
RESEARCH ARTICLE

Hydrothermal eruption dynamics reflecting vertical variations in host
rock geology and geothermal alteration, Champagne Pool,
Wai-o-tapu, New Zealand

Anna Gallagher1 & Cristian Montanaro1,2
& Shane Cronin1

& Bradley Scott3 & Donald B. Dingwell2 & Bettina Scheu2

Received: 6 June 2020 /Accepted: 15 October 2020
# The Author(s) 2020

Abstract
Hydrothermal eruptions are characterised by violent explosions ejecting steam, water, mud, and rock. They pose a
risk to tourism and the operation of power plants in geothermal areas around the world. Large events with a severe
destructive threat are often intensified by the injection of magmatic fluids along faults and fractures within volcano-
tectonic rifting environments, such as the Taupo Volcanic Zone. How these hydrothermal eruptions progress, how
craters form and the scale of ejecta impacts, are all influenced by the local geology and reservoir hydrology. By
analysing breccia lithology, undisturbed strata proximal to the explosion sites, and conducting tailored decompression
experiments, we elucidate the eruption sequence that formed Champagne Pool, Wai-o-tapu, New Zealand. This
iconic touristic site was formed by a violent hydrothermal eruption at ~ 700 years B.P. Samples from undisturbed
drill cores and blocks ejected in the eruption were fragmented in shock-tube experiments under the moderate
pressure/temperature conditions estimated for this system (3–4 MPa, 210–220 °C). Our results show that this was
a two-phase eruption. It started with an initial narrow jetting of deep-sourced lithologies, ejecting fragments from at
least a 110-m depth. This event was overtaken by a larger, broader, and dominantly shallower eruption driven by
decompression of much more geothermal fluid within a soft and porous ignimbrite horizon. The second phase was
triggered once the initial, deeper-sourced eruption broke through a strong silicified aquitard cap. The soft ignimbrite
collapsed during the second-phase eruption into the crater, to repeatedly choke the explosions causing short-term
pressure rises that triggered ongoing deeper-sourced eruptions. The eruption spread laterally also by exploiting a
local fault. These results are relevant for hydrothermal eruption hazard scenarios in environments where strong
vertical variations in rock strength and porosity occur.
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Introduction

Steam-driven hydrothermal eruptions commonly occur in
both volcanic and geothermal systems (Stix and Moor
2018). The most deadly eruptions in recent times have been
associated with vent-hosted hydrothermal systems on volca-
noes, e.g. 2014 Ontake eruption, Japan (Yamamoto 2014) and
2019 Whakaari/White Island, New Zealand (Kennedy et al.
2020). Sites of intermittent volcanism in humid environments
are highly prone to steam-driven eruptions (Kilgour et al.
2019; Jolly et al. 2020). Hydrothermal eruptions are also very
common in other settings because they only require hot and
pressurised geothermal fluid circulation (Browne and Lawless
2001). In these cases, rapid fluid decompression could be
triggered by tectonic fault rupture, landslides and sudden
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hydrological (e.g. lake level) changes. Within active volcano-
tectonic rifts, such as that of the central North Island of New
Zealand (Rowland and Simmons 2012; Wilson and Rowland
2016), failed dyke intrusions and magmatic fluids rising along
fracture systems may drive especially violent hydrothermal
eruptions in areas distant from volcanoes (Hedenquist and
Henley 1985; Nairn et al. 2005; Montanaro et al. 2020).

Driven by flashing of superheated groundwater or geother-
mal fluids at shallow depths (Mastin 1995; Thiéry and
Mercury 2009), hydrothermal eruptions violently eject
fragmented host rock, caustic fluids, steam, and fine ash as
ballistics and wet debris jets. They may also generate steam-
rich density currents (surges) of poorly sorted rock debris
(Lube et al. 2014; Maeno et al. 2016; Kilgour et al. 2019).
The wide diversity of rock types in geothermal areas causes a
great variability in hydrothermal eruption dynamics (Browne
and Lawless 2001; Montanaro et al. 2016, 2020). By examin-
ing the characteristic lithologies and particle properties within
hydrothermal eruption deposits, the dynamics and sources of
eruptions can be estimated (Breard et al. 2014; Mayer et al.
2015; Montanaro et al. 2016, 2020; Pittari et al. 2016; D’Elia

et al. 2020). Valuable insights into the source rock properties
come from analysing blocks within the hydrothermal breccias
(Montanaro et al. 2016; Heap et al. 2017), or from rare shal-
low (<400 m) nearby drill cores. Wells also provide direct
information on the hydrothermal system state (pressure, tem-
perature) and rock properties such as porosity, permeability,
and alteration state (Dobson et al. 2003; Mielke et al. 2015;
Milicich et al. 2016, 2020; Carlino et al. 2018).

