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Abstract

The rhyolitic 877 CE Hrafntinnuhraun eruption at Torfajökull produced a
widespread and important tephra layer (Landnám/Settlement Layer) and is a
key example of a hybrid silicic eruption in Iceland. Despite this, its proximal
pyroclastic deposits remain largely unstudied, leaving a gap in our understanding
of the factors controlling the eruption and its evolution.
Here, we present the first detailed characterization of proximal HRN tephra,
centered upon a 4.5 m-thick fall deposit located within 2 km of the source vent(s).
We present deposit grain size and componentry, measurements of pyroclast H2O
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concentrations, major and trace element geochemistry, vesicle number density,
and vesicle size distribution. Together, these data permit the reconstruction of
shifting conduit processes during the recorded activity, which comprises vent
opening, a first explosive phase, a lull/pause, vent reopening, pulsatory Vulcanian
pulses, and final low-intensity phase that occurred alongside lava effusion.
Juvenile obsidians are interpreted to have been generated by sintering at the
conduit walls, with ejection depths overall shallowing towards the surface as the
intensity lessened. High pumice vesicle number densities are determined for three
units and suggest that high magma decompression rates occurred throughout the
eruption, even as it waned, and this may reflect abrupt, transient excavations of
a narrowing conduit during Vulcanian explosions.
All evidence points towards a complex eruption with multiple phases of activ-
ity, and sets the scene for more detailed examination of both pyroclast texture
and the depositional architecture of the tephra deposit of this significant silicic
eruption of cross-disciplinary importance.

Keywords: silicic volcanism; explosive-effusive transition; cryptic fragmentation;
rhyolite; sintering
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1 Introduction1

Explosive silicic eruptions are among the most hazardous geological events on Earth,2

yet they are rarely observed directly because of their infrequency (Cassidy et al.3

2018) . The recent subaerial rhyolitic eruptions of Chaitén (2008–2009, Chile; Pallister4

et al. 2013; Watt et al. 2009) and Cordón Caulle (2011–2012, Chile; Elissondo et al.5

2016) provided unprecedented observations of complex and highly unsteady eruptive6

behavior, with transitions occurring over timescales ranging from minutes to days7

(Schipper et al. 2013; Crozier et al. 2022). Both eruptions evolved from an initial8

Plinian-to-sub-Plinian phase, through pulsatory Vulcanian activity, to a hybrid state9

of simultaneous low-intensity ash venting and lava effusion (Schipper et al. 2021;10

Wadsworth et al. 2022). However, the mechanisms that govern the transition from11

the initial explosive phase to this hybrid explosive–effusive behavior remain poorly12

constrained, and it is unclear whether such transitions are characteristic of silicic13

systems more generally (Castro and Walter 2021; Trafton and Giachetti 2022).14

Furthermore, past studies of pyroclastic deposits tend to focus on relatively distal15

deposits, which typically capture only the most widely-dispersed, hence highest-16

intensity, eruptive phases (e.g., Singer et al. 2008; Alfano et al. 2011; Bursik et al.17

2014; Pistolesi et al. 2015). Lower-intensity phases that are deposited proximally are18

often discontinuous, difficult to access, and structurally complex, consequently under-19

represented in reconstructions of eruption dynamics (Hodgetts et al. 2025). Yet, these20

deposits may record short-lived changes in fragmentation style, degassing efficiency,21

and conduit processes that are critical for understanding how explosive activity wanes22

and effusive behavior emerges (e.g. Campbell et al. 2016; Gardner et al. 2019; Trafton23

and Giachetti 2022). Detailed investigations of near-vent pyroclastic successions there-24

fore offer an opportunity to resolve the explosive-effusive transition at higher temporal25

resolution.26
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In this study, we examined several proximal (less than 2 km from the inferred27

vents) fall deposits from the 877 CE Hrafntinnuhraun eruption of Torfajökull, Ice-28

land, a moderate-intensity rhyolitic eruption, from which past tephra studies had29

focused on the medial to distal deposits (Larsen 1984). We combine pyroclast compo-30

nent analysis, measurements of dissolved volatile species in pyroclasts, and textural31

observations, alongside field stratigraphic relationships, to reconstruct the evolution32

of eruption dynamics during the explosive phase of the eruption. Our investigation33

indicates that at HRN, the progression from an initially high-intensity stage, via a34

moderate-intensity, unsteady stage, to final hybrid activity with lava effusion, was35

marked by several cycles of relatively stronger and weaker pulses. We evaluate these36

dynamics in the context of the cryptic fragmentation hypothesis, which proposes that37

silicic lavas and pyroclasts may be assembled in the shallow conduit from previously38

fragmented ash-rich material (Wadsworth et al. 2020). Finally, we discuss the impli-39

cations of this interpretation for recognizing hybrid explosive–effusive behavior in the40

geological record and for assessing hazards associated with silicic eruptions (Zhang41

et al. 2026).42

2 Geological Context43

The rhyolitic Hrafntinnuhraun (HRN) eruption occurred in 877 CE (Schmid et al.44

2017) within the Torfajökull volcanic system, producing 0.4 km3 of bulk tephra and45

0.18 km3 of lava (Larsen 1984). As the largest eruption of Torfajökull in histori-46

cal times (i.e. past c.1150 years) and the second largest in the Holocene (McGarvie47

1984; Saemundsson and Larsen 2019), reconstructing the eruptive dynamics of HRN48

is essential for assessing future silicic eruption hazards associated with the Torfajökull49

volcanic system.50

Larsen (1984) interprets, from the close proximity of the tephras, that the eruption51

of HRN was simultaneous with the more voluminous (c.3.3 km3), explosive basaltic52

eruption of the Veiðivötn (VDV) fissure swarm northeast of HRN, with a combined53
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fissure length of 42 km. The coupled basaltic and rhyolitic tephra deposits form the54

stratigraphically-important Landnám (‘Settlement’) layer (Larsen 1984; Cage et al.55

2011) (Fig. 1b) . Paleo-wind direction during the HRN-VDV eruption, northwestwards56

to westwards, is attributed as the rhyolitic HRN tephra being deposited before the57

basaltic VDV tephra in localities northwest of HRN (Larsen 1984). The dispersal axes58

of VDV and HRN tephras are parallel and separated by the distance between their59

source regions, suggesting that the distally-dispersed explosive phase(s) of HRN was60

within the eruption window of VDV, estimated to be up to 5 days (Larsen 1984).61

The HRN rhyolite is mildly-alkalic with c. 70-72% SiO2, variably mixed and62

mingled with a transitional alkali basalt deriving from Torfajökull (McGarvie 1984;63

McGarvie, David W. 1985; Macdonald et al. 1990). Although there is extensive char-64

acterization of the geochemistry of the rhyolitic component of HRN tephras in distal65

deposits, the lava is the only vent-proximal material that has been the focus of detailed66

geochemical studies (McGarvie 1984; McGarvie et al. 1990; Macdonald et al. 1990).67

The presence of ash-veneered lava surfaces indicates that HRN continued to pro-68

duce low-intensity ash plumes throughout the entire duration of its lava effusion,69

likely over timescales of months, displaying similar hybrid activity to Cordón Caulle70

