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Abstract

Supraglacial deposits of tephra or volcaniclastics have the potential to cause significant anomalies of glacier ablation and
runoff. The intensity of these anomalies is governed by the thermal resistivity of the covering layer and hence the thermal
conductivity of the deposited grains. This study concentrates on causal and quantitative relationships between density, geo-
chemical composition and thermal conductivity of volcanic materials based on the analysis of 43 samples from locations
across Iceland. Thermal conductivity is primarily influenced by density, whereas geochemical composition has been proved
to be of subsidiary importance. Four different multiple regression models were calibrated that calculate the grain thermal
conductivity of a volcanic material based on rock properties and geochemical composition. In a subsequent step, the bulk
thermal conductivity of the respective deposit is calculated as a function of porosity and degree of water saturation. Examples
using volcanic material from the Eyjafjallajokull 2010 and Grimsvo6tn 2011 eruptions confirm that the presented calculation
scheme can be executed using only limited geochemical data as input. This facilitates an easy application of the modeling
scheme immediately after a volcanic eruption.

Keywords Volcanic tephra - Thermal conductivity - Major element oxides - Iceland - Modeling

Introduction

Volcanic tephra and volcaniclastics can be dispersed over
vast areas around a source vent by fallout following ejec-
tion through an explosive eruption. The generated layers of
volcanic material are characterized by high spatial heteroge-
neity with thicknesses ranging over several orders of magni-
tude (Brown et al. 2012). The high dispersion of the volcanic
materials is often associated with a considerable influence
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on humans and ecosystems (Machida 2002). Among the abi-
otic components of the ecosystems, especially permafrost
features and glaciers are affected by deposition of volcanic
materials (Kellerer-Pirklbauer et al. 2007; Kirkbride and
Dugmore 2003).

In the cryosphere, influences related to alterations of
the surface energy and mass balance of either the frozen
ground, the snow or the glacier ice are crucial (Dragosics
et al. 2016; Moller et al. 2018). Two counteracting effects
govern the strength of these alterations (Mdller et al. 2016).
The first is the albedo effect, which enhances ablation due to
a darkening of the glacier surface and the related increase of
absorbed radiation energy. It increases with thickness of the
deposited volcanic material up to full coverage of the glacier
surface and remains constant afterwards. The second is the
thermal resistance effect, which reduces ablation due to the
decrease of heat conducted from the air to the glacier sur-
face. Thermal resistance increases with deposition thickness
and it can be quantified either by empirical measurements
or by physics-based considerations of the thermal proper-
ties of the deposit (Moller et al. 2016; Nicholson and Benn
2013). While deposition thickness is process-related, the
thermal properties and, in particular, thermal conductivity
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are strongly related to the petrographical characteristics of
the volcanic material and to the water content of the deposit
(Clauser and Huenges 1995; Kuznetsova 2017). Relations
between thermal conductivity of rocks and their petrographi-
cal characteristics are well documented and calculation
methods have long been known (e.g., Horai and Baldridge
1972; Corson 1974; Garcia et al. 1989).

In Iceland, glaciers cover an area of ~ 11,100 km? (Fig. 1)
and thus about 11% of the island (Bjornsson and Palsson
2008). Icelandic volcanoes have experienced a consider-
able number of eruptions in historical times, several of
which were phreatomagmatic and thus of the explosive
type (Thordarson and Larsen 2007). Significant amounts of
proximal tephra fallout were documented for the eruptions
of Hekla, in 1991 (Gudnason et al. 2017), Grimsvotn, in
2004 (Jude-Eton et al. 2012), and Eyjafjallajokull, in 2010
(Gudmundsson et al. 2012). However, volcanic deposits
found on Iceland are not always original in situ tephra depos-
its, but may also be secondary deposits of volcaniclastics
after aeolian transport away from their original deposition
site (Arnalds et al. 2016; Liu et al. 2014). Frequent strong
winds promote wind erosion, especially of fine-grained vol-
canic ashes (Arnalds et al. 2013; Dagsson-Waldhauserova
et al. 2014). Similar to tephra fallout (Moller et al. 2014,
2019), the resulting dust storms have the potential to deposit

considerable amounts of petrographically and geochemically
different volcanic material on surrounding glaciers (Witt-
mann et al. 2017).

Based on a collection of 43 samples of volcanic materials
from various locations on Iceland, we here investigate the
hypothesis that the varying petrographical characteristics of
the volcanic materials cause substantially different thermal
properties among the associated supraglacial deposits. These
in turn may influence glacier ablation and potentially result
in altered timings and magnitudes of peak runoff which may
exert a significant geohazard impact.

We analyze to which extent the variability of grain ther-
mal conductivity is related to petrographical characteristics,
in particular grain density and geochemical composition.
We investigate whether this relation can be described by
statistical relationships and evaluate the possibility of infer-
ring the grain thermal conductivity of the volcanic materials
from their grain density and/or geochemical composition
by means of regression modeling. We further present con-
straints for the bulk thermal conductivity of a deposit of vol-
canic materials considering its pore space and water content
in addition to the grain thermal conductivity.

Finally, we test to which extent it is feasible to estimate
grain and bulk thermal conductivity of a volcanic deposit
from literature-derived geochemical compositions only.
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Fig. 1 Tectonic—volcanic systems across Iceland, with distribution
of Holocene lava deposits, sediments and glacier area. Sample loca-
tions are marked by black dots. For sample IDs see Fig. 2. Geological
information on the map is adapted from Jéhannesson and Semunds-
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son (2009). The western, eastern and northern volcanic zones (WVZ,
EVZ and NVZ) are shown along with the mid-Iceland belt (MIB).
The Reykjanes (RVB), Snafellsness (SVB) and Orefi volcanic belts
(OVB) are shown in addition
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Doing so would facilitate estimations immediately after
volcanic eruptions when only the characteristic geochemi-
cal fingerprints of the respective source volcanos are known.
Such an approach might have the potential to be further
developed into a useful and fast-response tool for geohaz-
ard assessment.

Study area and sampling sites

Volcanic structures on Iceland are organized into zones,
which mainly follow the plate boundaries associated with
the continuation of the mid-ocean ridge across the island
(Semundsson 1979; Thordarson and Larsen 2007). From
the south, there are the Reykjanes Volcanic Belt (RVB), the
Western Volcanic Zone (WVZ), the Mid-Iceland Belt (MIB)
and the Northern Volcanic Zone (NVZ) (Fig. 1). The East-
ern Volcanic Zone (EVZ) has developed in the off-rift flank
zone since the late Pliocene through propagating axial rifting
towards the south and is thought to continue the same in the
future (Gudmundsson 1995). Apart from these plate bound-
ary-oriented volcanic zones, two active intraplate zones also
exist, the Snafellsness Volcanic Belt (SVB) and the Orafi
Volcanic Belt (OVB).

