phase 3 SO, emissions were reduced relative to Phase 2 with
a total emitted mass of 127.9 +4.1 kt over 87 days and a
time-averaged flux of 1.5 kt day~! (Fig. Se). However, emis-
sions remained elevated above the background flux observed
during Phase 1. Phase 3 emissions were mostly independent
of eruptive activity, with only 3 minor eruptions occurring
during this time.

Phase 4: 17 October 2019-31 December 2021

Phase 4 began when the 7-day moving average fell below 1
kt day~! for 10 consecutive days and remained consistently
below this threshold for the remainder of the time series.
Phase 4 SO, emissions were 565.1 +24.9 kt over 806 days,
with a time-averaged flux of 0.68 kt day~! (Fig. Se). This
flux is comparable to that observed in Phase 1, and therefore,
we interpret these two phases as representative of the sta-
ble background SO, emission rate. The small peaks in SO,
emissions during Phase 4 are associated with the 27 minor
and 2 major explosive eruptions during this period.

Thermal anomalies

Thermal emissions have been detected at Manam sporadi-
cally since MODIS coverage began in 2002. During this
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study period, thermal emissions are characterised by periods
of frequent elevated VRP, separated by intervals of several
months to years with no detectable thermal output (Fig. 5d).
The time series is grouped into three discrete clusters of
elevated VRP, where each cluster includes at least 5 thermal
anomalies separated by intervals of no longer than 60 days.

The MODIS cloud mask shows that Manam’s craters
were obscured by cloud cover on 1171 days of the study
period (69%) (Table S1) with thermal anomaly detections
occurring on 44 cloud-covered days (3%) (Table S1). Man-
am’s craters were cloud-free on 455 days (28%) of which
thermal anomalies were detected on 31 days compared to
424 days with no detection (Table S1). Cloud cover sub-
stantially obscures direct observation of Manam’s craters
over the study period and therefore likely contributes to an
overall under-reporting of anomaly detections. However,
given that 93% of cloud-free days did not result in thermal
anomaly detection, we remain confident that varying cloud
cover is not modulating the temporal trends on thermal emis-
sions that we observed. Instead, this analysis implies that
the clusters identified in Fig. 5d are related to true periods
of enhanced thermal emissions rather than low cloud cover
and can therefore be used to infer volcanic processes.

Cluster 1: 7 August 2018-18 July 2019

Cluster 1 began 3 days prior to the onset of explosive erup-
tive activity in August 2018 and is linked to the eruptions
during late 2018 and early 2019. Thermal anomalies became
more sporadic in May 2019 but subsequently increased in
frequency coinciding with a series of eruptions in June 2019
that culminated in the 28 June 2019 major eruption. Cluster
1 contains 44 detected anomalies, 18 of which are classified
as high intensity and are associated with explosive eruptions
(Fig. 5d). Two anomalies are classified as very high intensity
and are both coincident with extensive lava flows that almost
reached the coastline on 30 September 2018 (2211 MW) and
between 8 and 11 January 2019 (1371 MW).

Cluster 2: 29 July-8 September 2020

Cluster 2 includes 5 low- to moderate-intensity thermal
anomalies ranging between 8 and 50 MW. These detections
coincide with a period of minor explosive eruptions reported
between July and September 2020 (Fig. 5d).

Cluster 3: 19 June-21 December 2021

Cluster 3 occurred during a period of unrest that began in
June 2021 continuing throughout the remainder of 2021.
The cluster began with a series of low- to moderate-intensity
thermal anomalies following a minor explosive eruption on
23 June 2021. Increased thermal emissions in August 2021
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were reflected in 11 anomalies, which included three high-
intensity detections. Four moderate- to high-intensity anom-
alies were detected following reports of Strombolian activity
on 18 October 2021 and prior to the 20 October 2021 major
eruption. Several low to moderate anomalies were detected
in late November to December 2021 in the weeks prior to
another major eruption on 22 December 2021 (Fig. 5d).