2011-2012 (Schipper et al. 2013; Farquharson et al. 2022; Zhang et al. 2026). No71

related tephra deposits have been documented in medial to distal locations, primar-72

ily attributable to the poor preservation potential of the hybrid phase tephra (Zhang73

et al. 2026).74

3 Materials and Methods75

3.1 Field observations76

Field campaigns to HRN were conducted in 2021, 2022, and 2023, with permits to77

sample and export its products granted by the Environmental Agency of Iceland and78

The Icelandic Institute of Natural History.79
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Fig. 1 Overview of the Hrafntinnuhraun (HRN) lavas and tephra distribution. a. Aerial imagery
of the HRN area, showing the approximate extent of the lavas, locations of the inferred vents, and
proximal tephra deposits. The tephra sites characterized in this study are marked (A-D). The basemap
is adapted from a digital elevation model (ÍslandsDEM útgáfa 1.0 by Náttúrufræðistofnun, licensed
under CC BY 4.0; accessed via https://gatt.lmi.is). b. An overview map of Iceland showing the
location of Torfajökull and the distal isopachs of the HRN eruption, adapted from Larsen (1984). c. A
photo of the tephra sequence A (this work), looking southeastwards; Approximate extents of tephra
packages (1-14; see main text), as well as pre- and post-HRN horizons, are marked. Note that the
debris in the photo has covered surfaces already logged at the time the photo was taken. Geologist
in photograph is 1.7m in height.

We inferred vent locations from lava surface structures, initially from aerial pho-80

tographs, then verified in the field, and assume for simplicity that these correspond to81

active vents during the explosive phase. Furthermore, we assume the vents associated82

with the most voluminous lavas (“southwest” and “main” lavas; Fig. 1a) also represent83

the primary vents during the explosive phase.84
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Proximal tephra deposits are widespread and locally form layered deposits up85

to ∼5 m thick. However, the preexisting topography is apparently complex, such86

that easily accessible, unmodified, and well-preserved deposits are scarce. A 4.5 m87

thick volcaniclastic deposit located <2 km northwest of the southwest/main vents —88

"sequence A" — is the most complete proximal tephra sequence that we identified,89

and thus forms the primary focus of our study. Two additional sequences (B, C) were90

logged to provide lateral context; A fourth site, D, 2.5 km west-northwest of sequence91

A, was excavated and selectively sampled. (Fig. 1a)92

All four sites are primarily representative of tephra fall deposit – displaying angular93

clasts/grains, dominantly clast-supported, and volumetrically dominated by juve-94

nile pumice. Where observed, the deposits drape underlying topography and display95

parallel stratification.96

Some outsized clasts within sequences A-C were interpreted to be ballistic juve-97

nile components. It is noted that many of these interpreted volcanic bombs are also98

commonplace on the ground surface and occur sufficiently close to the assumed vent99

location (<5 km) to potentially represent part of a proximal bomb field, comparable100

to those documented in equivalent explosive silicic eruptions (Blong and Blong 1984;101

Loughlin et al. 2015; Schipper et al. 2021).102

We defined packages of pyroclastic materials in sequence A based on apparent103

grain size and componentry in the field. Each package was described, measured, and104

sampled in bulk, with ∼500 g of representative material collected for each major105

package, and ∼100 g collected for the thin (cm-thick), fine-grained packages 1 and 4.106

Clasts with diameters above 128 mm – i.e. interpreted ballistics – were excluded from107

the bulk sampling to avoid distorting subsequent analyses of clast componentry.108

The uppermost package (14) displays significant lateral variation (over meters) in109

thickness (∼10-60 cm), with the uppermost few centimeters sometimes mixed with110

younger, overlying basaltic tephra, likely deposited from later eruptions of Hekla111

and/or Vatnaöldur (Larsen 1984). This last erupted package may have been partially112

reworked by wind and/or H2O to some extent, but consistently caps the underlying113
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stratigraphy and is apparently rhyolitic, hence we interpret it as a tephra package of114

HRN.115

Fig. 2 Graphical logs of the HRN proximal tephra sequences examined in this work. a Graphical
log of the main tephra sequence A. b Grain size distribution of packages in sequence A, solid line
indicates the mean size, while dashed lines indicate the 10th and 90th percentiles, analyzed via
GRADISTAT (Blott and Pye 2001). c Simplified graphical logs of all four sites A-D, with interpreted
correlations (dashed lines) between sites. Question marks (“?”) denote uncertainty in our correlations.
inset Simplified locations map of the four tephra sites and two principle vents.

We did not identify any pyroclastic density current (PDC) deposits at any of our116

tephra sites, but note a possible PDC field, adjacent to and east of the main lava/117

south of the northeast lavas, which was not studied in this work. Due to the unknown118

emplacement directions of possible PDCs, coupled with the focused coverage of our119

tephra sequences, we do not rule out that additional PDC deposits exist elsewhere in120

the area, and, by extension, that PDC activity occurred in greater significance during121

the HRN eruption. Furthermore, as our observations are limited to a total of four122
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proximal sites, we refrain from re-interpreting the associated plume and medial-distal123

dispersal of tephra, which is the focus of an ongoing study (Brown, pers. comm.).124

3.2 Grain size analysis125

Bulk samples of each layer (∼200-500 g) were air dried, then dry-sieved at 1-phi126

intervals between -7 and 4 phi (128 mm to 63 µm) diameter, which accounts for >90127

wt.% of all samples. Each sieved sample was then weighed using an electronic bench-128

top scale (precision of 0.5 g for components ≳10 g, 0.01 g for components ≲10 g).129

The data was then analyzed using GRADISTAT (Blott and Pye 2001), for their size130

distribution characteristics (Folk and Ward 1957).131

The <1 mm fractions of packages 3-6 and 11-14 were recombined after sieving, re-132

homogenized, and analyzed by laser diffractometry using a Beckman Coulter LS-13320133

at the Lancaster Environment Centre, Lancaster University, following established134

methodology (Horwell et al. 2010). Prior to analysis, samples were treated with hydro-135

gen peroxide to remove any potential organic material contaminants, then treated with136

a 10% sodium hexametaphosphate solution to suppress flocculation. Treated samples137

were then physically re-homogenized, and from each ∼1 g of material was collected138

for analysis. H2O was used as the carrier fluid and dispersant, and a 30 second sonica-139

tion step was applied immediately prior to each analysis to disaggregate the samples.140

Three measurement cycles were recorded for each sample, and the average taken. A141

particle size range of 0.04–2000 µm diameter was measured.142

3.3 Clast componentry143

Componentry analysis was performed on the bulk tephra samples across the -5 to -1144

phi (32 mm to 2 mm) range. This size range was chosen so that a representative mass145

fraction was available (≥50 wt.% for all samples), and that clast types can be reliably146

distinguished across the different sizes. Packages 1 and 4 were not analyzed due to the147

limited amount of available material. Component classifications were designed such148
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that they can be reliably identified across all phi levels used and are comparable to149

classifications used in similar studies (Pistolesi et al. 2015).150

A subdivision of six clast types is used for this componentry analysis (also shown151

in Fig. 3 b):152

• Modal pumice: high porosity, finely vesicular, angular to sub-rounded, off-white153

pumices. Vesicles often vary in shapes and sizes within each clast. Phenocrysts154

are uncommon, often fragmented when present (Fig. 5e), and locally associated155

with outsized vesicles. Many contain sub-volumes that are visibly tubular, but few156

comprise the whole clast (i.e. "tube pumice").157

• Dense pumice: moderate to low vesicularity, sub-angular to sub-rounded, grey,158

glassy clasts. Vesicles often strongly deformed, frequently tubular.159

• Dense obsidian: Non-vesicular, black, glassy, angular clasts, with characteris-160

tic conchoidal fracture. Larger clasts sometimes contain crystals and/or lithic161

materials.162

• Frothy obsidian: clasts with dense obsidian regions as well as distinctly vesicular163