Along the main axial rift zone, i.e., from RVB to NVZ,
volcanic activity is dominated by tholeiitic magmatism
while across the off-rift flank zones transitional alkaline or
even alkaline magmatism dominates (Jakobsson et al. 2008;
Sigmarsson and Steinthérsson 2007). The northern part of
the off-rift EVZ is still dominated by tholeiitic magmatism,
before it changes into a transitional alkaline magmatism in
its central parts and even further into a mildly alkaline mag-
matism on the Vestmannaeyjar islands (Jakobsson 1979).
Magmatism in the OVB is closely related to the central parts
of the EVZ and is likewise transitional alkaline. In the SVB,
in contrast, magmatism is mildly alkaline and thus similar to
that on the Vestmannaeyjar islands (Jakobsson et al. 2008).

Active volcanism in Iceland is confined to about thirty
active central volcano systems (Fig. 1), characterized by
both effusive and explosive eruptions with lava and tephra
compositions ranging from basaltic to rhyolitic (Thordar-
son and Hoskuldsson 2008; Thordarson and Larsen 2007).
Due to the presence of glacier ice over many of the volcanic
vents, even mafic magmas are mostly erupted explosively
in a phreatomagmatic style (Jakobsson and Gudmundsson
2008; Larsen and Eiriksson 2007). Only 22% of the historic
mafic eruptions were effusive (Thordarson and Hoskulds-
son 2008). Several volcano systems are known to have
characteristic geochemical compositions, i.e., major ele-
ment oxide ratios (Gudmundsdottir et al. 2016; Larsen et al.
1998). However, these ratios are not always unambiguous as
the affinity of neighboring systems can be large enough to

induce at least partly overlapping fingerprints (Neave et al.
2015; Oladéttir et al. 2008).

Volcanic activity in historical times was dominated by
four distinct central volcanos all located in the EVZ. About
80% of the total volume of erupted magma can be assigned
to the Katla (28%), Grimsvotn (25%), Hekla (15%) and
Veidivotn-Bardarbunga (12%) volcano systems (Thordar-
son and Larsen 2007). Among them, Grimsvotn experienced
by far the highest number of eruptions including the most
recent explosive one in 2011 (Oladéttir et al. 2011; Steven-
son et al. 2013). Among the historic eruptions, 88% of the
explosive and 45% of the effusive events occurred in this
zone, producing 93% of all erupted tephra and 44% of all
erupted lava (Thordarson and Hoskuldsson 2008).

Our sampling strategy accounts for the variability of
volcanic deposits across Iceland. The locations of the sam-
pling points (Figs. 1, 2) were primarily chosen to mirror the
major central volcanoes along the volcanic zones with spe-
cial emphasis on RVB, WVZ, NVZ and EVZ where about
98% of all historic volcanic activity occurred (Thordarson
and Hoskuldsson 2008). Field sampling covered most of the
rock types present on Iceland, despite the broad prevalence
of basaltic tephra and lava (Sigmarsson and Steinth6rsson
2007).

In the NVZ, we particularly concentrated on locations
close to two major central volcanoes, Askja and Krafla. In
the EVZ, we concentrated on locations representing two
major central volcanoes, i.e., Hekla and Katla. For the lat-
ter, sampling locations in the extensive sandur plains of
the Myrdalsjokull ice cap were chosen, thus exhibiting flu-
vial relocation of the original tephra deposits. Moreover,
at Eyjafjallajokull and Grimsvotn volcanoes, samples were
taken inside the summit caldera and at the caldera rim,
respectively, to acquire pristine tephra from the two most
recent eruptions.

In the two intraplate volcanic zones OVB and SVB, sam-
ples were collected to represent the major central volcanos,
i.e., Snafell (OVB) and Sneefellsjokull (SVB). In addition,
sampling included a couple of extinct volcanoes in the
southeast and northwest of the island.

To account for the widespread distribution, the high vari-
ability and petrographic diversity of volcanic deposits across
Iceland, our sampling encompassed original tephra deposits
as well as volcaniclastic sediments. No samples were taken
from notably weathered or silt-covered sediments to keep
the chemical composition of the volcaniclastics as original
as possible. Nevertheless, samples might have been altered
by weathering or mixing with ex situ materials.

Three different types of sampling sites have to be distin-
guished: first, subsurface materials, which crop out in natu-
ral scarps; second, surface materials from vegetation- and
soil-free sandy plains; third, the calderas of Eyjafjallajokull
and Grimsvotn wherein it was necessary to sample surface
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Fig.2 Spatial overview of sampling sites. For each site, the sample
ID is shown along with the rock type. Assignments of the samples to
rock types is based on the total silica (SiO,) and alkali (Na,0+K,0)

materials from active geothermal sites to guarantee snow-
free access to the volcanic material. From all three types of
sampling sites, the same amounts of material were extracted
(~0.002 m?). Samples were stored in clean plastic bags until
preparations for laboratory analyses started.

Laboratory analyses

Methods

Grain thermal conductivity of the volcanic materials was
measured using a commercial device (TeKa 04 thermal
conductivity meter) that uses a modified hot needle probe
method as measuring principle. In contrast to the original
and well-established hot needle probe method (Von Herzen
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and Maxwell 1959) in which a thin, long heating source is
inserted into the sample, TeKa 04 uses a disk-shaped device
with the heating source mounted at its underside, which is
placed on top of the sample.

For preparation, the volcanic materials were sieved. From
the sieved samples, the 1-3 mm grain size fractions were
extracted. For measurement, the material was filled into a
container of known volume and fully saturated with water.
Temperature was kept constant (20 °C) during measure-
ments. Prior to the measurement, the probe was installed
on the material inside the container and any remaining air
is evacuated from the closed measurement system. It cannot
be ruled out that the limitation of the sample to its 1-3 mm
grain size fraction might impact the measurement somewhat,
but we expect those impacts to be small as the majority of
the samples fall within this grain size range.
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The results of the measurements represent the thermal
conductivity of the composite of volcanic material and
water. Following Farouki (1981), the bulk thermal conduc-
tivity (k,) can be estimated by:

1—
ke = KPR, )

which represents the geometric mean between the thermal
conductivity of the grains (kg) and the saturating water (k)
weighed by porosity (p). Thus, the grain thermal conductiv-
ity is given by:

k= (/). )

A value of k,=0.6 W m™' K™! was assumed in calcula-
tions. Porosity was calculated as:

p=Vy/Ve, 3

where the volume of the saturating water (V,,) was derived
by weighing the measured material both in its saturated and
in a dried-out state and the volume of the measured mate-
rial (V) is that of the container. Hereby, the density of the
volcanic material is derived implicitly.

