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ABSTRACT

The thermal properties of lavas are required for modelling volcanic and hydrothermal processes, yet are scarce for submarine
lavas. Laboratory experiments, using the transient hot-strip method, are used to understand the role of porosity, glass content,
and pore fluid type on the thermal properties of submarine lavas from Havre volcano. Thermal diffusivity and specific heat
capacity do not change systematically with porosity; however, thermal conductivity decreases as porosity increases. The thermal
conductivity of the submarine lavas is lower than for subaerial lavas with the same porosity, a consequence of their higher glass
contents. We show that, using our data and effective medium models, the thermal properties of any lava can be estimated as
long as their porosity, glass content, and void-filling fluid phase is known. This approach can be used to estimate properties
for multiphase models for submarine eruption dynamics, hydrothermal system hydrology, cooling timescales, and heat flux

calculations.
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1 INTRODUCTION

The thermal properties of volcanic rocks are an important in-
put parameter in a wide range of models designed to under-
stand heat transfer in active volcanoes [Irvine 1970; Norton
and Rnight 1977; Huppert and Sparks 1981; Carrigan 1984;
Bruce and Huppert 1989; Carrigan et al. 1992; Wooster et al.
1997; Fialko and Rubin 1999; Annen et al. 2008; Nabelek et
al. 2012; Annen 2017; Tsang et al. 2019; Loncar and Hup-
pert 2022] and geothermal reservoirs [Canet et al. 2015; Gun-
narsson and Aradéttir 2015; Carlino et al. 2016; Vélez et al.
2018; Burchardt et al. 2022; Gonzalez et al. 2022]. The accu-
racy of these models depends, in part, on the assumed val-
ues for the thermal properties of the rocks in question and,
very often, these values are provided by experimental stud-
ies. Indeed, a number of experimental studies have sought
to better understand the thermal properties of volcanic rocks
[Horai et al. 1970; Fujii and Osako 1973; Robertson and Peck
1974; Bagdassarov and Dingwell 1994; Whittington et al. 2009;
Romine et al. 2012; Lenhardt and Gotz 2015; Mielke et al.
2015; Hofmeister et al. 2016; Mielke et al. 2016; Balkan et al.
2017; Mielke et al. 2017; Vélez et al. 2018; Heap et al. 2020;
Weydet et al. 2021; Heap et al. 2022; Weydt et al. 2022; Heap
et al. 2023} These studies for volcanic rocks from subaerial
volcanoes have, for example, shown that thermal conductiv-
ity and thermal diffusivity are lower at high porosity com-
pared with low porosity [e.g. Robertson and Peck 1974; Heap
et al. 2020], and that this porosity control on thermal proper-
ties appears to be first-order and dominates over changes in,
for example, the hydrothermal alteration of lavas [Heap et al.
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2022]. In the terrestrial realm, the thermal properties of vol-
canic rocks—and its dependence on porosity—is typically suf-
ficient to model heat flow (see references above). Given that
the porosity of submarine lavas and clasts are not substantially
different from subaerial lavas [e.g. Yokose et al. 2005; White
et al. 2015], their thermal properties may be similar; but this
has not yet been tested experimentally. The thermal proper-
ties of submarine lavas will provide more reliable multiphase
model outputs for cooling dynamics of submarine lavas and
subsequent flow morphologies [e.g. Griffiths and Fink 1992,
and larger Earth system processes such as submarine erup-
tion dynamics, hydrothermal system hydrology, and heat flux
from the mid-ocean ridge system.

Here, therefore, we provide new thermal property data
(thermal conductivity, thermal diffusivity, and specific heat ca-
pacity) for rhyolite lavas collected from a deep submarine vol-
cano: Havre volcano (Tonga-Kermadec Arc, Pacific Ocean).
We aim to use effective medium models to both encapsulate
these new data in constitutive laws for thermal properties, and
also to compare these new data with those for subaerial vol-
canoes. We use our data to discuss lava crust development
and the cooling of lava domes, and provide recommendations
for those tasked with modelling heat transport in submarine
volcanic systems.

2 HAVRE VOLCANO (KERMADEC ARC PACIFIC OCEAN)

The Havre submarine volcano is situated within the Kermadec
volcanic arc, which extends to the north of New Zealand (Fig-
ure 1). This volcano rises from a ~2500 m seafloor and has a
5 km-wide caldera characterised by rim and floor depths of
approximately 1000 and 1500 metres below sea level (m.b.s.l.),
respectively [Wright et al. 2006]. Havre volcano has only ex-
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Figure 1: [A] Bathymetric difference map of Havre volcano using pre- and post 2012 eruption bathymetry datasets. Eruption
products are indicated by the height difference colours and outlines. Lavas A-OP are highlighted in blue. Locations of samples
shown as red circles. [B] Location of Havre volcano (red triangle) in the Kermadec Arc. [C] 3D rendered topographical image
with view towards the NW (blue arrow). The Dome OP is 250 m-high and 1 km-wide. The caldera floor in the background lies at

1519 m below sea level.

perienced one known eruption, which occurred in 2012 [GVP
2012; Carey et al. 2014 This eruption was detected through
the presence of a vast 400 km? pumice raft composed of rhyo-
lite pumice that dispersed across the Pacific Ocean [GVP 2012;
Jutzeler et al. 2014; Manga et al. 2018a.

Four surveys of the Havre submarine volcano have been
conducted. These surveys took place in 2002, 2012, 2015,
and 2022 [Wright et al. 2006; Carey et al. 2014; 2018} The
2015 survey utilised both remote and autonomous vehicles
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to investigate the caldera geomorphology and the geometry
of the 2012 eruption products, and to collect samples from
stratigraphic units from the caldera wall and the 2012 eruption
products.