(“frothy”) regions. The frothy regions are typically more coarsely vesicular than164

pumices.165

• Red lithic: non-juvenile, orange to red clasts. The coloration is often patchy and/or166

limited to sides of the clasts, i.e. likely a surface coating on most such clasts.167

• Regular lithic: non-juvenile clasts, most commonly grey in color, of unknown (possi-168

bly diverse) compositions. Distinguished from the red lithics by the lack of surficial169

reddish coloration.170

Clasts from each sample were re-homogenized prior to analyses, manually classified171

with the use of a binocular stereomicroscope, then weighed with electronic bench-top172

scales (precision of 0.5 g for >8 mm components, 0.01 g for <8 mm components). The173

weight fractions of components were then combined and normalized to 100% as the174

total weight fraction componentry for each tephra package.175

Two additional, minor clast types were (Fig. 3 b):176
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Fig. 3 Grain size and componentry characteristics of sequence A. a. Photographs of representative
clasts used in componentry analysis. b Clast componentries of HRN tephra sequence A packages. Note
that minor components were only recorded in the 8-16 mm volumetric componentry (see main text).

• Reticulites: very highly porous, coarsely vesicular, foam-like clasts. Vesicles form177

approximately-equant polyhedral foam. Vesicle walls are mostly intact.178

• Agglomerated pumices: pumice clasts containing mm- to cm-scale sub-clasts, with179

<mm-thick margins in-between, as documented elsewhere (Giachetti et al. 2021).180

The margins are either pink and ashy, or black and vitreous. Pumiceous sub-clasts181
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are broadly similar to modal pumices. Some contain obsidian sub-clasts and/or182

lithic sub-clasts.183

These clast types could not be identified consistently across the full size range, yet184

potentially offer insight into specific dynamics. We recorded numbers (as proxy for185

volume) of all components – including both minor ones – in approximately 100 g of186

the bulk material in the 8-16 mm fraction in the 8-16 mm fraction, which corresponds187

to 100-200 clasts. Packages 1 and 4 were again excluded.188

3.4 Geochemistry189

We used X-ray Fluorescence (XRF) to characterize modal pumices from layers 2, 5, 8,190

11, and 13, in order to examine bulk compositional changes through the course of the191

eruption. Major and trace element concentrations were analyzed using a Panalytical192

PW2404 X-ray spectrometer at the School of GeoSciences, University of Edinburgh.193

Results are reported as oxide weight percentages and normalized to 100 wt.% anhy-194

drous where appropriate. A complete methodology is provided in the Supplementary195

Information.196

3.5 Volatile contents197

We performed thermo-gravimetric analysis (TGA) to analyze dissolved volatile con-198

tents of a total of 30 obsidian pyroclasts from packages 5-14, as well as modal pumice199

clasts from packages 2, 5, 6, 8, 11, 12, 13, and 14. Multiple smaller obsidian clasts were200

combined and analyzed as a single datum for packages 6, 10, and 14 due to a paucity of201

suitably large obsidian clasts therein. Additionally, we analyzed five variably-vesicular202

obsidian bombs, collected from the ground surface, and four samples of dense to203

coarsely-vesicular lavas.204

Samples were crushed with a pestle and mortar, sieved to 125-500 µm, rinsed with205

anhydrous ethanol, then dried for at least 1 hour at 110 °C. The analyses were carried206
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out using a TA Instruments SDT Q600 system and a Netsch STA449C Jupiter sys-207

tem at the Lancaster Environment Centre, Lancaster University. For each analysis,208

approximately 40 mg of prepared sample was loaded in an uncovered platinum cru-209

cible, heated to 1250 °C at a constant rate of 10 K/minute in a nitrogen atmosphere,210

following established methodology (Applegarth et al. 2013; Shields et al. 2016). The211

results were processed to derive the total mass loss (taken to be solely H2O) from the212

analyzed material across the temperature windows of 250-550 °C and 550-1250 °C, for213

secondary and magmatic volatile contents, respectively (Giachetti and Gonnermann214

2013; Giachetti et al. 2015).215

3.6 Clast porosity216

Gas pycnometry analyses were carried out at the Université Clermont Auvergne Labo-217

ratoire Magmas et Volcans, in order to ascertain clast porosities, primarily to calibrate218

the FOAMS analyses. The skeleton volumes of the samples were measured using an219

AccuPyc II 1340 helium pycnometer, while the bulk volumes were measured with a220

GeoPyc 1360 pycnometer on parafilm-wrapped samples. Bulk porosities were then221

calculated using a dense rock equivalent (DRE) of 2.398 g cm−3, calculated from the222

representative glass composition via DensityX (Iacovino and Till 2019).223

3.7 Textural characterization224

Transmitted light photomicrographs were collected using a Zeiss Axioscope A1 at the225

Lancaster Environment Centre, using a Sony ILCE-7RM4 digital camera, using objec-226

tives between 2.5x and 50x magnifications. Selected photomicrographs were stitched227

to form composite images covering the full thin sections for subsequent quantitative228

analyses.229

Scanning-Electron Microscopy (SEM) was used to image various juvenile clasts,230

fine-grained (<1 mm) materials, and thin sections. Images were collected at the231

University of Lancaster with a JEOL JSM-7800F SEM. For samples that were to232
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be quantitatively analyzed for vesicle populations, nested sets of SEM images were233

acquired, at magnifications 25-1000x.234

Image nests, each comprising 12-18 images, were prepared for a representative235

modal pumice clasts from each of packages 2, 8, and 13. The images were processed236

in Adobe Photoshop (R) and ImageJ into binary images, then analyzed in FOAMS,237

following established methodology (Shea et al. 2010), calibrated with clast porosities238

analyzed via pycnometry (see above).239

3.8 X-ray Computed Tomography and flow simulation240

X-ray Computed Tomography (XCT) was used to analyze 3D textures of modal241

pumices. Cylindrical cores (∼8 mm diameter) from representative pumice clasts from242

packages 2, 8, 13 were analyzed at the Université Clermont Auvergne Laboratoire243

Magmas et Volcans, using an RX-Solutions EasyTom tomograph, at 2.5-3.5 µm/voxel244

resolution. An additional pumice clast from package 11 was analyzed at the University245

of Strathclyde, using a Zeiss 730 XRM, at 3.5 µm/voxel resolution. The reconstructed246

data were processed and segmented using Thermo Fisher Avizo 3D(R)(version 2024.1).247

A complete methodology is provided in the Supplementary Information.248

We extracted 500×500×500 voxel sub-volumes of XCT scans of modal pumices249

from packages 2, 8, 11, 13, to perform lattice-Boltzmann flow simulations, in order to250

investigate the permeabilities and internal flow geometries of the samples (Llewellin251