Grain thermal conductivity and grain density results of
the sampled volcanic material are given in Table 1. The
chemical composition (ten major element oxides) of the
volcanic material derived from X-ray fluorescence (XRF)
analysis is given in Table 2. Trace elements are given in the
supplementary Table S1.

Based on the anhydrous weight portions of the major
element oxides, the volcanic host rock type of each sam-
ple is identified using the relation between its total alkali
(Na,0 +K,0) to silica (SiO,) contents following the total
alkali—silica (TAS) diagram classification introduced by Le
Bas et al. (1986). The rock types are presented in Table 1.

Results

Measured grain thermal conductivity and grain density
of the 43 samples show means of 1.43+0.38 Wm™' K~!
and 2487 +452 kg m™>, respectively (Table 1). For indi-
vidual samples, thermal conductivities range between
0.69 Wm™' K~! (samples 5 and 39) and 2.33 Wm™! K!
(sample 18). The relative variability in grain density is
slightly smaller. Values range between 1081 kg m~> (sam-
ple 5) and 3667 kg m~> (sample 2). Characteristic spatial
patterns across Iceland do not exist (Fig. 2). Just the spatial
consistency of the absolute minima of both quantities at the
location of sample 5 is noticeable. The significant correla-
tion (r=0.66) between grain thermal conductivity and grain
density suggests a characteristic relationship between the
two (Fig. 3).

Table 1 Grain thermal conductivity (W m~' K™!) and grain density
(kg m~3) of the investigated volcanic materials

Sample Grain thermal Grain density Rock type
conductivity

1 1.454 2731 S,
2 2.119 3667 B
3 1.442 2524 B
4 1.779 2865 Pc
5 0.686 1081 F
6 1.476 2549 S5
7 1.445 2462 B
8 1.140 2457 B
9 1.343 2667 B
10 1.778 2858 B
11 1.808 2453 0,
12 1.409 2681 B
13 1.584 2590 B
14 2.089 2429 0,
15 1.065 3111 B
16 1.095 2063 B
17 0.834 2249 B
18 2.326 2935 B
19 1.776 2602 Pc
20 1.232 2656 Pc
21 1.118 2533 Pc
22 1.469 2771 Pc
23 1.244 1931 B
24 1.207 2943 B
25 1.083 2022 B
26 1.393 2554 B
27 1.035 2244 0,
28 1.090 2134 R
29 1.342 2634 0,
30 1.664 2579 B
31 1.441 2774 B
32 1.726 2703 B
33 1.535 2143 0,
34 1.657 2779 B
35 1.305 1930 B
36 1.217 1966 B
37 1.717 2947 B
38 1.313 2044 0,
39 0.686 1518 B
40 1.571 2781 B
41 2.320 2838 B
42 1.022 1878 B
43 1.602 2647 B

Rock types are derived from their total alkali to silica relations
(Fig. 5): foidite (F), picrobasalt (Pc), basalt (B), trachybasalt (S,), tra-
chyandesite (S;), basaltic andesite (O,), andesite (O,), thyolite (R)
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Table 2 Major element oxides
(e; in wt%) composition of the

investigated volcanic materials.

All iron content is displayed as
Fe,0;

Sample ¢, e, e e, es e e; eg e e Trel L.oi
Si0, TiO, ALO; Fe,0; MnO MgO CaO Na,0O P,05 K,O
1 471 326 115 132 021 291 78 348 052 123 043 8.3
2 432 180 153 123 020 562 116 253 026 045 0.26 6.4
3 440 297 128 16.1 030 582 79 278 047 052 022 6.0
4 413 221 158 14.1 024 474 105 247 027 024 023 7.9
5 332 3.64 135 152 023 510 92 192 067 062 057 16.1
6 53.0 147 139 9.1 021 213 44 488 035 180 045 8.3
7 459 226 130 128 024 357 8.8 294 045 076 0.33 8.9
8 40.7 335 132 159 026 6.02 80 075 037 012 0.18 11.1
9 433 238 119 13.8 022 553 110 243 024 034 035 8.6
10 39.8 246 108 138 021 451 101 247 028 044 034 1438
11 452 195 105 108 0.18 249 81 291 036 115 034 16.0
12 425 1.83 127 141 023 545 94 180 019 027 038 111
13 358 L.15 9.9 103 015 794 75 055 0.2 018 035 261
14 51.6 295 11.0 163 011 243 24 080 025 024 123 107
15 41.8 1.88 11.1 158 025 492 105 193 0.8 025 042 109
16 378 1.80 103 153 023 439 98 176 017 024 039 179
17 433 1.61 128 125 021 667 129 197 020 0.14 034 7.3
18 420 1.89 109 155 024 531 103 206 024 027 037 11.0
19 383 136 138 12.1 020 548 120 194 0.14 0.10 025 144
20 369 239 146 144 023 581 83 126 027 023 036 152
21 36.7 1.63 13.1 130 020 623 101 139 020 017 038 17.0
22 364 217 144 145 023 4.65 99 180 030 022 050 149
23 392 205 123 140 024 414 95 221 027 044 033 153
24 39.6 185 115 137 022 575 112 170 0.8 019 038 137
25 390 1.69 124 138 022 500 11.0 199 0.8 0.14 032 142
26 424 249 147 127 023 328 75 255 045 081 035 125
27 573  1.67 121 99 018 211 62 306 025 129 027 5.7
28 68.0 098 11.1 47 012 0.69 29 369 021 212 021 5.3
29 492 1.67 127 115 019 3.82 98 243 022 0.66 040 7.4
30 436 282 105 170 026 438 81 238 031 050 047 9.7
31 417 224 113 135 022 422 100 210 025 043 037 137
32 39.8 203 143 132 022 391 100 195 025 024 027 139
33 482 170 1238 1.7 020 3.64 81 242 0.8 0.69 033 100
34 41.6 181 132 13.1 022 505 109 184 0.17 023 033 116
35 421 226 141 159 031 350 94 249 034 040 031 9.0
36 440 224 144 133 026 293 73 247 035 070 031 118
37 384 1.08 145 11.0 017 410 11.8 188 0.12 0.10 0.19 167
38 454 147 142 99 016 254 74 229 018 092 029 152
39 468 187 133 123 024 341 88 298 043 077 033 8.8
40 431 231 121 146 022 497 11.1 216 026 024 041 8.6
41 420 186 11.8 135 022 546 112 231 022 030 031 109
42 427 248 133 13.1 023 333 80 258 042 0.69 031 128
43 413 354 106 143 022 353 85 268 042 073 041 138