Surface temperatures

Through the period of observation, Main and South Cra-
ter were completely obscured by cloud (meteorological or
volcanic) in approximately 75% of the 277 Sentinel-2/MSI
images available (Fig. 5b). Surface temperatures were there-
fore calculated for Main and South Craters from 68 and 71
images, respectively. The daily maximum PIT for Main Cra-
ter ranged from 340+ 83 °C to 509+ 124 °C and 335+ 79 °C
to 510+ 124 °C for South Crater (Fig. 5a). The mean inter-
crater maximum PIT divergence was 31 °C and a maximum
of 158 °C where the temperature of both craters could be
measured together with South Crater having a higher maxi-
mum PIT 40 of 60 days, just 18 of these exceeding the mean
inter-crater divergence. There was just one occurrence where
Main Crater maximum PIT exceeded South Crater by more
than the mean divergence, a 57 °C difference on 27 Septem-
ber 2018 during the emplacement of a lava flow from Main
Crater (Fig. 5a).

The maximum South Crater PIT during the study period
was measured on 20 May 2019, but the Main Crater was
cloud-covered at the time, preventing direct comparison.
However, the following simultaneous measurement of both
craters—on 30 May 2019—has the second highest inter-
crater temperature divergence of 122 °C. A bright hotspot
at South Crater in MSI thermal imagery was observed on
this date and follows UAS in situ observations of shallow
magma within South Crater on 22 May 2019 (Liu et al.
2020). Cloud-cover prevented MSI measurements through-
out June 2019, and therefore, the 28 June 2019 major erup-
tion is not captured in this time series. However, follow-
ing this eruption, a further two maximum pixel-integrated
temperatures of 500 and 501 °C, with means of 455 and
473 °C, were measured at South Crater on 14 July and 19

July 2019, respectively. This suggests a period of extended
high temperatures at South Crater through May to July 2019,
during which a major eruption occurred. The mean PIT on
13 August 2019 (403 °C) and 18 August 2019 (408 °C)
decline more substantially than the maximum temperatures,
497 °C and 475 °C respectively, compared to the two retriev-
als in July (Fig. 5a). As the difference between maximum
and mean PIT is indicative of the spatial distribution of the
hot radiating surface, we interpret this result to indicate that
although hot material remained in South Crater, it likely
occupied a smaller portion of the crater area.

Estimated volumes of degassed and erupted magma

The TROPOMI measured SO, emissions were 1432 +48
kt of SO, between 6 May 2018 and 31 December 2021
implying degassing of 0.12 to 0.22 km® of magma (Eq. 5)
(Table 1). The magma volumes required to yield the cumula-
tive SO, emissions for each degassing phase are summarised
in (Table 1). It is, however, recognised that these estimates
are likely to be conservative due to cloud cover inhibiting
or obscuring SO, plumes. Over the same time period, the
estimated erupted magma was 0.25 km? (Table 2) with
explosively erupted magma contributing 95% (0.24 km?)
and effusively erupted magma 5% (0.01 km?) of the total
erupted volume. The erupted volumes contributed by each
phase are given in Table 2.

Discussion
Coupling between SO, and thermal emissions

We present a combined time series of SO, and thermal
emissions (Fig. 5), which are key parameters for observ-
ing changes in open-vent activity where an established con-
nection exists between a shallow reservoir and the surface
(Wright et al. 2004; Sparks et al. 2012; Pyle et al. 2013;
Blackett 2013; Aiuppa 2015). Thermal anomalies associ-
ated with volcanic edifices may indicate that magma is at
or near the surface (Coppola et al. 2012; Dehn and Harris,
2015; Harris 2013), and SO, emissions provide an insight

Tab]e ,1 Summary of SO, Phase Duration (days) Total SO,  Mean daily SO, Total magma volume (km®) Mean magma

emissions by phase and the emitted (kt) flux (kt day_l) volume (km?