2010a,b). Flow simulations were performed using openLB following established252

methodology (Schipper et al. 2013; Vasseur et al. 2020).253

Packets of fluid mass were propagated through the lattice positions with numerical254

time t and undergo collisions using a D3Q15 lattice arrangement. We apply a numerical255

pressure gradient of ∇p = 0.01Pa.m−1 and an input fluid viscosity of µ = 1.8205×10−5
256

Pa s and density of ρ = 1.2047kg.m−3 corresponding to that of air at ambient pressure257

and temperature conditions. We employ a steady-state criterion such that the average258

fluid speed across the lattice must not vary by a factor of 10−5 twice consecutively259

over 50 iteration steps (Llewellin 2010a,b). The average fluid velocity at steady state260
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and in the direction of the applied pressure gradient is given by ū = uϕ and is used261

as an input to Darcy’s law to compute the permeability. We use conditions for µ and262

ρ such that the Reynolds and Mach numbers are far lower than unity; for detail, see263

(Vasseur et al. 2020).264

We note that the XCT resolutions used here (2.5-3.5 µm) exceed the lengthscales265

of textural features, including both vesicles and bubble walls. Given the ubiquity of266

small bubbles and thin walls within our samples, observed via both optical microscopy267

and SEM, we deem XCT unsuitable for measuring the vesicle number density, and268

instead rely solely on the FOAMS-derived values.269

4 Results270

4.1 Field description271

At all four localities (sites A–D), the tephra succession is bounded both below and272

above by dark, presumably basaltic tephra of unknown provenances (Fig. 1c, 2). All273

sequences contain a basal, cm-thick, fine-grained package (package 1) likely associ-274

ated with the initiation/onset of the eruption. The preserved thickness of the tephra275

sequence is 4.5 m at Site A, 3.3 m at Site B, 1.4 m at Site C, and 0.3 m at Site D.276

(Fig. 2, see below).277

The component proportions of each sub-unit are shown in Fig. 2 and 3. Modal278

pumice is generally volumetrically dominant. Packages 2-3 contain relatively low lithic279

material, with negligible red lithics and obsidian clasts. Dense obsidian first appears280

in substantial quantities in package 5, and is present in subsequent pumice lapilli281

packages (7-9) but rare to absent in the lithic-rich internally-layered packages (6,282

10). From package 11 upwards, obsidian pyroclasts become abundant and present283

in moderate quantities (5.4 wt.%) in the lithic-rich internally-layered package 12, in284

contrast to packages 6, 10 (∼1 wt.%). Agglomerated pumices and reticulites occur285

first in package 5, then occurring in broadly similar patterns with obsidians. Red lithic286

clasts also first become abundant in in package 5, with their relative abundance – both287
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as fraction of all clasts, and of non-juvenile clasts – increasing upwards from package 5,288

reaching a maximum in package 8, before decreasing towards the top of the succession289

(Fig. 3), differing from the package to-package variability of the obsidian pyroclasts.290

4.2 Grain size and component characteristics291

The grain size characteristics of tephra sequence A are summarized in Table 1.292

Overall, the packages can be broadly grouped, by total componentry, into: a) Light-293

colored, pumice lapilli packages (2, 3, 5, 7, 8, 9, 11, and 13): clast-supported, massive,294

dominated by pumice lapilli, relatively poor in lithic material, containing obsidian295

pyroclasts above package 4, and frequently large, outsized pumice clasts. Of these,296

packages 5, 8, 11, and 13 contain relatively more abundant obsidians that are also297

more texturally diverse. b) Brown-orange, lithic-rich packages (packages 6, 10, 12):298

lithic-rich, parallel inter-layers of slightly coarser, pumice-rich material, and slightly299

finer, pumice-poor layers. Such inter-layers are 1-5 cm thick and themselves not visibly300

structured. Considered in bulk, these packages are more lithic-rich than the light-301

colored pumice lapilli packages. c) Fine-grained, mud-like packages (packages 1, 4)302

: Thin (<5 cm) packages that exhibit extensive particle aggregation. These contain303

some lapilli-sized clasts but are difficult to characterize due to cohesive clumping and304

aggregation of clasts within the fine-grained matrix. Of these, package 1 is light grey in305

color, while package 4 is brown-orange and unusually indurated. d) Fine-grained, ash-306

rich package (package 14). This is a massive deposit supported by a pink ash matrix.307

In contrast to package 1 and package 4, the ash shows little tendency for aggregation308

and is instead loosely packed, and contains abundant lapilli-sized clasts.309

The analyzed fine-grained fraction of packages 3-6 and 11-14 is summarized in310

Fig. 4a. The <1 mm fractions of the analyzed packages are approximately bimodal311

for pumice lapilli packages (3, 5, 11, 13) and package 14, and weakly bimodal to312

unimodal for inter-layered lithic-rich packages (6, 12). Note that the "peak" at 1 mm313

common across most samples is probably due to the samples having been sieved to314

<1 mm. Uniquely, the <1 mm fraction in package 4 is multi-modal and lacks the315
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Tephra
package

Mean
(ϕ)

Sorting F63
(wt.%)

Mode 1
(µm)

Mode 2
(µm)

Modal
pumice

Dense
pumice

Frothy
obsid-
ian

Dense
obsid-
ian

Regular
lithic

Red
lithic

14 -1.57 V.
Poorly
Sorted

5.63 12000 93.75 37.4 2.2 2.6 2.9 52.6 2.4

13 -3.76 M.
Sorted

0.09 24000 - 59.3 1.2 1.3 2.9 30.7 4.6

12 -3.24 Poorly
Sorted

0.01 12000 - 32.3 0.6 4.1 1.2 46.1 15.6

11 -3.83 V. Well
Sorted

0.06 24000 - 66.2 0.1 0.3 6.1 12.6 14.6

10 -2.23 Poorly
Sorted

0.05 12000 - 18.5 2.3 1.0 0.8 53.9 23.5

9 -3.13 Poorly
Sorted

0.03 12000 - 43.6 1.1 0.9 0.6 23.5 30.3

8 -3.88 M. Well
Sorted

0.13 24000 - 45.1 0.1 7.6 8.6 14.4 24.2

7 -3.35 Poorly
Sorted

0.19 12000 - 56.4 3.7 0.4 0.2 37.0 2.4

6
(upper)

-2.34 V.
Poorly
Sorted

0.18 24000 3000 50.7 2.3 0.7 0.3 33.7 12.3

6
(lower)

-0.97 Poorly
Sorted

0.17 750 3000 28.5 3.2 0.7 0.0 45.6 22.0

5 -3.09 Poorly
Sorted

0.15 12000 - 33.3 1.7 18.4 3.3 23.1 20.2

4 -2.00 V.
Poorly
Sorted

0.73 24000 6000 - - - - - -

3 -4.17 V. Well
Sorted

0.20 24000 - 90.1 0.0 1.6 0.0 6.6 1.8

2
(upper)

-3.38 Poorly
Sorted

0.06 12000 - 81.6 0.1 0.2 0.0 16.9 1.2

2
(lower)

-2.39 Poorly
Sorted

0.30 12000 - 51.4 0.0 0.0 0.0 48.6 0.0

1 -0.52 Poorly
Sorted

1.38 3000 - - - - - - -
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"peak" at ∼1 mm, despite the deposit including clasts >>1 mm in diameter. We316

interpret that this reflects significant aggregation, and that the disaggregation step317

during preparation removed all apparent "particles" between ≳0.3 mm, by separating318

into their constituent, smaller particles. The fine-grained material of package 4 also319

uniquely display a blocky, "mossy" appearance, contrast to other packages which320

predominantly comprise pumiceous fragments and vesicle wall shards (Fig. 4b).321

Fig. 4 Characteristics of fine-grained fraction of HRN tephra. a Grain size distributions, for which
the distribution area is normalized for comparison and for which the y-axis heights are the volume
fractions associated with each particle diameter bin. Note that the samples had been sieved to <1
mm in preparation, indicated by the vertical dashed line. b SEM images of fine-grained materials
from packages 4, 8, 13, and 14.