The sum of all trace elements (Tr.el.) and the loss on ignition (L.o.i.) are given in addition

The geochemical compositions of the 43 samples are less
diverse than their thermal conductivities and densities. The
weight portions of the main components (SiO,, Fe,0; and
Al,03) scatter within narrow limits, albeit some exceptions

@ Springer

(Table 2). The silica content shows a mean of 43.1+6.1 wt%
(+one sigma). Only a limited number of examples for
strongly negative or positive deviations exist. Overall data
cover silica contents between 33.2 and 68.0 wt%. The alkali
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Fig.3 Scatterplots between grain density and grain thermal conduc-
tivity of all 43 samples subdivided according to rock type, i.e., foidite
(F), picrobasalt (Pc), basalt (B), trachybasalt (S,), trachyandesite (S;),
basaltic andesite (O1), andesite (O2) and rhyolite (R). In each plot,
open circles represent the overall sample set, while filled black circles

content (Na,O +K,0) shows a mean of 2.8 + 1.2 wt%, with
some apparent outliers. Values for individual samples range
between 0.7 and 6.7 wt%.

Geochemical compositions of the samples show a domi-
nance of basalt with almost two-thirds of the samples
belonging to this rock type (Table 1, Fig. 4). Basaltic mate-
rials dominate in all volcanic zones and belts of Iceland with
only few exceptions (Fig. 2). In the WVZ, picrobasalt is the
dominating rock type. In the southern EVZ, more evolved
and differentiated rock types occur. Silica content (SiO,) is
spatially uniformly distributed even if lowest weight portions
concentrate in the WVZ (Fig. 2). Samples with extremely
high silica contents are limited to the NVZ (samples 27 and
28, Fig. 2). Samples with a high alkali content (Na,O + K,0)
occur in the southern EVZ (samples 1 and 6) and at the
Askja caldera (sample 28, Fig. 2).

When classifying the samples into different rock types,
relationships between geochemical composition on the one
hand and grain thermal conductivity and grain density on the
other hand are noticeable (Fig. 4). Data suggest a decrease
of density with further evolution of the rock type from mafic
to felsic. For thermal conductivity, such a trend is mostly
obscured by a small number of samples at the felsic edge of
the range of rock types. Accordingly, the laboratory results
also suggest a variation of the above-described relationship
between grain density and grain thermal conductivity with
rock type (Fig. 3): the increase of thermal conductivity with
density is higher for picrobasalt and andesite than for the

represent samples of the respective rock type. The red regression line
indicates the best fit between grain density and grain thermal conduc-
tivity for all 43 samples with its 95% significance range indicated by
grey shading. The black regression line indicates the best fit for sam-
ples of the respective rock type

overall sample set, whilst it is lower for basaltic andesite.
The comparably limited number of all rock type subsets,
except for basalt, inhibits any statistically significant infer-
ence of characteristic relationships.

In line with this, correlations between the weight por-
tions of individual major element oxides and both the grain
thermal conductivity itself and the residuals of the grain
density—thermal conductivity relation (cf. Fig. 3) are gener-
ally weak (Table 3). Significant correlations occur only for
partial correlations, which mask out secondary influences
by other than the considered oxide itself. MnO is negatively
related to grain thermal conductivity, while Na,O shows a
positive relation. CaO and Na,O are positively related to the
residuals of the grain density—thermal conductivity relation.

Development of thermal conductivity
models

Model description

We propose four different predictive models (A, B, C1 and
C2) to estimate grain thermal conductivities from rock prop-
erties and compositional data. These models are based on a
regression analysis of the data listed in Tables 1 and 2. We
further calculate bulk thermal conductivity of a volcanic
deposit with variable pore space and water saturation.
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Fig.4 Samples plotted in the total alkali-silica diagram (Le Bas et al.
1986) for identification of rock types: foidite (F), picrobasalt (Pc),
basanite/tephrite (U,), phonotephrite (U,), tephriphonolite (Us), pho-
nolite (Ph), basalt (B), trachybasalt (S,), basaltic trachyandesite (S,),
trachyandesite (S;), trachyte/trachydacite (T), basaltic andesite (O,),
andesite (O,), dacite (O;) and rhyolite (R). Samples are shown in

In model A, grain thermal conductivity (k, ) is only a
linear function of density (Table 1):

kg,A = CA,O + CA,I . pg.

4
In model B, grain thermal conductivity (kg,B) is a func-
tion of the major element oxides (e; in wt%; Table 2):

kyg =cpo+ Z (CB,i : ei)' 5)

The coefficients c, ; and cg; are shown in Table 4 and
are determined from data in Tables 1 and 2.

Other than models A and B, models C1 and C2 do not
directly estimate grain thermal conductivity, but aim at

@ Springer

color codes for grain thermal conductivity (a) and grain density (b)
of the volcanic material. The graphs on the right show the distribu-
tions of grain thermal conductivity and grain density according to
rock type. The thick black bars indicate the mean while the whiskers
represent a range of +one sigma standard deviation

explaining the residuals of model A. Hence, the predictand
of model A (k, ») is added as a predictor.