calcglated magma volume day™)

required to supply observed SO,

emissions 1 319 199+8 0.62+0.03 1.7-3.0x1072 0.5-1.7x107*
2 120 540+11  4.72+0.09 4.6-8.1x1072 3.8-12.1x107*
3 87 128+4 1.5+0.05 1.1-1.9%x1072 13-39x107*
4 806 565+25  0.68+0.03 49-85%x107" 0.6-1.9x107*
All 1332 1432+48 1.1+0.04 12-22x107" 0.9-29x107*
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Table 2 Volume of erupted magma by phase. Explosive erupted vol-
umes calculated from eruption column heights using Eq. 6 (Mastin
et al. 2009). Eruption column heights recorded by Darwin VAAC and
the Rabaul Volcanological Observatory observer on Manam. Effusive
eruptions are estimated from satellite observation of lava flows and
a representative thickness calculated from an orthomosaic from the
September to October 2018 lava flow against an older digital eleva-
tion model (see supplementary material) and using a measured poros-
ity (18.8%) from the September to October 2018 lava flow

Erupted volume (km®)

Phase Explosive Effusive Total Percentage
1 1.7x107! 6.5x1073 1.8x107! 70%

2 3.1x1072 4.6x1073 3.6x1072 14%

3 1.9x1073 4.8x107 24x1073 1%

4 3.7x1072 7.8x107 3.8x1072 15%

All 2.4x%107! 1.2x1072 2.5%x107"

into conduit permeability (Edmonds et al. 2003), magma
convection (Shinohara 2008), and the volume of degassing
magma present at shallow depths (Allard et al. 1994; Aiuppa
et al. 2017).

Thermal and SO, emissions have been shown to be cou-
pled during a background-level activity at open-vent systems
such as Stromboli (Italy) (Laiolo et al. 2022, 2018), Bagana
(Papua New Guinea) (McCormick et al. 2012; McCormick
Kilbride et al. 2019), Batu Tara (Indonesia) (Laiolo et al.
2018), Tinakula (Solomon Islands) (Laiolo et al. 2018), and
Mt. Etna (Italy) (Coppola et al. 2019; D’Aleo et al. 2019).
Contrastingly, periods of uncoupled behaviour between
these two parameters can signal transient disturbances to
the magmatic system. At Stromboli, elevated SO, emissions
generally lag behind peaks in thermal emissions associated
with paroxysms and lava flows (Laiolo et al. 2022). Periods
of high SO, flux but low radiant heat flux during quiescence
phases are typically attributed to unerupted magmatic intru-
sions (e.g., Mt. Etna 2005-06, Coppola et al. 2019). Con-
versely, periods of below-average SO, flux but high radi-
ant flux have been explained by the extrusion of previously
degassed magma (e.g., Tinakula 2006-2012, Laiolo et al.
2018).

Here, we evaluate the degree to which the SO, and ther-
mal emission time series at Manam are coupled for each of
the four degassing phases (Fig. 5). The correlation between
thermal and SO, emissions is calculated using moving
weekly total emissions as it allows the mostly continuous
SO, flux to be compared to the intermittent thermal emis-
sions. The correlation between total weekly SO, emissions
and total weekly VRP is weak for the entire time series with
a correlation coefficient (r) of 0.12 (Fig. S3). Emissions have
a moderately weak correlation (r=0.34) in Phase 1, with
Phase 2 emissions having a moderately strong positive corre-
lation (r=0.74) (Fig. S3). Phases 3 and 4 emissions are very
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weakly correlated (r=0.07). The weak correlations in Phase
1 are likely due to the fact that peak VRPs are associated
with lava effusions, whereas peak SO, emissions typically
coincide with explosive eruptions, as well as the fact that
SO, emissions vary over 3 orders of magnitude (0.92-58 kt)
compared to 4 for thermal emissions (5-2792 MW). How-
ever, the strong positive correlation in Phase 2 reflects the
periods of sustained elevated SO, emissions alongside regu-
lar thermal anomalies with peaks in total emissions around
the 28 June 2019 eruption.

While the correlation between the magnitude of the two
parameters is weak for most of the time series, the temporal
relationship between SO, and thermal emissions throughout
the time series can be used to interpret processes governing
the observed activity. We note that a limitation for compar-
ing these emissions is that the overpasses for MODIS and
TROPOMI are at different times of day and so represent
different snapshots in time of the emissions. However, given
the assumed 1-day atmospheric residence time of SO,, it
remains reasonable to compare the SO, and thermal emis-
sions as a true reflection of Manam’s open-vent activity
within a 24-h period.