Juvenile clasts frequently show evidence of clastogenesis, including sintering mar-322

gins, juxtaposed clast types and/or vesicle populations (Fig.5. Crystals are often323

accompanied by outsized vesicles (Fig.5a), and/or are extension-fractured (Fig.5e),324

consistent with textures known from Vulcanian products (Giachetti et al. 2010;325

Miwa and Geshi 2012). Regions within agglomerated clasts are sometimes visibly326

re-vesiculated (Fig.5d, g). Complete or incipient vesicle wall failure (coalescence)327

are common (Fig.5c, f, h). Margins between partially-agglomerated clasts sometimes328

retain voids (Fig.5a), broken/deformed pumiceous material (Fig.5b), and/or pinched,329
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hair-like structures (Fig.5j), the last consistent with extensional rupture of previously330

vesicular material (Gillies et al. 2026).331

Fig. 5 Reflected-light (a-c), transmitted light (d-f), and SEM images of microscructures of HRN
tephra clasts. a Outsized vesicles (dashed circle) surrounding a feldspar (fsp) crystal, within a pumice
clasts. Also note the void (black arrowheads), likely a clast margin. b Clast margin of an agglomerated
pumice, showing complex deformation history recorded by pumiceous strands. c Wrinkled vesicle
wall in pumice clast. Also note the undulatory edges (black arrowheads) of a failed vesicle wall.
d Agglomerated pumice clast, showing distinct vesicle populations and denser, moderately-sintered
clast margins. e Pull-apart feldspar (fsp) crystal within a pumice clasts. f Strongly-deformed vesicle
cluster protruding into a void, within a pumice clasts. g Frothy, achnelith-like clasts sintered to a
agglomerated pumice clast. h Smooth surface from melt retraction, topped by glassy, pumiceous
fragments. i Hair-like structures, likely formed by ductile pull-apart of a previously-joined clast, on
the margin of a agglomerated pumice.
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4.3 Geochemistry332

The five pumice samples have a mean (normalized, volatile-free) SiO2 content of 70.44333

wt.% (s.d. 0.29 wt.%) and are uniformly rhyolitic (via the total alkali-silicates clas-334

sification, Fig. 6a), and consistent with previous characterization of HRN eruptive335

products (McGarvie, David W. 1985).336

Fig. 6 Major and trace element characteristics of HRN modal pumices, with literature
data(McGarvie, David W. 1985; McGarvie et al. 1990) of Torfajökull rhyolites. a Total akali-silica
plot. b Sr-Rb plot.

The near-identical compositions of rhyolitic tephra and lava from HRN (McGarvie,337

David W. 1985) support the genetic interpretation from deposit characteristics that338

the pyroclastic and lava components are co-eruptive (Wadsworth et al. 2020; Zhang339

et al. 2026). Additionally, the negligible variation in pumice compositions through-340

out the tephra sequence suggest that the explosive stage of HRN did not tap a341

compositionally-stratified reservoir, or was the basaltic melts involved to a significant342

degree.343
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Table 2 VND data and median diameter. *Nv – Vesicle number densities per volume. ** Nvcorr – Vesicle
number densities per volume, corrected for vesicularity.

Tephra
package

Porosity (vol.%) Nv (m−3) * Nvcorr (m−3) ** Median diameter
(µm)

13 82.6 1.06×10
16 6.11×10

16 52.13
8 86.0 2.53×10

16 1.81×10
17 88.19

2 80.6 3.00×10
15 1.55×10

16 66.92

4.4 Vesicle characteristics344

The analyzed vesicle number density (VND) are summarized in Table 2. All three345

VNDs are high, between 1.55×1015 and 1.81×1017 m−3, with the highest value occur-346

ring in the package 8 sample. Smallest bubble diameter characterized for all three347

samples are within the 0.47-0.59 µm bin. Vesicle size distribution (VSD) plots (7)348

display prominent peaks at ∼14.7–18.5 µm, ∼46.5 µm, and ∼233.1–293.5 µm in all349

samples, and additional peaks at larger bubble sizes in pumices samples of packages350

8 and 13.351

Fig. 7 FOAMS plots. a Volume fractions by diameter bins. b Cumulative volume fraction against
vesicle diameter.
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4.5 Porosity and permeability352

The openLB-derived permeabilities are 3.35-6.05×10−12m2, 7.27-11.9×10−12m2, 7.57-353

34.2×10−12m2, 3.37-27.7×10−12m2, respectively, for pumice samples of packages 2,354

8, 11, 13, broadly consistent with reported permeabilities from other silicic eruptions355

(Colombier et al. 2017). All four samples analyzed have similar permeabilities and356

anisotropy, slightly increasing in the later packages. Flow simulations derived from357

openLB are visualized, alongside corresponding transmitted light photomicrographs358

and rendered XCT volumes, in Fig. 8.359

4.6 Dissolved volatile contents360

TGA data of a total of 60 samples are summarized in Fig. 9. Obsidian pyroclasts361

within package 5 (i.e. their main onset) contain the highest magmatic H2O contents,362

at ∼1.5 wt.%, sharply decreasing to ∼1.0 wt.% in package 6, then maintained an363

overall slow decreasing trend up the sequence to ∼0.8 wt.% in package 14. Obsidian364

bombs from the deposit surface are, on average, lower at ∼0.6 wt.% but show a wide365

range, overlapping the range of volatile contents recorded in the upper packages (i.e.366

11-14). Volatile contents of the lava samples are more tightly clustered around 0.3367

wt.%, overlapping with the range of obsidian bombs and broadly consistent with other368

studies of subaerial lavas (Shields et al. 2016; Wadsworth et al. 2020). In contrast, the369

volatile contents of modal pumice clasts overall show a weak increasing trend upwards,370

from a mean 0.56 wt.% in package 2 up to a mean 0.73 wt.% in package 13. (Fig. 9a).371

The speciation of secondary versus magmatic H2O (Denton et al. 2012; Giachetti372

et al. 2015; Shields et al. 2016) shows two distinct clusters between obsidian pyroclasts373

(variable magmatic H2O, consistent low secondary H2O) and pumices (consistent low374

magmatic H2O, variable secondary H2O), summarized in Fig. 9b. Frothy obsidians,375

despite having comparable porosities to co-located pumices, instead follow the cluster376

of dense obsidians, which suggests that they are co-genetic and frothed at low pressure377
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Fig. 8 Characteristics of pumices. Left to right, stratigraphic context of the samples, corresponding
transmitted-light photomicrograph of thin sections, rendered binarized XCT data of the sub-volumes
used for flow simulations, and visualized streamlines. XCT visualizations were made in Thermo-Fisher
Avizo(R), where, the solid phase (glass and any crystals) is rendered in grey, while the pore spaces
are not rendered (i.e. are invisible). Streamline visualizations were prepared using ParaView, showing
the fluid flow velocities from the OpenLB simulations, which underpin the permeability values.

with no major dissolved H2O loss. The surficial obsidian bombs and lavas, which cover378

a range of porosities, similarly follow the obsidian pyroclasts cluster.379
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Fig. 9 Volatiles content data. a Magmatic volatile contents of analyzed clasts (n=60) through the
main tephra sequence. b Secondary H2O versus magmatic H2O of analyzed clasts. Error bars (where
present) indicate the ranges of values attained from multiple analyses of the same sample.