The comparison between multibeam bathymetry data col-
lected in 2002 by ship-based sensors and the post-eruption
1 m-scale resolution bathymetry data acquired through the
Autonomous Underwater Vehicle (AUV) Sentry has illustrated
the distribution of the 2012 eruption products on the seafloor
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[Carey et al. 2018; Spain et al. 2025]. This high-resolution
AUV Sentry data, combined with visual observations and col-
lected lava samples has demonstrated that a total of 15 sepa-
rate lavas and domes resulted from the 2012 eruption, origi-
nating from 14 distinct vents situated at depths ranging from
880 to 1280 m.b.s.l [Ikegami et al. 2018]. Thirteen (13) of these
lavas were found to be concentrated along the caldera ring
fault segments, primarily on the south and southwest sides of
the caldera.

Two distinct morphologies were identified among these
lavas. Lavas that flowed down ~15-30-degree steep caldera
walls at an approximate angle of 15 degrees, resulted in the
formation of long lobate lavas, while others erupted on rela-
tively flat surfaces, are either short lobate lavas or domes. One
dome, "Dome OP’, a large coalesced dome measuring 1 km in
width and 250 m in height, features two observable lobes (O
and P). All domes and lavas have both coherent and auto-
breccia facies (Figure 2). Dome OP was observed to have a
substantial circular apron of talus, presumably deposited dur-
ing its growth. lkegami et al. [2018] demonstrated that there
were no morphological differences between Havre submarine
lavas and domes with subaerial analogues emplaced on the
same slope angles.

Remotely Operated underwater Vehicle (ROV) and AUV
mapping and sample observations also found altered pre-2012
lavas on the southern caldera rim [lkegami et al. 2018]. The
caldera walls at depths between 1515 and 900 m.b.s. are dom-
inantly composed of coherent volcanic and intrusive rocks of
unknown composition, together with minor widespread pla-
nar and cross bedded felsic units. The eruption history of
these products is currently being investigated.

3 MATERIALS AND METHODS

The samples in this study were collected in 2015 within and
on the Havre submarine caldera using ROV Jason (WHOI).
The samples were collected from in-situ domes and lavas, au-
tobreccia adjacent to coherent lava facies, or talus from around
the domes and lavas (Figure 1 and 2). In this manuscript, we
use the term 'lava” to describe the cooled rocks from a lava
flow or lava dome. Samples were collected via ROV manipu-
lators and have an average diameter of 10-30 cm. Thirty (30)
samples were cut for the thermal property analysis presented
here. Three samples are from pre-2012 domes and caldera
wall stratigraphy, with the remaining 27 from the 2012 lavas.

All of the 2012 products are rhyolitic in composition (70—
72 wt.% SiOy) [Carey et al. 2018]. Scanning electron micro-
scope (SEM) images of the 2012 lavas illustrate highly vari-
able microtextures which is consistent with the diversity of
the sample collection (Figure 3). The samples are light grey
to very dark grey in colour and have between 5 and 7% phe-
nocrysts of quartz, feldspar, rare pyroxene, and Fe-Ti oxides
[Ikegami et al. 2018]. All rocks have euhedral to needle-shaped
plagioclase microlites with abundances between just a few
area% (HVR085) and a completely microcrystalline ground-
mass (HVR055). The total bulk porosities of the samples
range from 0.11 to 0.43 (Table 1). Most of the samples feature
secondary vapour-phase cristobalite within the large vesicles
[Manga et al. 2018b], which can be observed to sometimes oc-
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clude the void space. The microtextures of the samples also
show variable amounts of cristobalite present in diktytaxitic
voids between microlites. The cristobalite varies in size be-
tween 10 and 100 pum in diameter. Fractures in the hand
samples and groundmass are present in some samples. The
samples collected from pre-2012 domes (HVR092, HVR080)
and the caldera wall (HVR174) are variably hydrothermally
altered. HVRO08O0 is grey-yellow in colour, contains clay and ze-
olites, is devoid of cristobalite and glass, and the phenocrysts,
microphenocrysts, and microlites are cemented with clay.
HVR174 and HVR092 are grey with some outer discoloration
and have microtextures that include glass, with <10 area%
microlites and microphenocrysts, but lack cristobalite.

A photograph of each block in-situ (taken by the ROV dur-
ing sample collection), a photograph of each block, and addi-
tional backscattered scanning electron microscope images for
each block are available in the Supplementary Information.

Two cylindrical samples (20 mm in diameter and 20-40
mm in length) were prepared from 26 of the 30 blocks col-
lected. For the remaining four blocks, only one cylindrical
sample could be prepared. These samples were washed and
then dried in a vacuum-oven at 40 °C for at least 48 h. Once
dry, the dry mass and dimensions (length and radius) of each
sample was measured using a balance and digital callipers,
respectively. The dry bulk density of the samples, pp, was
then calculated using the dry mass and bulk sample volume
assuming perfect cylinder geometry. Finally, the connected
porosity of each sample was calculated using the bulk sam-
ple volume and the connected skeletal (solid) sample volume
measured by a helium pycnometer (an AccuPyc II from Mi-
cromeritics®). Offcuts from each block were powdered using
a Mixer Mill 400 from Retsch® and volumes of aliquots of
known mass were measured using the helium pycnometer to
provide the solid density of each block. The bulk density of
each sample and the solid density of the parent block were
then used to determine the total porosity of each sample. Iso-
lated porosity was determined by subtracting the connected
porosity from the total porosity.