Throughout Phase 1, peaks in SO, emission occurred
coincident with periods of heightened radiant flux and
were typically aligned with an observed eruption (Fig. 5).
On five occasions, thermal anomalies began to be detected
days to weeks ahead of eruptions with coincident elevated
SO, emissions (e.g., August 2018, October 2018, December
2018, January 2019, and March 2019; Figs. 5 and S2). This
was not the case for the 8 January and 23 January 2019 erup-
tions, where SO, emissions peaked without thermal anomaly
detections, likely due to the presence of cloud and the ash-
rich plume obscuring thermal detections.

The elevated outgassing characterising Phase 2
(4.72+0.09 kt day_l) occurred alongside four thermal
anomalies in March—May 2019, one of which was coincident
with an above-average SO, emission. Magma was observed
in situ deep within South Crater on 22 May 2019 (Liu et al.
2020), but no anomaly was detected (Fig. 5e), likely due to
cloud cover obscuring the summit at the time of the satel-
lite overpass (10:30 AM and 1:30 PM). MSI SWIR hot-
spots were observed on 20 May and 30 May 2019, both with
high surface temperatures (Fig. 5a), which suggest similar
conditions were likely present on 22 May 2019. MODIS
acquisitions were affected by cloud cover with the summit
being obscured 21 of 30 days in June, suggesting a possible
under-reporting in the frequency of thermal anomaly detec-
tions during this period. The frequency of thermal anomalies
increased in June 2019 alongside an increase in eruptive
activity compared to the prior 2 months, including the 28
June 2019 major eruption. Following an 11-day period of
subdued SO, emissions between 3 and 13 June 2019, during
which <7 kt was emitted over 9 days, elevated gas emissions
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are resumed alongside the escalating frequency of thermal
anomalies. Given the temporal correlation of emissions
alongside the strong weekly moving total emission correla-
tion, it is suggested that Phase 2 represents another period
of coupled emissions.

Elevated SO, emissions continued in Phase 3 (1.5 +0.05
kt day~!) but were much reduced compared to Phase 2. Only
one thermal anomaly was detected coinciding with an SO,
emission of 1.9 kt on the day of a minor eruption on 29
September 2019 (Fig. 5). Overall, Phase 3 represents an
extended period where gas and thermal emissions appear to
be decoupled, though both parameters appear to be declin-
ing in intensity.

SO, emissions in Phase 4 (~0.68+0.03 kt day_l)
returned to a comparable level to Phase 1 (~0.62 +0.03
kt day™!). Phase 1 exhibited a correlation both temporally
and in magnitude between thermal and SO, emissions, but
this is not the case in Phase 4. Although instances where
thermal anomalies coincide with above-average SO, emis-
sions occur (e.g., 20 October 2021), most above-background
emissions occur when no thermal anomalies are detected.
During thermal clusters 2 and 3, the magnitude of SO, emis-
sions remains unchanged relative to outside these periods of
heightened thermal emissions (Fig. 5).

Consequently, we propose that both coupled and decou-
pled regimes in SO, and thermal emissions are present
within the study period and that a transition from coupled
to decoupled behaviour occurred following the 21 July 2019
eruption at the beginning of Phase 3. Phases 1 and 2 operate
under the coupled regime, where peaks in the two param-
eters are well correlated. In contrast, Phases 3 and 4 show
little to no correlation between either the timing or magni-
tude of thermal and gas emissions and therefore represent a
decoupled regime.

Is persistent outgassing balanced by magma flux?

Mass balance calculations at mafic open-vent volcanoes,
globally, suggest that the amount of magma required to sus-
tain observed gas fluxes is generally far greater than that
erupted (Edmonds et al. 2022b; Kazahaya et al. 1994; Laiolo
et al. 2022; McCormick et al. 2012). Constraining the mass
balance of magma in terms of total inputs and outputs, and
variations over time, is key to relating observed gas emis-
sions to the magmatic and eruptive processes operating at
open-vent volcanoes. 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
(Harris et al. 1999; Coppola et al. 2019).