5 Discussion380

5.1 Vesicle populations and eruption intensity381

The vesicle size distribution plots can be used to reconstruct processes such as nucle-382

ation, coalescence, and growth (Shea et al. 2010; Alfano et al. 2012). The presence of383

multiple peaks at 14.7–18.5 µm, 46.5 µm, and 233.1–293.5 µm (Fig. 7) can be inter-384

preted as three distinct phases of nucleation and growth, across all three samples.385

The smallest vesicle population indicates continuous or accelerating nucleation until386

fragmentation (Houghton et al. 2010). The package 2 sample displayed minimal coa-387

lescence signature, unlike packages 8 and 13, which exhibit pronounced signature of388

coalescence (Shea et al. 2010). This is consistent with increased scope for degassing389

and textural maturation later in the eruption, as the intensity waned and conduit390

constricted (Wadsworth et al. 2022).391

Conventionally, VNDs are interpreted based on experimental decompression rate-392

meters, where high VNDs are the result of high decompression rates, which are then393

linked to higher-intensity eruption dynamics (Toramaru 2006; Houghton et al. 2010;394
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Hajimirza et al. 2019). The relationship between VND and decompression rate is com-395

plicated by the occurrence of heterogeneous nucleation (Shea 2017), where nanolite396

populations present prior to vesiculation (Cáceres et al. 2020; McCartney et al. 2025)397

promote bubble nucleation.398

The three analyzed pumices from packages 2, 8, and 13 exhibit high VNDs (∼1017399

m−3; 2), broadly comparable with the higher end of reported VNDs of Plinian rhy-400

olitic eruptions (Gardner et al. 2023). Assuming that for HRN the pumice VNDs are401

correlated to eruption intensity, then its climactic phase was that recorded by package402

8, i.e. approximately the middle of the tephra sequence. This differs to the eruptions403

of Chaitén 2008 and Cordón Caulle 2011-2012, the climactic phase of both occurring404

at the onset of the entire eruption period (Pallister et al. 2013; Pistolesi et al. 2015).405

Nevertheless, we note that such a sequence would not be unprecedented, with the cli-406

mactic phases of ∼1/3 of eruptions occurring in the latter half of their full durations407

(Cassidy et al. 2018).408

Workers have cautioned that the relationship between mass eruption rates, decom-409

pression rates, and VND is not straightforward in rhyolitic tephra (Alfano et al. 2012),410

partly due to disequilibrium favored by high melt viscosity (Rust and Cashman 2011).411

Populations of micro/nano-lites, which evolve through the course of an eruption, also412

contribute to greater VNDs not associated with the eruption intensity (Shea 2017).413

While our optical microscopy and SEM imaging did not reveal noticeable differences414

in microlite populations through the sequence (and could not resolve potential nano-415

lites), microlites are systematically underrepresented in thin sections due to very low416

sectioning probabilities (Shea 2017).417

Finally, we caution that only three pumice clasts were analyzed in this study, all418

selected from pumice lapilli packages. Further work should expand the sample set in419

order to improve representativeness, and also analyze pumice clasts from lithic-rich420

packages to more thoroughly characterize temporal variations in the vesicle population421

of HRN pyroclasts.422
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5.2 Volatile contents and ascent-degassing pathways423

Measurements of dissolved magmatic H2O using TGA analysis (Fig. 9) provide infor-424

mation on temporal patterns of degassing of a variety of clast types, principally dense425

obsidian and pumice. The relationship between primary and secondary H2O contents426

is consistent with past studies (e.g. Giachetti and Gonnermann 2013; Giachetti et al.427

2015; Shields et al. 2016) and indicates greater hydration by secondary H2O in more428

vesicular clasts, due to their higher specific surface area. Vesicular obsidian clasts in429

units 8, 11, and 13 have broadly similar H2O concentrations to their dense coun-430

terparts. Lava samples have significantly lower concentrations, as expected, due to431

degassing towards atmospheric pressure (Shields et al. 2016). By contrast, pumice432

H2O concentrations gradually increase from ∼0.5 wt.% towards ∼0.7 wt.% between433

packages 2 and 14. We now interpret these values and their significance by considering434

two contrasting pressure-depth models.435

In order to approximate the extraction depths of pyroclasts from their volatile436

concentrations, we have used the open conduit scenario (Wadsworth et al. 2022) that is437

relevant for obsidian pyroclast formation at conduit walls, and applied the established438

conduit model of Degruyter et al. (2012) to calculate a range of conduit depth-pressure439

relationships. Starting parameters used are a VND value of 1017 m−3 — i.e. the440

approximate mean of the three analyzed pumice in this work, an initial H2O content441

of either 2 wt.% as representative of Icelandic rhyolites (Saubin et al. 2021), or 5 wt.%442

as the highest melt inclusion H2O recorded from Torfajökull rhyolites (Owen et al.443

2013b), a typical rhyolitic magmatic temperature of 850 °C, and typical rhyolitic melt444

density of 2400 kg m−3 (also see above), and conduit radii of 10 m, 20 m and 50445

m. We use an experimentally-derived pressure-H2O solubility relationship (Liu et al.446

2005) to calculate the equilibrium H2O contents over the pressure ranges calculated447

using the Degruyter et al. (2012) model. The strong non-linearity of the pressure-448

depth relationships involves an abrupt pressure decrease at the depth of modeled449

fragmentation. A summary of these findings are given in Table 3.450
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Table 3 Magmatic H2O contents of HRN obsidian clasts, corresponding equilibrium
pressure, and depths in conduit. Depths are calculated as (i) open conduit via Degruyter
et al. (2012), with initial H2O of 2%; (ii) open conduit via Degruyter et al. (2012), with
initial H2O of 5%; (iii) Magmastatic, with column density of 2400 kg m−3.