The thermal conductivity A (in units of Wm™'K~!) and
thermal diffusivity D (in units of mm?s~!) of the samples
were measured using a Hot Disk® TPS 500 Thermal Con-
stants Analyser using the transient plane source (TPS) method
[Gustafsson 1991; Harlé et al. 2019; Heap et al. 2020; 2022].
The TPS method, a periodic method of thermal property mea-
surement, uses a resistive sensor (the transient plane source)
sandwiched between two samples to measure the increase in
resistance as it heats the samples using an electrical current
pulse. Because the geometry of the sensor is known, the av-
erage temperature increase as a function of time can be cal-
culated, which can be then used to determine the thermal
conductivity. The resistive sensor is therefore used as both
the heat source and the temperature sensor. In our setup, the
resistive sensor consists of two 10 pm-thick nickel foil spi-
rals (radius of 3.189 mm) that are encased and insulated by
30 um-thick Kapton (see inset in Figure 4). Measurements
were made by sandwiching the sensor between two cylindri-
cal samples cored from the same block (Figure 4); for the four
blocks from which only one cylindrical sample could be pre-
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Figure 2: High-definition images taken during sample collection at Havre volcano using the camera on the Remotely Operated
underwater Vehicle (ROV). Samples were taken by ROV manipulator from all 2012 and pre-2012 in-situ lavas encountered during
13 dives on the volcano. ROV Claw diameter = 15 cm.

pared, we sandwiched the sensor between the solitary sample
and an offcut from the parent block. A good contact between
the sensor and the surface of the samples was ensured by
tightening a screw positioned at the top of the sample jig.
An electrical current of known power and for a fixed dura-
tion was then passed through the sensor, which recorded the
increase in sample temperature as a function of time. The
output power and test duration used were 80-220 mW and
5-10 s, respectively. Four consecutive measurements were
performed on each sample pair (on the four different combi-
nations of sample end-faces), and we report herein the mean
and standard deviation from the mean of these four measure-
ments. Each measurement was performed at least 10-15 min-
utes apart to ensure that the samples and sample assembly
had re-equilibrated to the target temperature. The specific
heat capacity, C, (in units of Jkg™! K~!), was calculated us-
ing C,, = k/(ppD). We used the Isotropic Hot Disk® Mea-
surement Module for all measurements.

The standard uncertainty for values of thermal conductiv-
ity and thermal diffusivity using the transient hot-strip method
has been determined to be 2.6 and 11 %, respectively [Ham-
merschmidt and Sabuga 2000]. Measurement uncertainty us-
ing this technique arises from contact losses and ballistic ra-
diative transfer gains [Hofmeister 2018]. The standard error
for the thermal conductivity measured using our Hot Disk®
TPS 500 Thermal Constants Analyser, assessed by measuring
the same reference sandstone sample 100 times, was estimated
to be 0.007 Wm~' K~! [Heap et al. 2023].
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4 RESULTS

In this section, we present the porosity results followed by
the measurements of thermal conductivity, thermal diffusivity,
and specific heat capacity as a function of total porosity.

The connected and total porosities of the lavas from Havre
volcano vary from 0.03 to 0.44 and from 0.11 to 0.45, respec-
tively (Figure 5). A large proportion of the lavas contain iso-
lated porosity, which varies in these samples from 0 to 0.09
(Figure 5). Although the amount of isolated porosity does not
vary systematically as a function of connected porosity (Fig-
ure 5), we note that, for the low-porosity samples, the isolated
porosity represents a larger proportion of the total porosity
than for the high-porosity samples.

Thermal conductivity, thermal diffusivity, and specific heat
capacity are plotted as a function of total porosity in Fig-
ure 6A—6C, respectively (data available in Table 1). The data
are split between those samples collected from, or near, dome
OP (black diamonds on Figure 6) and those collected from
elsewhere on the volcano (white and yellow diamonds on Fig-
ure 6) (see Figure 1 for a map of the collection sites). We make
this demarcation simply because the bulk of the samples are
from dome OP. We find that thermal conductivity decreases
from ~1.1 to ~0.5 Wm~™!K~! as total porosity is increased
from ~0.1 to ~0.45 (Figure 6A). Thermal diffusivity remains
more-or-less constant as total porosity is increased from ~0.1
to ~0.45. Specific heat capacity remains between 0.65 and 0.9
Jkg~! K~ for all samples, and does not appear to change sys-
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Figure 3: Suite of backscattered scanning electron microscope
images illustrating the diversity of textures, isolated and total
porosity, cristobalite, and microlite contents. Letters relate to
lava nomenclature (A-P), with sample numbers. Old = pre-2012
lava and is clay rich with no glass remaining. Sampling loca-
tions shown in Figure 1. C=cristobalite, DV = diktytaxitic voids,
V = vesicle, M = microlite. Note how the cristobalite occludes
the pore space or replaces groundmass glass. Zones of dikty-
taxitic voids surround or are immediately adjacent to vesicles.

tematically as a function of porosity (Figure 6C). Finally, we
note that there is essentially no difference (i.e. the data are
not clustered) between the thermal properties of the samples
collected from dome OP and those collected elsewhere on the
volcano (Figure 5).

5 DISCUSSION

5.1 Comparisons between the thermal properties of subma-
rine and subaerial volcanoes

Our new data show that the thermal conductivity of lavas
from Havre volcano decreases, and that the thermal diffusiv-
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Figure 4: Photograph of the experimental setup for the mea-
surements. Inset in the top right-hand corner shows a zoomed-
in image of the sensor used, consisting of two 10 pum-thick
nickel foil spirals (radius of 3.189 mm) that are encased and
insulated by 30 um-thick kapton. The screw on the top of the
setup ensures a good contact between the sensor and the sam-
ples.
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Figure 5: Total porosity as a function of connected porosity for
the suite of lavas from Havre volcano.