In model C1, grain thermal conductivity (k, ¢;) is the sum
of k, 5 and a function of the major element oxides (e; in wt%;
Table 2):
kect =kga + i+ Z (ccri-e) (6)

In model C2, grain thermal conductivity (k, ) is the sum
of k, o and a function of anhydrous weight portions of the
three major element oxides (€,,pyq; in Wt%) that were previ-
ously used to determine rock types (SiO,, Na,O and K,O;
cf. Sect. 3.1):
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Table 3 Pearson (partial) correlations between weight portions of the
major element oxides and grain thermal conductivities (MEO vs. TC)
or between weight portions of the major element oxides and the resid-
uals of the grain density—thermal conductivity relation (cf. Fig. 3,
MEO vs. TC

[‘SS)

Major element oxide MEO vs. TC MEQO vs. TC
SiO, —0.03 (- 0.10) 0.03 (- 0.14)
TiO, —0.04 (0.13) 0.07 (- 0.06)
Al,O, —0.09 (0.03) —0.10 (= 0.14)
Fe,0; 0.10 (0.09) 0.07 (0.00)
MnO - 0.18 (=0.35) - 0.17 (= 0.24)
MgO 0.06 (0.09) —0.19 (= 0.19)
CaO 0.08 (- 0.19) - 0.17 (=0.30)
Na,O —0.05(0.42) 0.01 (0.34)
P,04 -0.25(-0.21) 0.02 (0.11)
K,0 —0.18 (= 0.19) —0.00 (- 0.29)

The partial correlation for any major element oxide is calculated with
the effects of the respective other major element oxides removed.
Underlined correlation coefficients indicate significance on the 90%
level

Table 4 Coefficients (cu;, ¢g;» ey Coa,) Of the grain thermal con-
ductivity regression models

1 cy; (Eq. 4) cp; (Eq.5) ccri (Eq. 6) cc2: (Eq. 7)
0 0.00997 2.09369 2.44766 —0.71284
1 0.00057 —0.01044 —0.01242 0.01357

2 - 0.18029 —0.07754 -

3 - 0.00771 —0.03401 -

4 - 0.04848 —0.00166 -

5 - - 6.26216 —3.14540 -

6 - 0.03798 —0.06942 -

7 - —0.06224 —0.08595 -

8 - 0.58321 0.34579 0.06133

9 - — 1.48493 0.68928 -

10 - —0.81754 —0.97951 —-0.19125

kyco =kga +Cco0+Ccat * Cannyd F €28 * anhyds T €C2,10 * Canhyd, 10-
(7N
The coefficients cc; ; and ¢, ; are shown in Table 4 and
are again determined from data in Tables 1 and 2.
On the basis of Eq. (1), bulk thermal conductivity of a
volcanic deposit (k4) can be calculated from:

kd(p, s) = kél —I’)k@xkg-(l—y)’ ©

where k, (0.0262 W m~! K1) is the air thermal conductivity.

The three components are weighted according to their
respective volume portions in the deposit, which are cal-
culated from the effective porosity of the deposit (p) and

from the degree of water saturation of the related pore
space (s). As porosity and water saturation of the deposit
are generally unknown, they were treated as variables here.
By varying both of them between 0.0 and 1.0 (0-100%),
we calculated the full range of bulk thermal conductivities
of a deposit of volcanic material.

Model performance

Model performance is assessed on the basis of three different
statistical measures. First, we calculate the root mean square
(RMS) error between measured and modeled k,. Second,
we calculate the percentage of the variance in measured k,
which is explained by each model, i.e., we calculate R?. And
third, we calculate the slope of a linear fit to a scatter plot
between measured and modeled k,.

Results indicate that the four regression models A,
B, C1 and C2 show distinctly different performances
(Fig. 5). Model A (k,,) explains 43.4% of the vari-
ance in measured k,. The RMS error between k, , and k,
of £0.282 W m~! K™! indicates an accuracy of modeled kg A
of ~ +20%. Model B, as the least accurate model, explains
only 33.2% of the variance. Modeled k, g show an RMS error
of +0.306 Wm~! K~! and thus an accuracy of ~ +21%. The
best performing models are C1 and C2. Model C1 explains
58.9% of the variance in measured k,. The RMS error is as
low as+0.240 Wm~! K™! (~+17%). Model C2 explains
44.9% of the variance in measured k, and an RMS error
of £0.279 Wm™! K~! (~+ 19%). The thermal conductivi-
ties calculated according to all four models show the same
kind of systematic error, even though at different magnitudes
(Fig. 5). In general, smaller values (<~ 1.5 Wm™' K™!) are
overestimated, while larger values (>~1.5 Wm™' K1) are
underestimated. In case of model B, this systematic error
is more pronounced. The slope of its linear fit is only 0.33
(Fig. 5). For model C1 the slope reaches 0.59.

Model feasibility test
Procedure

In the following, we evaluate to which extent it is feasi-
ble to carry out the thermal conductivity modeling proce-
dure described above, based on limited geochemical input
data derived from the literature. For this test, we use major
element oxides (Table 5) from the Eyjafjallajokull 2010
(EYV10) and the Grimsvotn 2011 (GRV11) eruptions as
direct input in models B, C1 and C2. Apart from the geo-
chemical data, grain densities of the volcanic materials are
needed as input in models A, C1 and C2. To derive grain
densities from the available geochemical compositions,
characteristic median tephra densities for each igneous rock
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Fig.5 Performance of the grain
thermal conductivity regression
models (model name given in
the upper left of each panel)
expressed as scatter plots com-
paring modeled to measured
grain thermal conductivities
(kg, cf. Table 1) of the volcanic
materials. One—one relations
are indicated as thin black
lines. Actual relations between
modeled and measured data are
represented by linear fits (red
lines), with the statistical meas-
ures slope (f), R? and root mean
square error (RMSE) given in
the lower right of each panel

Table 5 Geochemical
compositions of Eyjafjallajokull
and Grimsvotn volcanic
materials
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type (Hasterok and Webb 2017) were interpolated over the
entire TAS diagram range using ordinary kriging (Fig. 6). In
that way, grain densities can be determined from anhydrous
weight portions of the SiO,, Na,O and K,O content only.
In the feasibility test, we first compare the performances
Oxides _EYVIO GRVII of all fo.ur. regression models in ca}culatmg grain thermal
conductivity (k,) of the two volcanic materials. We further
Sio, 60.23 50.20 compare the modeled , to the measured thermal conduc-
TiO, 1.47 2.85 tivities of samples 6 and 8 which were taken at the calde-
ALO, 14.55 13.46 ras of Eyjafjallajokull and Grimsvotn, respectively (Fig. 2).
FeO 8.96 13.64 Second, we calculate the ranges of possible bulk thermal
MnO 0.27 0.23 conductivities k, for any related deposit (Eq. 8).
MgO 1.39 5.58 The performance of the four regression models is assessed
CaO 4.11 9.90 in terms of their modeling uncertainty, i.e., the uncertainty
Na,O 5.33 278 which they introduced into modeled k,. It is described by
P,0s 0.47 - confidence intervals which are calculated individually for
K,0 227 0.55 any k, vop; according to:

Major element oxides (anhy-
drous wt%) are given for tra-
chyandesitic material of the
Eyjafjallajokull 2010 eruption
(EYV10; Borisova et al. 2012)
and for basaltic material of
the Grimsvotn 2011 eruption
(GRV11; Olsson et al. 2013)

0
kg MoD.i % Lay2.-n s SEMoOD / Xi (X7X) x,T] : 9

Herein, MOD indicates the respective model (A, B, C1
or C2) and i the volcanic material (EYV10 and GRV11).
taj2n-n,, 18 the cutoff value in a Student’s 7 distribution
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Na,0+K,0 (wt%)

37 41 45 49 53 57 61 65 69 73 77

SIO, (Wt%)

JEYV10 (2.738) |GRV11(2.938)
[ | I 1

2.6 2.7 2.8 2.9 3.0 3.1
Grain density (1000 kg m?)