Over the duration of the study period, the estimated
erupted magma (output) was ~0.25 km?, and the estimated
degassed magma (input) was 0.12-0.22 km?>. The esti-
mated magma input and maximum output are very similar,

suggesting no significant excess or deficit in the magma flux
balance over the entire time series, especially given the asso-
ciated uncertainties with the pre-eruptive S content, impact
of clouds on TROPOMI SO, retrievals, and the relationship
between eruption column high and erupted mass. However,
the magma input value is likely to fall somewhere between
the minimum and maximum estimate, indicating that a defi-
cit in magma supply is more likely than a state of excess
degassing over the entire study period.

Examining the magma balance for each degassing phase
reveals that the eruptions during Phase 1 were responsible
for 70% of the erupted magma over the entire time series
(Fig. 6a). In contrast, the supply of magma was relatively
steady, as indicated by the consistent cumulative magma
input gradient in Phases 1, 3, and 4 (Fig. 6a). The daily
magma net balance shows a steady low magma supply indi-
cated by Manam'’s persistent degassing alongside intermit-
tent high magnitude magma outputs (Fig. 6b).

Interpretation - a magma recharge event captured
from space?

Here, we interpret the observed SO, and thermal emissions,
the coupling of these parameters, and the estimated magma
flux balance within the context of a magma recharge event
to examine the processes and feedback at work throughout
the study period.

In this section, we infer periods of high pressure from
thermal anomaly detections and their possible relation to the
varying height of the magma column. The height of magma
columns and lava lakes can vary substantially over days to
months, and this is particularly well observed in open-vent
systems. At open-vent systems like Manam, where the mag-
matic system is open to the atmosphere, variations in magma
column height have been interpreted to reflect changing
pressure within the shallow magma reservoirs (Patrick et al.
2015; Moussallam et al. 2016; Lev et al. 2019, Calvari et al.
2011, Johnson et al. 2018). High system pressure is reflected
in an elevated magma column, which may rise high enough
to be detected as a thermal anomaly and, in some cases, vis-
ible within the crater. Conversely, lower pressure in the mag-
matic system results in the magma column being too deep
to be detected as a thermal anomaly. While eruptions are
associated with high-pressure conditions, lava effusions typi-
cally produce high VRP due to their large radiating surface
(Blackett 2017), and anomalies linked to explosive eruptions
have high VRP due to the radiated heat of large volumes of
magma being ejected. Therefore, only non-eruption-related
thermal anomalies are used here to indicate relative pressure.

The 10 August 2018 eruption ended 11 months of quies-
cence and passing degassing following the end of the 2017
eruptive period on 10 September 2017 (Global Volcanism
Program 2021a). The absence of thermal anomalies during
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Fig.6 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 maxi-
mum magma input values are based on varying the assumed sulphur

this inter-eruptive period (Fig. 5e) suggests a low magma
column level and therefore low system pressure. We infer
that residual magma from the 2017 eruptive period contin-
ued to degas over this period, sustaining the observed SO,
emissions and driving sluggish convection in the shallow
plumbing system (Kazahaya et al. 1994; Allard 1997; Witter
et al. 2004; Beckett et al. 2014). However, continued degas-
sing of this residual magma without replenishment would
drive volatile depletion, cooling, and crystallisation, initially
limiting the mobility of melts and subsequently the perme-
able migration of exsolved fluids (Edmonds et al. 2022b).
Formation of a crystal-rich, semi-permeable cap may be par-
tially responsible for the absence of thermal anomalies in the
interruptive period (Stix et al. 1997; Diller et al. 2006; Hall
et al. 2015; Gaunt et al. 2020).

In this context, we interpret that the time-averaged
Phase 1 SO, emissions of ~0.62 kt day ™! represent the sup-
ply of volatiles derived from the second boiling of residual
magma, migrating slowly through the semi-permeable
cap (Fig. 7a). Thermal anomalies were first detected on
7 August 2018 (Fig. 5d), indicating increasing pressure
which was followed by the series of explosive and effusive
eruptions in August—September 2018. This increased pres-
sure was likely caused by a volatile-rich magma recharge
(Andronico and Corsaro, 2011; Grapenthin et al. 2022;
Patrick et al. 2019a, 2015; Viccaro et al. 2015) that would
have begun arriving at the shallow storage region several
months prior to the onset of eruptive activity based on esti-
mates from similar systems (Cannata et al. 2018; Aiuppa
et al. 2021; Petrone et al. 2022). The presence of the
semi-permeable cap would have initially inhibited pres-
sure release (Diller et al. 2006; Battaglia et al. 2019), but
continued increasing pressure would eventually exceed the
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2020 2021