ity and specific heat capacity remain more-or-less constant,
as a function of total porosity (Figure 5). Previous studies of
lavas from subaerial volcanoes have also shown that the ther-
mal conductivity [e.g. Robertson and Peck 1974; Heap et al.
2020; 2022] decreases as porosity is increased up to 0.95, and
that both the thermal diffusivity and specific heat capacity are
largely unchanged up to a porosity of ~0.6 [e.g. Heap et al. 2020;
2022]. Previous studies have also shown that hydrothermal al-
teration can reduce the thermal conductivity of volcanic rocks
[e.g. Heap et al. 2022; 2023]. The lavas from Havre volcano
measured for this study contain variable quantities of cristo-
balite (Figure 3), and one of the older lavas from the crater
wall (HVR080) is very hydrothermally altered. Regardless of
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Table 1: Thermal conductivity, thermal diffusivity, and specific heat capacity for the lavas collected from Havre volcano (see map
in Figure 1for sampling locations). Also provided are connected and total porosity of each of the two cylindrical samples used for
the measurement. For measurements that used one cylindrical sample and an offcut from the parent block, only the connected
and total porosity of the cylindrical sample is shown (the porosity of the offcut was not determined). The average connected
and total porosities of the two samples are also provided (when only one cylindrical sample was used, the average porosities
are simply equal to the porosity of this sample). The thermal conductivity of each sample pair (or sample and offcut) was
measured four times and we report the mean and standard deviation of the mean for these four measurements. Measurements
were collected under ambient pressure and temperature conditions. Data are available in the Microsoft Excel spreadsheet that

accompanies this contribution as Supplementary Material 1.

Porosity Thermal Thermal Specific

Sample . L. e .
Locality C conductivity  diffusivity  heat capacity

name onnected Total 1 9 _1 i1
(Wm™K™") (mm°s™) Jke7'R™)

Sample 1 Sample 2 Average Sample 1 Sample 2 Average

HVR144 C 0.06 0.03 0.05 0.15 0.12 0.14 1.04 + 0.003 0.60 + 0.042 0.83 + 0.061
HVR150 D 0.09 = 0.09 0.11 = 0.11 1.01 £ 0.014 0.61 +£0.033 0.74 + 0.050
HVRI151 E 0.07 0.17 0.12 0.12 0.21 0.17 093 +0.122 053 + 0.062 0.86 + 0.135
HVR082 F 0.13 0.10 0.11 0.18 0.17 0.17 0.85 + 0.070 0.58 + 0.152 0.74 + 0.144
HVR288 G 0.27 0.27 0.27 0.26 0.26 0.26 0.88 £ 0.013 0.59 + 0.023 0.78 + 0.021
HVR289 G 0.22 0.22 0.22 0.22 0.22 0.22 0.94 + 0.060 0.60 + 0.067 0.78 + 0.039
HVR086 H 0.22 0.22 0.22 0.24 0.24 0.24 0.82 + 0.124 054 + 0.014 0.80 + 0.120
HVR088 H 0.23 0.23 0.23 0.25 0.24 0.25 0.79 £ 0.080 0.57 + 0.034 0.74 + 0.058
HVR034 I 0.17 0.16 0.16 0.21 0.20 0.20 0.83 + 0.049 057 £ 0.012 0.72 + 0.055
HVR092 older (J) 0.15 0.16 0.15 0.19 0.20 0.19 0.83 + 0.128 0.53 + 0.079 0.78 + 0.070
HVR055 HIJ megablock 0.26 0.26 0.26 0.26 0.26 0.26 0.98 + 0.062 0.64 + 0.032 0.80 + 0.014
HVR028 K 0.31 0.29 0.30 0.32 0.30 0.31 0.62 + 0.066 052 + 0.031 0.72 + 0.090
HVR025 M 0.14 0.23 0.19 0.19 0.26 0.22 0.87 + 0.018 052 + 0.022 0.87 + 0.047
HVR026 M 0.15 = 0.15 0.18 = 0.18 0.89 + 0.110 0.64 + 0.089 0.70 + 0.182
HVR110 N 0.06 0.05 0.05 0.13 0.12 0.12 1.07 £ 0.015 0.65 + 0.015 0.77 + 0.029
HVR114 N 0.13 0.15 0.14 0.15 0.17 0.16 0.96 + 0.057 0.70 + 0.069 0.66 + 0.079
HVRO016 (0] 0.13 0.15 0.14 0.13 0.15 0.14 1.08 + 0.048 0.59 + 0.009 0.83 + 0.029
HVR254 (0] 0.33 0.31 0.32 0.39 0.37 0.38 0.55 + 0.030  0.56 + 0.070 0.66 + 0.126
HVR009 (0)3 0.32 - 0.32 0.31 - 0.31 0.86 + 0.005 0.59 + 0.018 0.82 + 0.030
HVRO013 (0)3 0.27 0.27 0.27 0.27 0.27 0.27 092 + 0.071 0.65 £ 0.019 0.74 + 0.036
HVRI116 opP 0.20 0.17 0.18 0.19 0.16 0.18 0.95 + 0.082 0.63 + 0.027 0.73 + 0.035
HVR118 (0)3 0.32 0.25 0.28 0.35 0.30 0.33 0.65 + 0.079 050 + 0.052 0.81 + 0.045
HVR252 opP 0.19 0.21 0.20 0.26 0.28 0.27 0.75 + 0.026 0.54 + 0.015 0.78 + 0.034
HVR006 OP Talus 0.25 0.27 0.26 0.26 0.28 0.27 0.78 + 0.086 0.57 + 0.043 0.76 + 0.056
HVR008 OP Talus 0.29 - 0.29 0.37 - 0.37 0.60 + 0.015 0.53 + 0.019 0.76 + 0.046
HVR185 OP Talus 0.13 0.17 0.15 0.15 0.19 0.17 0.94 + 0.030 0.61 +0.047 0.74 + 0.041
HVR187 OP Talus 0.41 0.36 0.39 0.45 0.39 0.42 0.53 £0.148 0.60 + 0.130 0.67 + 0.289
HVRO014 P 0.21 0.22 0.22 0.21 0.22 0.22 1.06 + 0.041 0.65 = 0.009 0.80 + 0.026
HVR080 older 0.44 0.44 0.44 0.43 0.44 0.43 0.57 + 0.009 0.49 + 0.039 0.76 + 0.063
HVR174 older 0.22 0.18 0.20 0.29 0.26 0.27 0.86 + 0.012 0.55 + 0.044 0.81 + 0.066