Fig.6 Continuous, idealized grain densities of volcanic materials
(color code) across igneous rock types displayed in the frame of a
total alkali—silica diagram (Le Bas et al. 1986). The density field has
been interpolated from point values of median densities per rock type
given by Hasterok and Webb (2017) using ordinary kriging. Loca-
tions of the EYV10 and GRV11 volcanic materials are indicated by
open circles. Naming of the rock type fields is according to Fig. 4

for a probability & =0.05 and n — n_,; degrees of freedom,
with n =43 being the number of samples used for model
calibration and n,; the number of coefficients of the
respective model (2 for model A, 11 for model B, 13 for
model C1 and 6 for model C2). SE is the standard error
of the respective model. x; is the matrix of input vari-
ables to the respective model containing the individual
values related to volcanic material i for calculation of
kqmop,;- X 1s the matrix of input variables containing the
values related to all 43 samples used for calibration of the
respective regression model.

For the most feasible model, we also calculate the
sensitivities of modeled k, to perturbations of the values
of the respective input variables to assess the impact of
potential inaccuracies of these values. The sensitivities
are calculated by varying the values of the input vari-
ables within a range of + 5%, which represents a rather
conservative estimate. XRF analysis, which determines
the weight portions of the major elements oxides, usu-
ally achieves accuracies with error ranges well below
1% regarding major element oxides (Jenkins 1999). For
grain density, the data of Hasterok and Webb (2017;
Fig. 6) suggest a spread of approximately + 3% between
the median density of each rock type and the associated
upper or lower Sth percentile.
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Fig.7 Comparison of EYV10 (a) and GRV11 grain thermal conduc-
tivities (b) as calculated by the four regression models (model name
given at the y-axis). Model results (red dots) are given together with
their individual 95% confidence intervals (thin black lines). Measured
grain thermal conductivities of sample 6 (taken at Eyjafjallajokull
caldera) and of sample 8 (taken at Grimsvotn caldera) are given for
comparison (blue dots)

Results

The geochemical compositions EYV10 and GRV11
(Table 5, Fig. 6) characterize the volcanic materials as trach-
yandesitic and basaltic. The interpolation from point values
of median densities per rock type by ordinary kriging assigns
grain densities of 2738 kg m™ (EYV10) and 2938 kg m~>
(GRV11), respectively, to these materials.

Model A and model C2 deliver comparable results in
modeling grain thermal conductivities, while the results
of calculations with models B and C1 deviate considerably
(Fig. 7). The uncertainties, i.e., the 95% confidence inter-
vals, of the thermal conductivities calculated using models
B and C1 are in the same order of magnitude. The uncer-
tainties of thermal conductivities calculated using models
A and C2, in contrast, are up to one order of magnitude
smaller. While the 95% confidence intervals of k, y amount
t0+0.662 Wm™" K™!' (EYV10) and + 1.064 Wm~! K~
(GRVI11), those of k,c, are distinctly smaller at
just+0.386 Wm™' K=! (EYV10) and +0.149 Wm™' K~!
(GRV11) (Fig. 7).

Based on the four predictive values for k, of each volcanic
material in combination with their respective confidence
intervals, it is possible to identify a range of thermal con-
ductivities covered by all four confidence intervals. When
accepting the four predictive values as equally reliable, this
range (indicated by grey shading in Fig. 7) might be inter-
preted as that one in which the actual value of k, can be
found with the highest probability. For both volcanic materi-
als, only the predictive values of models A and C2 lie within
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this range. As model C2 shows the better model performance
(Fig. 5) it is rated as the most feasible model. It combines a
good model performance with the second smallest range of
model uncertainty. In addition, the model sensitivity analy-
sis suggests only a minor sensitivity of k, -, to the accuracy
of its predictor variables (Table 6). Combined sensitivity
to all four predictors only reach+0.093 Wm™' K~! in case
of the EYV10 material and+0.092 Wm™' K~! in case of
the GRV11 material. This means that a simultaneous vari-
ation of all four predictor variables (each within a+5.0%
range) only results in a relative variability of k, -, of £5.9%
(EYV10) and +5.3% (GRV11). Individual sensitivities are
largest for density in case of both volcanic materials. For
the EYV10 material, a+5.0% perturbation of density leads
to an equal perturbation in k, ¢-,. For the GRV11 material,
a+5.0% perturbation of density leads to a slightly smaller
perturbation in k, ¢, of 4.9%. Distinctly smaller impact of
perturbation of the weight portions of SiO,, Na,O and K,O
is observable, with +5.0% perturbations of the major ele-
ment oxide’s weight portion leading to perturbations in &, -,
of just between +0.3% (K,0, GRV11) and +2.6% (SiO,,
EYV10) (Table 6).