Here, we examine the large hydrothermal eruption that
formed Champagne Pool, which is one of the main New
Zealand geothermal tourist attractions in the Wai-o-tapu geo-
thermal field (Fig. 1; Browne and Lawless 2001). We exam-
ined the Champagne Pool breccia and ejected particles (blocks
and matrix) as well as samples from shallow drill cores adja-
cent to the explosion site. Adding laboratory decompression
experiments, we explored the fragmentation and ejection be-
haviour of the variable substrate materials in order to recon-
struct the evolution of the Champagne Pool hydrothermal
eruption and determine the relationship between hydrothermal
eruption properties and parent host rocks.

Fig. 1 Geological setting of southern Wai-o-tapu geothermal areas. a
Lidar map (1 m resolution) with main structural and morphological fea-
tures (from Lloyd 1959; Curewitz and Karson 1997; Rowland and
Simmons 2012). Dashed red lines represent faults; the black dot line is
the cross-section (A–B) for the geological profile shown in Fig. 2. Lidar
data are sourced from the LINZ Data Service licenced for reuse under CC
BY 4.0. The inset map shows the major geologic features and the

locations of the 1956–1958 drill core wells, as well as the extent of
Wai-o-tapu surface thermal activity (shaded grey area). b Satellite image
(Google Earth™, 2016) of Champagne Pool (CP) and surrounding areas;
isopach of the breccia (from Hedenquist and Henley, 1985) are also
reported, in the inset lidar map showing the faults (dashed red line), as
well as the inferred final crater and the post-collapsed rim around
Champagne Pool

77    Page 2 of 19 Bull Volcanol (2020) 82: 77



Geological setting

Wai-o-tapu (Fig. 1) is a geothermal area covering 10.5 km2, as
delimited by its low resistivity anomaly (Bibby et al. 1994). It
is known for its high heat flow and localised precipitation of
gold and silver and is one of the most photographed natural
features in New Zealand, Champagne Pool (Hedenquist and
Henley 1985). Two dacite domes, Maungaongaonga and
Maungakakaramea, bound the geothermal area in the north,
whereas the upthrown, footwall of the faulted Paeroa block (>
600 m of normal offset) lies to the west (Fig. 1). In the south,
Wai-o-tapu is dissected by ring faults associated with the
northern margin of the Reporoa caldera (Nairn et al. 1994)
which, along with the NE-striking Ngapouri fault, host numer-
ous hydrothermal eruption vents (Hedenquist and Henley
1985; Nairn et al. 2005).

The subsurface hydrology has been deduced from seven
drill holes (WT 1–7, Fig. 1) penetrating to depths of 500 to
1100 m and spring chemistry (Hedenquist and Browne 1989;
Hedenquist 1991; Wilson et al. 2010). Deep fluids ascend
along temperature and pressure gradients that are close to
boiling in the vicinity of WT-6 and Champagne Pool
(Fig. 2a). The latter is one of the more than twenty hydrother-
mal eruption vents in the Wai-o-tapu area, which are com-
monly located where regional or caldera faults cross the geo-
thermal field (Fig. 1). The highest chloride concentration oc-
curs in waters at Champagne Pool, indicating that it currently
represents a highly permeable flow path that taps the deepest
known water in the system (Hedenquist 1991). The stratigra-
phy in the Wai-o-tapu area comprises almost flat-lying felsic
pyroclastic deposits and locally reworked derivatives of these,
along with andesite and dacite lava flows, and fine-grained
lacustrine sediments in varying states of lithification. The