the degree of hydrothermal alteration, we find that all sam-
ples lie on the same trend as a function of porosity, including
sample HVRO080 (the yellow diamond on Figure 6; Table 1).
We compare our new thermal property data for lavas from
Havre volcano with those published for subaerial volcanoes in
Figure 7. The data for subaerial volcanoes include altered an-
desites from La Soufriere de Guadeloupe (Eastern Caribbean
[Heap et al. 2022]), andesites from Mt Ruapehu (New Zealand
[Heap et al. 2020]), altered basaltic-andesites from Mt Mer-
api (Indonesia [Heap et al. 2020]), dacites from Chaos Crags
(USA [Heap et al. 2022]), and basalts from several volcanoes
in Hawaii (USA [Robertson and Peck 1974]). The thermal
conductivity data shown in Figure 7A show that the thermal
conductivities of the lavas from Havre volcano are similar to
those measured for the suite of subaerial volcanoes, although,
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for a given porosity, the lavas from Havre volcano are typically
lower than those for the subaerial volcanoes. The thermal dif-
fusivity (Figure 7B) and specific heat capacity (Figure 7C) of the
lavas from Havre volcano are very similar to those measured
for subaerial volcanoes.

To better understand the relationship between the thermal
properties and the porosity for the lavas from Havre volcano,
we can use an effective medium approach that has been suc-
cessfully used to describe the thermal properties of volcanic
rocks from subaerial volcanoes [Heap et al. 2020; 2022 If
these effective medium approaches can also well describe the
lavas from Havre volcano, then we could conclude the rela-
tionship between thermal properties and porosity is similar
for volcanic rocks from submarine and subaerial volcanoes.
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suite of lavas from Havre volcano. Black diamonds - dome OP;
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ure 1 for sampling locations). Error bars show the standard
deviation of the mean for the four measurements performed
for each sample (see text for details).
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Figure 7: Thermal conductivity [A], thermal diffusivity [B], and
specific heat capacity [C] as a function of total porosity for
a suite of lavas from Havre volcano (black circles), along-
side published data for andesites from La Soufriére de Guade-
loupe (purple squares [Heap et al. 2022]) and Mt Ruapehu in
New Zealand (orange downward-pointing triangles [Heap et al.
2020]), basaltic-andesites from Mt Merapi in Indonesia (green
upward-pointing triangles [Heap et al. 2020]); dacites from
Chaos Crags in USA (red diamonds [Heap et al. 2022]), and
basalts from Hawai'i in the USA (grey circles [Robertson and
Peck 1974]). Porosity values for the published data are con-
nected porosities.
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lavas from Havre volcano. The numbers next to the modelled curves in panels [A] and [B], provided using Equations 1-3, indicate
the assumed rock groundmass conductivity, A (in Wm~=1K=") (see text for details). [D] Thermal conductivity as a function of
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et al. 2020]), basaltic-andesites from Mt Merapi in Indonesia (green upward-pointing triangles [Heap et al. 2020]); dacites from
Chaos Crags in USA (red diamonds [Heap et al. 2022]), and basalts from Hawai'i in the USA (grey circles; Robertson and Peck
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Ao = 1.18 Wm~TK"7) (see text for details).

The effective thermal conductivity, A(¢b), can be deter-
mined using the Maxwell result for conduction in a medium
containing inclusions (here the inclusions are pores):

AP) _ (=)A= r)+rpd
Ao (=)L -r)+pd’

where ¢ is the porosity and r = Ag/Ag (where Ay and Ag
and are the thermal conductivities of the pore-filling fluid and
the rock groundmass, respectively [Zimmerman 1989]). We
assume spherical pores, and so p = 3(1—r)/(2+r) [Zimmer-
man 1989]. The effective thermal diffusivity D(¢) can then
be determined using:

(1)

A(d)
P0Cp.o(1 =) +prCp s’

Presses universitaires de Strasbourg

D(¢p) = (2)

Ss

where pg and p ¢ are the densities of the groundmass and pore
fluid, respectively, and Cp, o and C), s are the specific heat ca-
pacity of the groundmass and pore fluid, respectively [Connor
et al. 1997]. Based on Equation 2, the effective specific heat
capacity Cp, (¢) is given by the porosity-weighted average:

PoCp,o(1 =) +prCp rd

Po ©

Cp ((D) =

We assume here a pore fluid thermal conductivity Ay = 0
Wm~! K~ (i.e. we assume that the condition of the porosity-
filling air is negligible [Heap et al. 2020]).. We take values of
pr and Cp s of 1.275 kgm™3 and 1.007 kJkg™! K~! [Heap
et al. 2020], respectively, and, guided by our experimental
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Figure 9: Thermal conductivity [A], thermal diffusivity [B], and
specific heat capacity [C] as a function of total porosity for
a suite of lavas from Havre volcano. The modelled curves
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(blue curves), and steam-saturated (green) thermal properties
(using Equations 1-3), assuming a rock groundmass conduc-
tivity, Ao, of .18 Wm~" K=" (see text for details).
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data, we take values of pg and Cp, o of 2400 kg m~3 and 0.765
kJkg~! K1, respectively. The key unknown then is Ay.

We find that our thermal conductivity data for lavas from
Havre volcano can be bracketed between modelled curves (us-
ing Equation 1) for which Ag equals 1.05 and 1.5 Wm~! K1
(the black lines labelled "1.05" and "1.5", respectively, in Fig-
ure 8A). Using a least-squares regression analysis, we find a
value of Ag of 1.18 + 0.094 Wm~'K~! best describes our
complete dataset (the black line labelled "1.18" in Figure 8A).
Using Equation 2, we can provide modelled curves for D ()
using the same values of Ag (1.05, 1.18, and 1.5 Wm~! K1),
as shown in Figure 8B. Finally, Figure 8C shows the modelled
curve for the effective specific heat capacity (Equation 3). In
general, we find that Equations 1-3, using the input values
listed above and assuming Ag = 1.18 Wm~ 1K1, describe
our complete dataset well (Figure 8).