Comparing the modeled k, of the EYV10 and GRV11
materials to their measured counterparts, i.e., samples 6 and
8, reveals a partly inconsistent result. Sample 6 from Eyjaf-
jallajokull has been identified as trachyandesitic (Table 1).
Also, the chemical composition of the EY V10 material sug-
gests trachyandesitic material. The alkali—silica relations of
both volcanic materials (Tables 2, 5) are similar at 0.126,
even though the individual weight portions are slightly lower
in sample 6. The measured grain density of sample 6 is only
slightly lower (~7%) than the one assumed for the EYV10
material (Table 1, Fig. 6). Accordingly, the measured grain
thermal conductivity of sample 6 lies close to k, ¢, of the
EY V10 material (Fig. 7). This supports the reliability of the
thermal conductivity model C2. The comparison between

Table 6 Sensitivity of the grain thermal conductivity of a volcanic
material calculated with model C2 (k, ) to a+5% variability of the
predictor variables

Predictor variable EYV10 GRV11

Density 0.079 (5.0%) 0.084 (4.9%)
SiO, 0.041 (2.6%) 0.034 (2.0%)
Na,O 0.016 (1.0%) 0.009 (0.5%)
K,O 0.022 (1.4%) 0.005 (0.3%)
All 0.093 (5.9%) 0.092 (5.3%)

Calculations are performed exemplarily for EYV10 and GRVI11
volcanic materials. Absolute sensitivities (W m~™' K~') are given
together with relative sensitivities (in parenthesis). The total sensitiv-
ity (given in the lowermost row) assumes independence of the indi-
vidual sensitivities from each other and is calculated using quadratic
propagation
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sample 8 and the GRV 11 material, on the other hand, yields
less convincing results. Both volcanic materials are identi-
fied as basaltic but sample 8 is close to picrobasaltic. Their
alkali—silica relations differ by a factor of five due to the
very low alkali content in sample 8 (Tables 2, 5). The grain
densities are also considerably different. Sample 8 should
have a rather high grain density of >3000 kg m~ accord-
ing to Fig. 6, similar to the assumed density of the GRV11
material. However, the measured grain density of sample
8 is only 2457 kg m~> (Table 1), which is very low for an
almost picrobasaltic material. Consequently, the measured
grain thermal conductivity of sample 8 is distinctly smaller
than k, -, of the GRV11 material (Fig. 7). This indicates
potentially misleading influences of grain density.

The possible ranges of bulk thermal conductivities
of deposits of the EYV10 and GRV11 materials (k,) are
large but show clear relations to the respective thermal
conductivities of the grains, which constitute the deposit.
In general, bulk thermal conductivities are confined to the
interval ]0.0262, kg,CZ] (Fig. 8). The theoretical minimum
(ky=k,=0.0262 Wm™" K™') which represents quasi-com-
plete insulation cannot be reached. It would require a poros-
ity p=100% without any water saturation at all (s=0%),
implying the absence of any volcanic material or pore-
filling water. The maximum (ky=k, ), in turn, requires
the absence of any pore space (p=0%) and thus a solid,
non-porous rock layer. A further boundary exists for the
theoretical combination of p=100% and s=100% which
would correspond to a pure water layer with a thermal con-
ductivity k;=k,=0.6 W/mK. The actual values of k; span
between these fixed edges. Thereby, the importance of s for
k4 increases with p (Fig. 8). For volcanic deposits with little
porosity, the degree of water saturation only has a negligible
influence on k. The higher the porosity, the more important
is how much of the pore space is filled with water. Thereby
it is important to point out that in a dry deposit k, is char-
acteristically reduced by one half (related to the maximum
kdzkg’cz, i.e., to a solid rock layer) at a porosity of ~ 16%,
independent of k,,. For a completely water-saturated
deposit of EYV10 material, the halving occurs not until
p="T72% while for a completely water-saturated deposit of
GRV 11 material porosity only needs to reach 65% to achieve
a halving of k, (Fig. 8). This shows that the decrease of k&,
with increasing p in completely water-saturated deposits is
more pronounced for deposits of high-conductive volcanic
materials than for deposits of low-conductive volcanic
materials.

The 95% confidence intervals of k, increase with decreas-
ing porosity (Fig. 8). The degree of water saturation is of
minor importance regarding the confidence intervals,
but increases with porosity. For highly porous volcanic
deposits, the confidence intervals approach 0 Wm™!' K~!
as the boundary condition at p=100% is formed
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Fig.8 Ranges of possible bulk thermal conductivities (W m~' K™
of deposits of EYV10 (a) and GRV11 materials (b) expressed as
contour plots over the full range of potential effective porosities and
degrees of water saturation of the pore space. Porosity includes both,
the effective porosity of the grains of the volcanic material and the
pore space between those grains. Grain thermal conductivities of the

exclusively by linear combinations of the physical constants
k,=0.0262 Wm~' K~! and k,,=0.6 Wm™' K~!. The confi-
dence intervals reach their maximum extent at p=0% where
they equal the ones of k, ¢,.

Discussion

The results of the laboratory analysis are consistent with
theoretical considerations and with the obtained relation-
ships between rock properties and geochemical composi-
tions. The grain density variation across rock types (Fig. 4)
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volcanic materials are calculated using model C2. The variation with
porosity and water saturation is calculated according to Eq. (8). Left
panels show bulk thermal conductivity of the deposit (ky) and right
panels the continuous variability of the associated 95% confidence
intervals (Cigs)

matches expectations as igneous rocks tend to increase in
density with decreasing alkali and silica contents (Hast-
erok and Webb 2017). Moreover, the measured grain ther-
mal conductivity conclusively mirrors the distribution of
the samples across the different rock types, and especially
the dominance of basaltic materials. The characteristic
thermal conductivity of this rock type (1.69 Wm™' K™!;
Sharma 2002) lies well within the one sigma uncertainty
range around the mean grain thermal conductivity of the 43
samples (1.43 +0.38 Wm™!' K™). However, the variation of
grain thermal conductivity across rock types does not unveil
any noteworthy correlations with individual major element
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oxides. The main contributor to the alkali contents (Na,O)
is the only major element oxide that shows a significant
positive correlation both to grain thermal conductivity and
to the residuals of the grain density—thermal conductivity
relation (Table 3). This apparently suggests an increase of
grain thermal conductivity with alkali contents, but from a
physical-chemical point of view these two properties have to
be deemed unrelated as the alkali contents of the 43 samples
hardly exceeds 5 wt% in general. Hence, individual com-
ponents of the geochemical composition that alone control
parts of the variation in grain thermal conductivity cannot
be identified. This might also explain the poor performance
of model B in estimating grain thermal conductivity and also
the rather small increase of performance between models A
and C1 (Fig. 5).

The observed increase of grain thermal conductivity with
alkali contents might, nevertheless, be explainable via the
relation of Na,O to the silica content (SiO,). The distribution
of the samples in the TAS diagram indicates an increase of
silica with alkali content (Fig. 4), and silica-rich, i.e., felsic,
rocks tend to contain considerable amounts of quartz, which
is a high-conductive mineral (7.69 Wm~! K=!; Horai 1971).

Overall, the weak correlations between a) geochemical
components and grain thermal conductivity and b) geochem-
ical components and residuals of the grain density—thermal
conductivity relation (Table 3) suggest that important influ-
ences of the major element oxides on thermal conductivity
might result only from their effect on density. This might
also explain that grain density is needed as a predictor in
the regression models to reach more than one-third of vari-
ance explanation as it is done by the solely geochemistry-
dependent model B (Fig. 5).