variations in texture and permeability form a series of stacked
aquifers, capped by aquicludes (Hedenquist and Henley 1985;
Wilson et al. 2010; Wilson and Rowland 2016). Volcanic
rocks penetrated by the Wai-o-tapu wells show highly vari-
able degrees of alteration and permeability (Hedenquist and
Browne 1989). Primary mafic minerals are often completely
replaced and plagioclase is usually completely altered to a
mineral assemblage, including variable amounts of albite, ad-
ularia, calcite, mica, and/or epidote. The groundmass is gen-
erally re-crystallised, silicified, and pyritised. Below 150m (~
200 °C on the boiling point-depth curve), the main alteration
minerals in approximate order of decreasing abundance in-
clude quartz, white mica (mainly illite), albite, adularia, pyrite,
calcite, epidote, wairakite, mordenite, and galena. Above this
silicified zone at up to depths of 50 m, surficial acid sulphate
waters cause irregularly distributed advanced argillic alter-
ation. The mineralogy here consists of kaolin, alunite,
cristobalite, native sulphur, and fine pyrite (Hedenquist and
Henley 1985).

Champagne Pool eruption and local stratigraphy

Champagne Pool, together with several other hydrothermal
eruption vents in Wai-o-tapu, formed around 700 years B.P.
The origin of these eruptions are linked to intrusion and arrest
of magma, or related magmatic fluids within faults prior to the
large rhyolitic effusive and explosive A.D. 1315 Kaharoa
Plinian eruption sequence at Tarawera volcano, located <
20 km to the northeast (Nairn et al. 2005). The Champagne
Pool eruption occurred soon after the explosive phase of the
Kaharoa eruption (Nairn et al. 2005). Dykes intruding across
the region surrounding Mount Tarawera were channelled by
existing fault and fracture networks to inject CO2 (and or other

Fig. 2 a Geological section of Champagne Pool (CP) and nearby Alum
Cliffs, (see line A-B on Fig. 1), including the main lithological units,
alteration/silicification zones, fractures, and surficial features, as well as
the projected location of drill hole no. 6 (modified from Hedenquist and

Henley 1985). Approximate depths of sampled units (RI, CT-P and CT-
L, WI, and WIS) from the 1956–1958 drill core no. 6 are also shown. b
Type section (location A in Fig. 1) of CP breccia deposit, showing details
of the two main beds, and the position of samples (B1–B2, Y1–Y3)
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hot gases) to “prime” the steam-driven eruptions (Nairn et al.
2005).

The ~ 60–65-m-diameter Champagne Pool crater has an
upward-flaring form, with a maximum water depth of ~
70 m, and an approximate volume of 5 × 104 m3

(Hedenquist and Henley 1985). The upper 9-m-deep, broad
flared part of the pool is entirely within the unconsolidated
Oruanui ignimbrite deposits. The pool floor also has an irreg-
ular bottom on the northern side, caused by collapsed large
blocks from the crater wall (Fig. 2a). The stratigraphy below
the present-day Champagne Pool (Fig. 2a), from the deepest
to the shallowest units recognised, include:

& The Wai-o-tapu ignimbrite (WI), a moderately to highly
welded quartz-poor lenticular ignimbrite with spherulitic
zones and lithophysae facies (WIS) at depth > 170 m
(Hedenquist and Henley 1985).

& The “crystal-rich tuff” (CT), a moderately welded coarse-
grained quartz and biotite-bearing ignimbrite between 170
and ~ 110–100-m depth (Hedenquist and Henley 1985),
comprising a deeper pumice-rich facies (CT-P), and a
shallower lithic-rich facies (CT-L).

& The Rangitaiki ignimbrite (RI), a moderately welded
quartz-rich fine-grained ignimbrite deposit between ~
110–100 to ~ 80–70 m (Hedenquist and Henley 1985;
Hedenquist and Browne 1989), correlated as the Te
Whaiti ignimbrite (Leonard et al. 2010).

& The Oruanui ignimbrite (OI), deposited from pyroclastic
flows of the 26.5 ka Oruanui eruption, between ~ 80–70-
and ~ 1.5-m depth, comprising primarily ash-rich non-
welded rhyolitic deposits with common accretionary lapil-
li (Van Eaton and Wilson 2013).