Figure 8D shows the compiled thermal conductivity dataset
(i.e. that presented in Figure 7A) with the modelled best-fit
curves for the samples from Mt Ruapehu (orange curve; Ag
= 1.5 Wm~!K~! [Heap et al. 2020)) and for our new data for
lavas from Havre volcano (black curve; Ag = 1.18 Wm~1 K1)
Heap et al. [2020] concluded that, because a suite of andesites
with different microstructural parameters (e.g. different pore
and crystal sizes and shapes) can be well described by Equa-
tions 1-3, porosity exerts the first-order control on the thermal
properties and that all other microstructural parameters must
only play a very minor role. Therefore, we conclude similarly
for the lavas from Havre volcano as, despite their sample-to-
sample microstructural differences (Figure 3), the data can be
well described by Equations 1-3 (Figure 8). The fact that both
volcanic rocks from subaerial volcanoes and those from Havre
volcano can be well described by Equations 1-3 suggests that
there are no fundamental differences between the thermal
properties of volcanic rocks from submarine and subaerial vol-
canoes, and that the measured differences can be explained by
differences in A (Figure 8D). Differences in Ao between the
lavas from Havre volcano and the volcanic rocks from sub-
aerial volcanoes must be the result of their different ground-
mass and mineral assemblages. The volcanic rocks from La
Soufriere de Guadeloupe, Mt Ruapehu, Mt Merapi, and Chaos
Crags are all porphyritic lavas characterised by either no or
only small amounts of glass [Heap et al. 2020; 2022]. Some of
the lavas from Havre volcano, by contrast, are very glassy (Fig-
ure 3). In Figure 8, we differentiate between the samples from
Havre volcano that are glassy (white circles) and those that
are crystal-rich (black circles); we note, however, that some
of the crystal-rich samples are not completely devoid of glass.
Importantly, the thermal conductivity of silica glass is much
less than, for example, the thermal conductivity of plagioclase
[Horai 1971; Clauser and Huenges 1995]. To support the hy-
pothesis that a high glass content is the cause of the low best-fit
Ao for the Havre volcano sample suite, and therefore the sub-
tle difference between the volcanic rocks from subaerial vol-
canoes and those from Havre volcano, we additionally mea-
sured the thermal conductivity of porosity-free obsidian from
Hrafntinnuhryggur (Krafla volcano, Iceland). We measured a
value of 1.23 +0.009 Wm~! K~! for the obsidian, very close to
our best-fit Ag of 1.18 Wm~™!K~! for our suite of rocks from
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Havre volcano (Figure 8). The thermal conductivity of obsid-
ian from the Mono Craters (USA) was measured to be ~1.15
Wm~'K~! at room temperature [Romine et al. 2012], very
close to our value of 1.23 Wm~™!K~!. Finally, we highlight
that our most glassy samples have a lower thermal conductiv-
ity than the samples considered to be crystal-rich (Figure 8),
corroborating the idea that glass content serves to lower the
thermal conductivity.

Therefore, we conclude that there are essentially no differ-
ences between the thermal properties of volcanic rocks from
subaerial volcanoes and those from Havre volcano, and that
the lower values of thermal conductivity for a given porosity
for the rocks from Havre volcano can simply be explained by
their higher glass contents. This means that future studies that
model heat transport in submarine volcanoes can use Equa-
tions 1-3 to provide thermal property values for modelling,
provided that A, the porosity, and the glass content (glassy or
crystal-rich) of the rocks are known a priori.

5.2 Water- and steam-saturated thermal properties

We have provided thermal properties for oven-dry lava sam-
ples from Havre volcano (Figure 5). However, during erup-
tion and emplacement, it is likely that the pore-filling phase
changes from being a magmatic HyO-dominated gas phase
and, upon flow and cooling, that water (gas or liquid) fills the
pores. At lower relative temperatures, it is very likely that
these rocks would be water-saturated in-situ, and we know
that saturation with water changes the thermal properties of
rocks [Nagaraju and Roy 2014; Harlé et al. 2019], including
volcanic rocks [Heap et al. 2020]. We therefore urge cau-
tion to those seeking thermal property values to model heat
transport within submarine volcanoes just based on dry val-
ues obtained experimentally. However, we can estimate the
water- and steam-saturated thermal properties of our sam-
ple suite using physically-grounded models (Equations 1-3),
which allow us to extrapolate for the effect of liquid water or
steam instead of gas. To do so, we assume values for liquid
water of Ar, pr, and Cp 5 of 0.6 Wm~tK™1, 1000 kgm’3
and 4.182 kJkg~! K~!, respectively, and values for steam of
As, ps, and Cp ¢ of 0.6 Wm™'K™!, 997 kgm~3 and 1.865
kJkg~! K~!, respectively (values taken from the National In-
stitute of Standards and Technology (NIST) Reference Fluid
Thermodynamic and Transport Properties Database). The
input parameters for liquid water, and Equations 1-3, have
previously well described the thermal properties of completely
water-saturated andesites from Mt Ruapehu [Heap et al. 2020,
adding veracity to our approach. We highlight that, although
some of the samples contain some minor isolated porosity
(Figure 5), our approach assumes that all of the void space
is saturated with liquid water or steam.