However, grain density may also act as a limiting factor
for meaningful comparisons between measured and mod-
eled grain thermal conductivities. The comparison between
the measured grain thermal conductivity of sample 8 and
the one modeled for the GRV11 material using model C2
revealed considerable differences (Fig. 7), which can be
related to inconsistent grain density assumptions. Results
suggest the presence of considerable isolated porosity or
microporosity in the grains of sample 8, which biases their
density towards lower values. Assuming model C2 to work
correctly, this points to an error in the determination of grain
thermal conductivity of sample 8, which is explainable by
the fact that the measurement procedure takes no account of
any isolated pores in the grains. This means that deviations
between modeled and measured grain thermal conductivity
do not necessarily indicate a poor model performance. They
might also be related to problems with the determination of
grain thermal conductivity during the measurement proce-
dure due to a presence of isolated pore space in the grains.

Even the most complete model C1 is not able to explain
more than 59% of the variance in measured grain thermal
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conductivity. This suggests the existence of additional con-
trolling factors. The grain thermal conductivity of volcanic
materials also depends on the internal structure of the related
mineral content. Orientation of the minerals and thus texture
of the material, the degree of anisotropy and the potential
inhomogeneity of the volcanic material also influence grain
thermal conductivity (Krishnaiah et al. 2004; Stephens and
Sinnock 1980). Such factors cannot be accounted for in a
modeling procedure that aims at estimating thermal con-
ductivity of volcanic materials immediately after a volcanic
eruption. For this purpose, model C2 is the most adequate
scheme as it best combines high accuracy with low model
uncertainty. It can be run with data of known geochemi-
cal compositions of any arbitrary volcanic eruption. The
density information can be derived as part of the modeling
procedure on the basis of the alkali and silica contents of
the erupted volcanic material (Fig. 6). These quantities also
qualify for the attribution of a volcanic material to a certain
igneous rock type. Therefore, it is even possible to derive
approximated density information solely from knowledge
of the erupted rock type.

Extending the thermal conductivity modeling from the
volcanic grain material to the entire deposit is the most chal-
lenging part of the model application. Our procedure covers
only the influences of porosity and water saturation. The
consideration of porosity includes interconnected, non-iso-
lated pore space within the individual grains of the volcanic
material as well as the pore space between them. The former
is governed by a direct causal connection to the eruption pro-
cess, while the latter is determined by grain size distribution
and the tightness of the grain packing. The degree of water
saturation integrates over the entire pore space, neglecting
a potential contribution of adhesive water, which can influ-
ence thermal conductivity (Farouki 1981). Also influences
of phase changes from liquid to frozen water, which are quite
common in supraglacial volcanic deposits are neglected,
even though it is known that these may alter thermal con-
ductivity too (Kuznetsova 2017). Since the thermal conduc-
tivity of a volcanic deposit is always lower than that of the
related volcanic material itself, our modeling approach is,
in any case, suitable for deriving the maximum bulk thermal
conductivity of such a deposit.

However, as already mentioned, the sample set used in
this study shows limitations regarding statistical validity due
to the clear dominance of one single rock type, i.e., basalt.
From Fig. 3, it can be seen that limiting the sample set to
picrobasaltic samples only would induce a distinctly differ-
ent relation between grain density and grain thermal con-
ductivity and would thus considerably influence the derived
regression models. This suggests that from a distinctly larger
sample set it would be possible to calibrate the regression
models specifically for certain rock types. We expect that
such a procedure would yield improved model performance.
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Conclusions

Samples of volcanic materials from 43 different loca-
tions across Iceland have been analyzed with respect
to their petrographic characteristics and geochemical
compositions. Most of the samples were classified as
basaltic. Mean grain thermal conductivity of the 43 sam-
ples is 1.43+0.38 Wm™' K~! and mean grain density
2487 +452 kg m~>. Grain density was found to be by far
the most important single predictor for grain thermal con-
ductivity as indicated by a significant positive correlation
of 0.66 (R?=0.43). Multiple correlation with all ten major
element oxides only reaches 0.58 (R?=0.33). Just two out
of ten oxides (MnO and Na,O) show statistically signifi-
cant partial correlations to grain thermal conductivity at a
rather low level of maximum 0.42.

Four different regression models for calculation of grain
thermal conductivity were set up. They rely on grain den-
sity and/or geochemical composition. Models accounting
for both (models C1 and C2) show the highest accuracy
with R? values of up to 0.59 and root mean square errors
of no more than 0.28 Wm~!' K~!. However, even these
models feature a systematic error. Grain thermal conduc-
tivities below ~ 1.5 Wm~! K~! are overestimated, while
those above are underestimated. This means that none of
the four models covers the full range of measured grain
thermal conductivities.

All four models were evaluated regarding their suit-
ability for an application immediately after a volcanic
eruption. In this evaluation, a modeling procedure was
carried out that determines the possible range of bulk
thermal conductivities of a volcanic deposit from known
geochemical characteristics of the source volcano only.
It was applied to geochemical data of volcanic materials
from the Eyjafjallajokull 2010 and the Grimsvotn 2011
volcanic eruptions. Models C1 and C2 not only show the
highest accuracies but also distinctly lower model uncer-
tainties than model B. The model which best combines
high accuracy with low model uncertainty is model C2. It
shows a root mean square error of +0.28 Wm~! K~! com-
bined with 95% confidence intervals of +0.39 Wm™! K~!
for the Eyjafjalljokull material or+0.15 Wm~! K~! for the
Grimsvotn material. The rather small confidence intervals
are a benefit from only four predictor variables. Applying
model C2 yields grain thermal conductivities of the Eyjaf-
jallajokull and Grimsvotn materials of 1.58 Wm™' K~! and
1.73 Wm~! K7!, respectively. In a dry volcanic deposit,
these values halve as soon as the porosity of the deposit
rises to~ 16%. In a completely water-saturated deposit,
halving occurs at porosities of 72% and 65%, respectively.

Results show that our modeling procedure enables the
calculation of the maximum bulk thermal conductivity of

a volcanic deposit. However, future refinement is needed
with respect to the influence of frozen water content,
which is an important factor in supraglacial deposits of
volcanic materials. Future work might also increase model
accuracy by repeating the calibration of the regression
models with an extended and more diverse sample set.
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