content (0.2 +0.02 wt%) and vesicularity (0-30%) of the melt used in
the petrological method to calculate magma volumes from SO, flux
(Devine et al. 1984). B The daily net magma balance is calculated as
magma output volume subtracted from magma input volume

cap’s strength (Woitischek et al. 2020), causing fractur-
ing and complete failure, resulting in the 10 August 2018
eruption. The 13 August 2018 lava effusion (Global Vol-
canism Program 2021a) via the reopened conduit would
have further decreased pressure in the magmatic system.

During Phase 1, we calculate that 0.18 km?® of magma
was erupted, compared to 0.03 km? required to sustain the
observed gas emissions (Fig. 6, Table 2); this result implies
that the erupted magma was extensively degassed prior to
eruption. We interpret that the degassed residual magma
continued to be removed by the August and September 2018
eruptions (Fig. 7b), including the 25 August 2018 major
explosive eruption and the intermittent effusive activity from
9 September to 1 October 2018 (Fig. 5). The eruptive activ-
ity in January 2019 removed an estimated 0.11 km? (42%
of the estimated total erupted material during this study)
and therefore likely expelled most of the remaining residual
magma. The elevated SO, emissions of Phase 2 commenced
following the 29 March 2019 eruption that removed the
final remnants of 2017 residual magma and re-established
an open conduit state. Removing residual magma present
within the conduit would have reduced the lithostatic load
in the upper magmatic system, thereby promoting continued
ascent of volatile-rich recharge magma (Calvari et al. 2011)
and a positive feedback between magma ascent, decompres-
sion, and volatile exsolution.

During Phase 2 (March—-July 2019), we estimate that 0.08
km? of magma entered the shallow plumbing system com-
pared to 0.04 km?® erupted, indicating Manam was in a state
of open-vent excess degassing (Rose et al. 2013; Edmonds
et al. 2022b; Vergniolle and Métrich 2022). In situ observa-
tions of magma within South Crater on 22 May 2019 and two
high surface temperature retrievals on 20 and 30 May 2019
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emissions. “Coupled” and “Decoupled” indicate the relationship between thermal and SO, emissions during each phase; see main text for detail

(Fig. 5a) suggest at least transient periods of high pressure
raising the magma column. Unlike Phase 1, increased SO,
emissions are not explicitly linked to eruptions or to ther-
mal anomaly detections; therefore, we suggest that surface
outgassing involved an enhanced contribution from open
system fluxing of volatiles independent of magma ascent,
transferred from degassing of recharge magma within the
shallow reservoir (Edmonds et al. 2022b).

The latter stage of Phase 2 (June—July 2019) (Fig. 7d)
displayed increased thermal emissions and eruptive activity
compared to earlier in Phase 2. Two surface temperature
measurements of >450 °C in South Crater (Fig. 5a) along-
side increased frequency of thermal anomaly detections and
recorded eruptions suggest that the magma level remained
high in the conduit caused by high reservoir pressure. A
marked reduction in daily SO, emissions, albeit alongside
above-average mean cloud fraction (0.6-0.7) (Fig. S1),
around early June suggests that permeability within the
conduit briefly decreased (Fig. 5). However, the subsequent
return to elevated outgassing levels following the 7 June
2019 eruption suggests that explosive activity may have
reopened degassing pathways. We propose that the intense
degassing and resulting dehydration-driven crystallisa-
tion during Phase 2 may have promoted the development

of another cap (Applegarth et al. 2013; Couch et al. 2003;
Gaunt et al. 2020; Lipman et al. 1985), reducing the per-
meability of the magma and consequently promoting gas
accumulation beneath the cap (Stix et al. 1997; Sparks 1997,
Burgisser et al. 2011). Three minor explosive eruptions on 7,
8, and 18 June 2019 are likely evidence of increasing strain
on the cap, but it appears that each failed to fully re-open the
conduit. We attribute the 28 June 2019 major eruption to the
eventual catastrophic failure of this cap, releasing accumu-
lated volatiles and triggering rapid downward-propagating
decompression. Explosive activity during this event gener-
ated a 15.2 km eruption column, released 58.3 kt of SO,,
and erupted ~0.018 km® of magma (7% of the estimated total
erupted material during this study period).