The modelled curves for the water- and steam-saturated
thermal properties, using Equations 1-3, are shown in Fig-
ure 9 (blue and green curves, respectively). These model pre-
dictions show that water- and steam-saturation increases the
thermal conductivity and the specific heat capacity, and de-
creases the thermal diffusivity. Saturation with water or steam
increases the thermal conductivity by the same amount (Fig-
ure 9A), but the decrease in thermal diffusivity (Figure 9B) and
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the increase in specific heat capacity (Figure 9C) is greater for
water- than for steam-saturation. We highlight that the differ-
ence between the dry and the water- or steam-saturated ther-
mal properties increases as a function of porosity (Figure 9).
For example, at a porosity of 0.1, the dry and wet thermal con-
ductivity predicted by the model is 1.07 and 1.17 Wm™! K1,
respectively, whereas the dry and wet thermal conductivity
is 0.28 and 0.78 Wm ™! K~1, respectively, at a porosity of 0.7
(Figure 9A). Therefore, we recommend that future modelling
endeavours that wish to use Equations 1-3 to provide ther-
mal property values should first consider whether the rocks
in question are dry, water-, or steam-saturated, and then use
the corresponding values for the thermal properties of the fluid
(air, water, or steam).

5.3 The effect of temperature

Before thermal conductivity values and constitutive models
can be applied to magma cooling scenarios, the effect of tem-
perature on the thermal properties must be established. To
establish this, we compile data for thermal diffusivity from
published sources for Little Glass Mountain obsidian at two
porosities, ¢ = 0 and ¢ ~ 0.75 [Bagdassarov and Ding-
well 1994] We show constitutive models for these mate-
rials, which are: (1) for the Little Glass Mountain obsidian
D =A+BT+CT? with A =9.14x 1077, B = 1.4 x 1077
and C = 1.9 x 10712 for ¢ = 0, and A = 3.04 x 1077,
B =29x1071% and 4 x 10713 for ¢ ~ 0.75; and (2) A =
Fexp (GT) with F = 1.88 x 10~" and G = 1.58 x 10~ (and
for this second model, T is in Kelvin and is from Wadsworth
et al. [2017]). For this study, the limiting case of dense lava
where ¢ =0 (D ~ 6.8 x 1077 m?s~!) matches very well with
these prior constraints in other volcanic materials broadly in
the range 20 < T < 700 °C, where our constraint in within
the reproducibility uncertainty of the previous data (Figure 10).
We therefore conclude that the effect of temperature is min-
imal at these moderate to low temperatures, consistent with
previous findings for Mt Shasta andesite [Hofmeister 2018].
Above 700 °C, the published D(T) data diverge from our am-
bient temperature constraint by up to a factor of ~+1.4. How-
ever, the uncertainty in our D determinations combined with
the uncertainties in Bagdassarov and Dingwell [1994] combine
and lead us to conclude that the effect of temperature is mi-
nor, compared with the effect of porosity and saturation with
water. Above 1000 °C, the effect of temperature appears to
be pronounced, however it is unclear the extent to which this
is due to the onset of a radiative component of heat transfer
influencing the measurement (discussed in Bagdassarov and
Dingwell [1994]), which can be corrected for [Whittington et
al. 2009]. For this reason, in what follows, we will constrain
our analysis to 7 < 1000 °C.

5.4 Conduction-limited lava crust development and the cool-
ing of submarine lava domes

Conduction-limited lava crust development occurs perpendic-
ular to the cooling surface over timescales T, proportional to:

(4)
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Figure 10: The temperature dependence of thermal diffusivity
D(T) shown using previously published data for obsidian at
two porosities, ¢ = 0 and ¢ ~ 0.75. Best-fit empirical models
for the effect of temperature are shown (see text). The hori-
zontal line is our data at ¢ = 0, showing that it is well within
the uncertainty on previous data and approximately tempera-
ture independent up to around 7 = 700 °C.

where L is the length scale in question (here taken to be
the lava crust thickness). This scaling t.(L) shows that the
timescale relates to the diffusivity by T, o« D~!. Therefore,
in Figure 11A we show the predicted t.(L) for four cases
using the scaling in Equation 4. First, the limiting case of
dense lava where ¢ = 0 (D = 6.4 x 1077 m?s~!). Second,
for the case of a porous lava with ¢ = 0.5 where the pore
fluid is air (D =~ 5.1 x 1077 m? s_l). Third, for the case of
a porous lava with ¢ = 0.5 but where the pore fluid is lig-
uid water (D ~ 2.8 x 1077 m?s~!). And, fourth, for the case
of a porous lava with ¢ = 0.5 but where the pore fluid is
steam (D ~ 4.7 x 1077 m?s~!). The values of thermal dif-
fusivity for these four cases were taken from the modelling
presented in Figure 9B. This shows what can also be inferred
from Figure 9B: that in this case, the effect of porosity is of
second order, whereas the effect of void-filling liquid water
is significant (Figure 11). However, if steam is the void-filling
fluid, the cooling timescales are not dissimilar to those for the
dry, porous lava (Figure 11). Our analysis also shows that a
0.1 m thick crust can conductively form in ~1-10 hours. To
illustrate this further, we can solve for the temporal evolution
of temperature 7'(¢) at the 0.1 m depth in the lava from the
cooling surface using an analytical solution to Fick’s second
law:

T(1) =T; + (Te = T;) erfe(0), (5)

where 7; is the initial temperature, 7, is the equilibrium tem-
perature, and (> = L?/(4Dt) with ¢ the time since the onset
of cooling. The assumptions that underpin Equation 5 are that
the boundary at the lava cooling surface are conductively los-
ing heat into the fluid, and that the lava itself is a semi-infinite
domain. For illustrative purposes, if we take 7; = 1000 °C,
T, =20°C,and L = 0.1 m, then we find that the time required
for the temperature to reach the glass transition 7, ~ 780 °C
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is ~1.4 hours, ~1.7 hours, ~2 hours, and ~5 hours, for the
dense, porous-water, porous-steam, and porous-air cases dis-
cussed above, respectively (Figure 11B). This is an example of
how the thermal properties constrained herein can be used to
solve relatively simple conduction problems. In concert with
full conduction-convection solutions to heat transfer problems,
these constraints can represent what is needed to predict the
evolution of temperature distribution in submarine lavas.