Group Magmatic
H2O

(wt.%)

Equilibrium
P (MPa)

Dopen,
H2Oini=2%

(km)

Dopen,
H2Oini=5%

(km)

Dmagmastatic

(km)

Lavas 0.18-0.41 0.31-1.56 0.07-0.84 0.005-0.05 0.01-0.07
Bombs 0.14-0.97 0.18-8.13 0.008-1.3 0.001-3.9 0.008-0.36

pkg 11-13 0.57-1.02 2.97-8.90 1.2-1.3 1.2-3.9 0.13-0.39
pkg 7-9 0.70-1.20 4.45-12.13 1.3 3.9 0.19-0.54
pkg 5 1.37-1.67 15.54-22.31 1.4-1.5 4.2-5.6 0.67-0.99

These inferred quarrying depths are broadly similar but on the lower side of the451

depth range inferred from previous studies that have applied linear magmastatic pres-452

sure (closed conduit) regimes: for Chaitén bombs within pyroclastic density current453

deposits and associated with transient Vulcanian explosive events (Castro et al. 2014),454

and fragmentation depths inferred from lithic clasts at Mt. Meager (Campbell et al.455

2016). Conduit depths are also similar to inferred quenching depths of H2O-rich Tor-456

fajökull obsidians (Owen et al. 2012, 2013b) that were emplaced sub-glacially and457

quenched beneath ice (0.3-0.7 wt.% at Bláhnúkur, and ∼0.5-0.7 wt.% at Dalakvísl),458

at elevated confining pressures.459

Notably, package 5 obsidians consistently reflect equilibrium pressures above the460

fragmentation pressures in the open conduit models (Fig. 3b). This may be due to461

re-equilibration to a higher pressure due to conduit obstruction (and subsequent re-462

pressurization), discussed below.463

Applying a closed-conduit linear pressure model to our data, to permit direct464

comparison with earlier case studies (Saubin et al. 2016; Tuffen et al. 2008), then465

for a mean column density of 2400 kg m−3 the dissolved H2O concentration of juve-466

nile obsidians translates to depths of ∼820 m for the package 5 obsidians, while the467

package 7-13 sequence represents a moderate shallowing from ∼400m to ∼210m, the468

surficial bombs represent depths of 7-350m, and the lavas represent depths of 14-68m469

(Fig. 10a). Once again, the package 7-13 obsidians and surficial bombs yield simi-470

lar depths to those inferred for Chaitén bombs (Saubin et al. 2016), and quenching471
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Fig. 10 Magmatic volatile contents of HRN juveniles and equilibrium pressures. a Magmastatic
pressure model. b Open-conduit model, calculated using Degruyter et al. (2012). Boxes with dashed
borders indicate the ranges of magmatic H2O and corresponding depths of the groups, using the 20
m radius conduit models for both open conduit plots.

depths beneath ice/melt H2O elsewhere at Torfajökull. (Tuffen et al. 2008; Owen et al.472

2013b).473

The significance of dissolved H2O concentrations in pumiceous silicic clasts has474

received less attention than corresponding values in dense obsidian pyroclasts (Owen475

et al. 2013a; Castro et al. 2014; Saubin et al. 2016), as complex vesiculation and476

degassing histories hinder pressure reconstruction, and primary magmatic volatiles477

in pumices are readily overprinted by secondary hydration due to their high specific478

surface area (Giachetti and Gonnermann 2013; Giachetti et al. 2015). We recognise479

that the vesicle wall width exerts a strong control on the H2O loss patterns from480

rhyolitic pumices (Giachetti et al. 2015), and quantification of these widths, required481

for precise primary H2O quantification, is beyond the scope of this current study.482

Nonetheless, our approximation from >550 °C weight loss does permit useful inter-483

package comparison and an approximate comparison of H2O in pumiceous and dense484

pyroclasts.485

The inferred quenching pressure for pumiceous pyroclasts is markedly lower than486

the dense obsidian when their lower H2O contents are considered, and a similar dis-487

crepancy in sub-glacially erupted Torfajökull glasses (Tuffen et al. 2008; Owen et al.488
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2012) was related to the high porosity of samples, with closed-system expansion of489

initially dense magma inferred from the apparent lack of welding and sintering tex-490

tures. The pumices of the HRN sequence show a very weak upwards increasing trend491

in dissolved H2O, opposite to that of the obsidians. Here, the lower pumice H2O492

does not indicate closed-system degassing of dense obsidian, as was inferred for vari-493

ably pumiceous zones of rhyolitic sheets at Torfajökull (Owen et al. 2013b). Instead,494

we infer a different degassing pathway for the dense and pumiceous material. The495

dense obsidian derives from fragmentation of sintered magma at the conduit walls,496

with the depth of quarrying gradually decreasing during the eruption. In contrast,497

the pumice clasts derive from the conduit center and the depth of fragmentation498

gradually increased as the effective conduit width narrowed, and likely experienced499

non-equilibrium degassing during vesiculation (Birnbaum et al. 2026).500

5.3 Possibility of a lull/pause in activity501

No signs of extended pauses during the explosive component of HRN had been502

previously identified from its deposits (Larsen 1984). Nevertheless, days to weeks-503

long quiescence between otherwise sustained explosive activity had been previously504

described from the 1960 eruption of Cordón Caulle (Lara et al. 2004). During the 1912505

eruption of Novarupta, USA, two abrupt, hours-long gaps were inferred/(partially-506

)witnessed between episodes of explosivity, prior to emplacement of its lava dome/plug507

(Adams et al. 2006). Similarly, a short pause in explosivity was also interpreted in two508

separate (sub-)Plinian phases of the 640 CE eruption of Newberry, USA, recorded as509

a series of ash layers (Rust and Cashman 2007; Trafton and Giachetti 2022).510

We interpret the fine-grained package 4 in the main sequence as representing depo-511

sition following a brief lull or pause in explosive surface activity. The abrupt transition512

from packages 2-3 to 4, with no significant change in clast size or componentry, sug-513

gests that this interruption was primarily non-magmatic in origin. We propose that514

the pause resulted from the collapse of wall rock in the upper conduit, temporar-515

ily disrupting explosive activity before deposition resumed (Macedonio et al. 1994).516
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It can be noted that a similar (hours-long) pause occurred between episodes II and517

III of the 1912 eruption of Novarupta, USA (Adams et al. 2006). Package 4 material518

can then be best understood as the deposit of the initiating blast preceding resumed519

activity represented by package 5 onwards.520

We highlight that the first significant occurrence of obsidian pyroclasts, in the over-521

lying package 5, contains substantially more volatile-rich obsidian (∼1.5 wt.%) than522

obsidians in subsequent packages. Assuming that package 5 obsidians had reached523

equilibrium, this volatile content corresponds to a confining pressure of ∼18 MPa,524

consistent with modeled overpressures required to drive tuffisite opening around525

ascending rhyolitic magma (16-29 MPa, Unwin et al. (2021)), and is approximately526

equivalent to the gravitational pressure of ∼800 m of overlying rock. We interpret527

these high magmatic H2O values as evidence for a pause associated with a top-down528

blockage (Schipper et al. 2021; Wadsworth et al. 2022), potentially resulting from529

conduit collapse following package 3. This blockage may have allowed the conduit to530

re-pressurize,causing juvenile obsidians within the conduit to re-equilibrate towards531

higher pressures. These conditions were then apparently not repeated during the532

remainder of the eruption.533

Red lithics also become abundant in package 5, having only been present in trace534

amounts in earlier packages. In the context of a top-down blockage, we propose two535

possible explanations: (a) the red lithics represent pre-existing, altered country rock536

that was spatially adjacent to the initial HRN conduit but not initially excavated537

during the early stages of the eruption. Their subsequent appearance in package 5 may538

therefore reflect a change in the depth of quarrying (Campbell et al. 2016) and/or the539

lateral propagation of the fissure, bringing this material into the zone of excavation;540

(b) Alternatively, blockage inducing conditions may have promoted degassing into the541

conduit margins and the blockage breccia, facilitating rapid alteration of the country542

rock (Hoult et al. 2025). This process could have generated an in situ stock of red lithics543

available to be excavated by subsequent explosivity after activity resumed. Given the544

apparent ubiquity of red, hydrothermally-altered older formations exposed in stream545
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valleys close to the eruptive fissure, and the evidence for multiple active vents in the546