SO, emissions during Phase 3 remained above back-
ground levels but reduced from~4.72 kt day~! to~1.54 kt
day~!, which may reflect a gradual depletion of volatiles
in the shallow magmatic system. SO, and thermal emis-
sions remained decoupled in Phase 3. To explain the low
frequency of both thermal anomalies and reported erup-
tions, we infer that the removal of a substantial volume of
magma and volatiles would have reduced the pressure in
the shallow magmatic system considerably (Anderson et al.
2015; Patrick et al. 2020; Barriere et al. 2022) (Fig. 7e). The
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fact that surface SO, emissions were sustained at elevated
fluxes throughout this period (Fig. Se) signals that conduit
convection and volatile fluxing remained active despite the
reduction in system pressure. During this period, SO, emis-
sions imply that 0.02 km® of magma was supplied compared
to just 0.002 km? being erupted (Table 2), indicating that
Manam maintained a state of open-vent excess degassing.

Average daily SO, emissions in Phase 4 (~0.68 kt day™")
returned to similar levels to Phase 1 (~0.62 kt day™!), which
can be considered a return to background degassing lev-
els. Reservoir pressure was likely low during November
2019 to May 2021 since there were just 5 thermal anomaly
detections (Cluster 2) associated with a series of 6 minor
eruptions in July—September 2020. The return to back-
ground SO, emissions suggests that the initially volatile-
rich recharge magma had become relatively depleted. The
dominant process responsible for volatile transport would
likely have reverted from volatile fluxing to conduit convec-
tion, where gas emissions were once again tied to magma
transport within the conduit (Fig. 7f) (Beckett et al. 2014;
Edmonds et al. 2022b). This is supported not only by the
decrease in SO, emissions compared to the previous two
phases (Fig. 3) but also by the reduction in excess degassing
with 0.09 km® of magma supplied compared to 0.04 km?
erupted, approximately 75% of which was erupted between
August and December 2021.

Together, the sparsity of thermal anomalies prior to the
onset of Cluster 3 in August 2021 alongside the persistent
background SO, emissions indicates that emissions were
decoupled during Phase 4 (Fig. 5). The Cluster 3 thermal
emissions suggest that Manam was periodically experienc-
ing high pressure throughout the second half of 2021, raising
the magma column level close to the surface. These anoma-
lies were associated temporally with the eruptive activity
reported throughout this period, yet most were not linked
to substantial SO, emission peaks as had been the case dur-
ing Phase 1 (Fig. 5). As such, we interpret that the transient
periods of eruptive activity during this background level

degassing phase are unlikely to reflect a further recharge of
volatile-rich magma reaching the shallow plumbing system.
Instead, the lack of SO, emissions indicates the involve-
ment of comparatively volatile-depleted magma, where the
increased pressure to drive explosive events is more likely
the result of reduced conduit permeability through cool-
ing and dehydration-driven crystallisation of the residual
unerupted magma (Applegarth et al. 2013; Lipman et al.
1985). A repeating cycle of partial closing and re-opening
of the conduit continued throughout the remainder of 2021,
with more substantial and protracted reductions in perme-
ability likely preceding the major eruptions on 20 October
and 22 December 2021 (Hall et al. 2015; Battaglia et al.
2019).