To confirm that submarine lavas are conductively limited in
their cooling behaviour, we define the Biot number B i= AL/A
where A is the heat transfer coefficient for water. In principle,
if Bi < 1, then the thermal conductivity is sufficiently large
that conduction within the material lava is more efficient than
heat loss into the water through the cooling surface. By con-
trast, if Bi > 1, then conduction is relatively inefficient and
the system will be conduction-limited [Wadsworth et al. 2017;
Moitra et al. 2020]. If we take & ~ 10> Wm~!K~! [Moitra
et al. 2020] and a characteristic value A ~ 1 Wm K, we
can rearrange Bi for the critical length scale L. for a tran-
sition between Bi < 1 (surface heat transfer—limited) and Bi
>1 (conduction-limited), as L, = A/h = 0.001 m. Accord-
ing to this simple analysis, anything larger than this length
scale L. will typically be conduction limited in the subma-
rine realm. Therefore, as a first step in understanding the
cooling of lava-sized bodies and their developing crusts, solv-
ing conduction-limited cooling is necessary, and the relatively
simplistic scaling for 1. is approximately valid (Figure 11).

Of course, this analysis (e.g. Equation 5) is simplistic and
more sophisticated approaches are needed and indeed exist
[e.g. Griffiths 2000]. In real submarine realms, the convection
boundary condition may well be more involved than the Biot
number analysis given above, and phase changes, boundary
lagers, and thermal instabilities may all be important effects
in submarine lava cooling [Griffiths 2000; Moitra et al. 2020;
Moitra and Sonder 2022} However, we propose that there
is value in exploring the conduction-limited effects of differ-
ent thermal properties constrained here simply to illustrate
the important effects of these thermal properties. Griffiths
[2000] provide a framework for understanding lava advance
in a range of conditions, but do not have good constraints of
the thermal properties for any specific case or scenario. Here,
the properties will be necessary to place sophisticated thermal
models on firm footing in the future.

The conduction limited cooling history of a lava crust can
inform the understanding of heat flux to the ambient envi-
ronment, and coupled with other parameters such as magma
viscosity, effusion rate, and slope can inform lava flow mor-
phology and mobility. Fauria and Manga [2018] demonstrate
that hot porous pumice clasts cool by the production of steam
in the void space, heat loss to the surroundings causing con-
densation of internal vapour, and clast saturation. Concep-
tually, the same process is likely responsible for the cooling
of larger scale lavas and domes, forming a steam and liquid
water "blanket” in the outer porous carapace of the lava or
dome. This blanket effectively insulates the interior of a de-
gassing lava body from the ambient water environment, trap-
ping hot magmatic volatiles internally within the lava or dome,
and facilitating longer timescales of cooling, and subsequent
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Figure 11: [A] The conduction scaling t.=L?/D for four cases: (1) the dry dense lava case where D ~ 6.4 x 10~/ m? s~ (solid
black curve); (2) the dry porous lava case where D ~ 5.1x 10~ m2 s~1 (dashed black curve); (3) the porous lava case with water
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fluid where D ~ 4.7 x10~7 m? s~ (solid green curve). [B] The analytical solution to Fick's second law for 7'(¢) for a fixed L = 0.1
m (see text). Indicated on panel [A] are the length scales for the largest pore size (10-20 mm), the average lava crust thickness
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vesiculation, crystallisation, and cristobalite precipitation. The
thermal gradients of lavas and domes are therefore complex
spatially and with time, which makes modelling of lava cool-
ing and saturation in water a complex problem.

6 CONCLUSIONS

We provide here laboratory-measured thermal property val-
ues for a suite of lavas from a submarine volcano, Havre vol-
cano in the Kermadec Ridge (Pacific Ocean). We find that their
thermal conductivity decreases (from ~1.1 to ~0.5 Wm™' K1)
as total porosity is increased from ~0.1 to ~0.45. However,
we also find that their thermal diffusivity (0.5-0.7 mm?s~!)
and specific heat capacity (0.65-0.9 Jkg~! K~!1) do not change
systematically as a function of porosity. By comparing our
new data for a submarine volcano with those previously pub-
lished for subaerial volcanoes we find that, although both data
types can be well described by physically-grounded effective
medium approaches, the thermal conductivity of the lavas
from Havre volcano are lower than those from subaerial vol-
canoes for a given porosity. The reason for this difference is
that the lavas from Havre volcano are glassier, an amorphous
solid with a low thermal conductivity, than the rocks mea-
sured from subaerial volcanoes. We do not suggest, however,
that there are differences, in terms of their thermal proper-
ties, between rocks from submarine and subaerial volcanoes,
and we expect that glassier samples from subaerial volcanoes
would have thermal properties similar to the submarine lavas
measured herein. Using the effective medium models, we
can determine the thermal properties of the measured sample
suite under water-saturated conditions, a perhaps more real-
istic scenario for lavas comprising a submarine volcano. We
find that saturation with water increases their thermal conduc-
tivity and specific heat capacity and decreases their thermal
diffusivity. Using the data and models provided herein, the
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thermal properties of any lava can be estimated as long as the
thermal conductivity at zero porosity (Ag)—which requires an
understanding as to whether the sample is glassy or crystal-
rich—the porosity, and the nature of the void-filling fluid (air,
steam, or water) are known. This approach can, therefore, be
used in multiphase models for submarine eruption dynam-
ics, hydrothermal system hydrology, cooling timescales—as
we discuss above—and the heat flux from the global mid-
ocean ridge system to the ocean. The use of more accurate
values for the thermal properties of submarine lavas in such
models will lead to more reliable model outputs.
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