HRN eruption, we tentatively favor model (a). However, distinguishing between these547

interpretations will require more detailed characterization of the alteration assemblage548

and comparison with the composition and textures of local country rock lithologies.549

Finally, the fine-grained, matrix- and lithic-rich componentry of package 4,550

together with the distinctly "mossy" appearance (Zimanowski et al. 2015) of its ash551

particles (Fig. 4b; Cas et al. (2024)) may additionally indicate interactions with exter-552

nal subsurface water. Such volcano-water interaction could have promoted wall rock553

excavation (White and Valentine 2016) and enhanced fragmentation to a finer grain554

sizes (Walker 1973). This interpretation is further supported by a high degree of clump-555

ing between ash particles, which is favored during moist plume conditions (Costa556

et al. 2010). Nevertheless, our observations do not allow us to determine the extent557

to which external water influenced the eruptive dynamics of package 4, or whether its558

involvement is consistent with the lull or pause in explosive activity proposed above.559

5.4 A proximal tephra record of the hybrid phase?560

The continuity of obsidian H2O contents from packages 11-14 onward to the surfi-561

cial obsidian bombs suggest that these packages mark the transition from explosive562

to hybrid behavior. The distinctly high ash content of package 14 (Table. 1) can be563

interpreted as evidence for lower-intensity and fracture-filtered output. Simultane-564

ously, its multi-modal size distribution (Fig. 4) is consistent with increased secondary565

fragmentation (Trafton and Giachetti 2022). Hence, both observations may indicate566

that package 14 record the final hybrid activity.567

Nevertheless, no comparable proximal tephra sequence from an observed hybrid568

silicic eruption currently provides a verified record of the onset of hybrid activity,569

against which to test our interpretation. We therefore consider these interpretations570

tentative and propose that they provide a framework for future investigation of prox-571

imal silicic tephra sequences, particularly those preserving transitions into hybrid572

eruptive behavior.573
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5.5 A schematic of the HRN explosive eruption574

We present a unified schematic of HRN’s explosive eruption, focusing on its conduit575

dynamics, that best accounts for our interpretations of the proximal tephras, as follows576

(summarized in Fig. 11): 1. Onset and initial explosive phase The eruption may have577

begun with hydromagmatic or phreatomagmatic explosion(s) – as recorded by the fine-578

grained basal package 1 – then rapidly intensified, represented by the coarse pumice579

lapilli packages 2-3 (Fig. 11a). Conduit wall erosion was rapid and out-paced any580

syn-eruptive alteration to the country rock or generation of conduit-wall lining via581

sintering.582

2. Lull/pause in activity The first explosive phase of HRN apparently collapsed583

rapidly into a lull/pause (Fig. 11b). We propose a conduit blockage by country rock584

as the cause for HRN’s lull, similar to proposed events at Novarupta (Adams et al.585

2006). The conduit re-pressurized up to ∼18 MPa, with low (if any) surface activity586

occurring during this likely hours-long window.587

3. Strong pulsatory phase The eruption resumed with Vulcanian activity, initiating,588

following the lull/pause, with a possible hydromagmatic blast (Fig. 11c). The first589

pulse (package 5) excavated sintered lining on the conduit wall, ejecting high-H2O590

obsidian pyroclasts, and either (a) widened/shifted the conduit to excavate previously591

un-tapped red lithics from country rock, or (b) excavated the recently-formed red592

lithics along conduit margins and the breccia plug.593

A quasi-cyclic sequence of moderate-low intensity pulses (packages 6, 10) and594

obsidian-excavating, higher-intensity Vulcanian pulses (packages 5, 7-9) occurred. The595

near-absence of obsidians in the former represents either (i) depletion of sintered lining596

during the preceding, higher-intensity pulse, and/or (ii) shifting excavation depths597

such that the lining was not actively excavated. The pulse corresponding to packages598

7-9 possibly reached the highest intensity during the entire eruption, evidenced by its599

pumice VND.600
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4. Weak pulsatory to transitional phase From package 11 onward, the explosive601

pulses had gradually weakened, such that either the formation of the sintering lining602

had begun to outpace its depletion during higher-intensity pulses (following model603

i) and/or the obsidian lining had become so vertically extensive that it was always604

excavated (following model ii). Red lithics decreased relative to regular grey lithics,605

indicating either a shift in the depth or position of excavation (following model a), or606

depletion of syn-eruptive altered country rock (following model b).607

The eruption eventually transitioned into hybrid activity (Fig. 11d), with low-608

intensity lava-synchronous ash venting (Zhang et al. 2026). Package 14 may represent609

the proximal tephra record of this activity and thus would be the first deposit identified610

of its kind in the geological record attributed to this recently recorded process.611

Fig. 11 Schematic illustration of our interpretation of the HRN explosive eruption. a the first explo-
sive phase, corresponding to packages 2-3. b A lull or pause in explosive activity, caused by collapsed
conduit wall, allowing re-pressurization of the conduit. Possible in situ alteration of wallrock is illus-
trated. c Semi-cyclic, pulsatory phases, comprising stronger, lapilli-depositing pulses, and weaker,
unstable phases. The sintering conduit lining may be depleted during the stronger phases and replen-
ished during weaker phases. d Transitional to hybrid phase, when the clastogenic lining develops up
to and exits the vent as lava. Low-intensity ash venting, indicating sustained fragmentation at depth,
continues throughout HRN’s lava effusion.
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6 Conclusions612

We present a detailed characterization of the proximal silicic tephra sequence produced613

by the 877 CE eruption of Hrafntinnuhraun, Torfajökull, Iceland. The sequence records614

repeated fluctuations in eruptive intensity, including at least four higher-intensity615

explosive pulses, separated by lower-intensity activity and/or brief pauses. The alter-616

nation of pumice-rich and lithic-rich deposits, combined with the estimated timescale617

of the eruption (∼5 days), indicates that these changes occurred on timescales of hours.618

The characteristics of package 4 further suggest that external water may have influ-619

enced fragmentation and eruption dynamics, although its role relative to the inferred620

pause in explosive activity is unclear.621

Volatile concentrations in obsidian pyroclasts provide evidence for changes in con-622

duit pressure and excavation depth during the eruption. The unusually high volatile623

contents of obsidians in package 5 are consistent with storage and re-equilibration at624

elevated pressure following temporary conduit closure, potentially associated with a625

top-down blockage from conduit collapse. Subsequent decreases in obsidian volatile626

contents are consistent with progressive shoaling of the effective excavation depth,627

culminating in lava effusion. Pyroclast microtextures are consistent with a clasto-628

genic origin of dense obsidian pyroclasts, aggregation of pumices, and sintering-driven629

assemblage of lava.630

Together, the stratigraphic, componentry, volatile, and textural characteristics of631

the Hrafntinnuhraun sequence indicate that the transition from explosive activity632

to effusion was accompanied by repeated changes in conduit pressure, excavation633

depth, and fragmentation conditions. The deposits therefore provide a record of short-634

timescale variability in silicic eruptive behavior. Comparison with medial and distal635

deposits will allow these proximal changes to be evaluated in the context of plume636

development, dispersal, and the potential contribution of multiple vents.637

Supplementary information. This manuscript is accompanied by a Supplemen-638

tary Information document, containing: (a) Complete XRF methodology, (b) FOAMS639
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