Long-term SO, emission variability

The time series of SO, emissions at Manam presented here
(Fig. 5e) demonstrates the variability of volcanic volatile
emissions over months to years, even at persistently degas-
sing volcanoes. The annual mean daily SO, emissions
(based on a 1-day residence time) are presented alongside
the annual mean daily SO, emissions (2005-2015) first
reported by Carn et al. (2017) in Fig. 8. Carn et al. (2017)
identified a declining trend in annual SO, emissions, and the
inclusion of the data from this study shows that this declin-
ing trend continues despite the elevated emissions during
2019 (Fig. 8). The 2019 annual daily mean emissions of 2.2
kt day~! substantially exceed the 2015-2021 mean (1.4 kt
day~!) and represent a striking departure from the long-term
trend to which emissions in 2020 and 2021 return (Fig. 8).
This observation demonstrates how open-vent volcanoes,
such as Manam, can exhibit wide fluctuations in emis-
sions, which are superimposed on decadal trends. If placed
within the global SO, inventory compiled by Carn et al.
(2017), Manam’s SO, emissions would be ranked 31st in
Phase 1, 3rd in Phase 3, 10" in Phase 3, and 25" in Phase 4
(Table S4). This variability has also been recognised at other

Fig. 8 Manam annual daily 5
SO, emissions (kt/d) measured
using OMI (Ozone Monitor-
ing Instrument) (green) (Carn
et al. 2017), TROPOMI derived
annual daily SO, emissions
based on a 1-day residence time
(blue) (this study), mean daily
SO, trend calculated by fitting
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open-vent systems, including Bagana (Papua New Guinea;
McCormick Kilbride et al. 2023), and consequently high-
lights the inherent limitations and uncertainties associated
with compiling global volcanic volatile inventories, espe-
cially where short duration or campaign measurements are
relied upon. Additionally, this analysis emphasises the need
for a multi-parametric approach to interpreting changes in
degassing behaviour and eruptive activity at open-vent vol-
canic systems, as the processes responsible for modulating
degassing are varied and interpretations potentially ambigu-
ous when derived from emission rates alone.

Conclusions

We have used a multi-parameter remote sensing approach
to investigate the subsurface processes responsible for the
period of elevated volcanic activity observed at Manam
between August 2018 and December 2021. Using satellite-
based measurements of thermal and sulphur dioxide (SO,)
emissions, combined with in situ observations of volcanic
activity, we quantify the relative inputs and outputs of
magma and gas to the shallow conduit and surface—and
consequently the varying extent of excess degassing through
time.

From these time series, four distinct phases of volcanic
activity are identified between 2018 and 2021. To explain
these phases in the context of volcanological processes, we
propose that eruptive activity at Manam during the period
of observation was driven by the injection and eruption of
a volatile-rich recharge magma. In this conceptual model,
initial eruptions in August 2018—triggered by positive res-
ervoir pressure changes after a year-long period of repose—
removed previously degassed residual magma to re-open the
conduit and promote efficient fluxing of segregated volatiles
through the shallow magmatic system, accounting for the
very high SO, fluxes (4.72 kt day™") observed in March—June
2019. A period of lower emissions, both thermal and SO,,
immediately prior to the major eruption on 28 June 2019
points to reduced permeability and ultimately failure of a
conduit cap as a likely trigger mechanism. We suggest cap
formation may have been promoted by the extended period
of enhanced degassing and resulting dehydration-driven
crystallisation in the shallow conduit.

The multi-parameter time series has allowed the estima-
tion of Manam’s magma budget and resolved the previ-
ously unknown fate of the magma supplying Manam’s high
SO, flux in 2019 (Liu et al. 2020). Overall, we calculate
that the magma output exceeds the magma input if we con-
sider the entire time series examined in this study. How-
ever, since this output component is dominated by erup-
tions from August 2018 to March 2019—which we infer to
involve residual degassed magma from 2017—this suggests

that the magma budget is balanced over long timescales
and that degassed magma is eventually erupted at Manam
rather than intruded.

In the context of long-term SO, degassing trends, the
period of enhanced degassing in 2019 is superimposed on
a long-term declining trend in emissions at Manam and is
therefore not representative of the time-averaged degassing
behaviour of this volcano. This substantial temporal vari-
ability is not unique to Manam and has been recognised at
other strong open-vent emitters (e.g., Bagana, Papua New
Guinea, McCormick Kilbride et al. 2023). These obser-
vations highlight an important limitation to acknowledge
when extrapolating short-term or campaign measurements
at open-vent volcanoes to long-term emissions contributions
within global volcanic volatile inventories.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00445-024-01772-2.
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