& A palaeosol of up to 0.5 m formed in volcanic ash capped
by < 1-m-thick tephra from the 1.8-ka Taupo eruption
(Hedenquist and Henley 1985), in turn capped by recent
soil.

Field study

We documented the breccia deposit along the tourist tracks
around Champagne Pool crater (Fig. 1b), to avoid damage to
the vegetation within the Wai-o-tapu Thermal Wonderland
nature reserve. We sampled the ash- and lapilli-rich breccia
matrix, as well as blocks representative of the main litholo-
gies, to be used for component and grain size analyses.
Examination of macroscopic alteration features (e.g. colour
differences), as well as the occurrence of alteration halos and
silicified crusts and veins, indicated the relative degree of al-
teration within the breccia. We compared breccia-derived ma-
terial with drill hole samples to infer eruptive source litholo-
gies and excavation depth. Additional information of the field
study are reported in the Online Resources.

Drill hole materials

We collected samples from the seven drill cores collected in
1956–1958 (WT 1–7) and stored within the Geothermal
Collection at the University of Auckland. Material was sam-
pled from the drill hole WT-6 located in close proximity to
Champagne Pool (Figs. 1 and 2). The cored samples (Figs. 2a
and 3a) include densely welded tuff, purple-grey coloured,
with lithoidal spherules and lithophysal cavities, derived from
the lithophysal zone of theWaiotapu ignimbrite (WIS); dense-
ly welded tuff, purple-grey in colour with pumice-rich lenses
derived from the Waiotapu ignimbrite (WI); coarse-grained,
grey-coloured, pumice-rich tuff (CT-P); moderately dense,
grey-coloured, coarse-grained tuff rich in crystals and lithics
(CT-L); and fine-grained, dark-grey, crystal-rich tuff of the
Rangitaiki ignimbrite (RI).

Breccia stratigraphy

The breccia erupted from the Champagne Pool has an oval
surface distribution with its long axis directly towards the
north (Fig. 1b). Immediately south of the crater (< 20 m), the
deposit is 1.5 m thick (Fig. 1b), but it thins to zero, within
100–120 m. By contrast, the breccia is ~ 4 m thick at 50–
100 m north of the crater and is still ~ 1 m thick at a 200-m
distance northward. The breccia is characterised by two main
beds showing distinctive matrix colour and matrix/block
componentry.

The ≤ 1-m-thick lower brown-coloured bed is lenticular in
shape and is distributed southward of the crater, although the
lack of exposure means that we cannot exclude any deposit to
the north. It is dominated by a brownish coarse ash–rich ma-
trix and supports sub-rounded to angular lapilli to blocks up to
60 mm in diameter. The blocks in the lower bed comprise
slightly to moderately altered fine-grained tuff, along with
few blocks of silicified and brecciated material (e.g. B1–B2;
Figs. 2, 3a, and 4).

The upper yellow-coloured breccia bed is more extensive
and encircles Champagne Pool (Figs. 1, 2, and 4). It reaches a
maximum thickness of 1 m south of the crater, and up to 4 m
to the north. It comprises a fine ash–rich matrix, containing
sub-rounded to angular lapilli-to-block-sized fragments up to
250 mm in diameter. The blocks comprise mostly moderately
to highly altered fine-grained and accretionary lapilli-rich
tuffs, silicified and brecciated clasts, and breccia tuffs (e.g.
Y1–Y3 Fig. 2). Rare sintered clasts and tuffs with spherulitic
texture occur in the upper half of the bed.

The two beds are separated by an irregular horizon marked
by a layer of larger clasts and blocks, up to 1 m in diameter,
forming low- (< 50°) to high-angle (> 50°) ballistic impact
sags into the lower breccia, or impacting within the Taupo
tephra (Figs. 2 and 4a–f). These blocks show the greatest
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evidence of alteration, comprising mainly silicified brecciated
clasts and breccia tuffs.

Breccia grain size and componentry

The matrix of the lower bed shows variable grading in
particle size while the upper bed shows a general nor-
mal grading (Fig. 5a, Figure ESM1 and Table ESM1 in
Online Resources). The lower bed shows normal-to-
reverse grading in the lower 50 cm (with fine ash, >
3 ϕ increasing from 0.91 to 1.68%), and reverse grading
in the upper 50–80-cm interval (returning to 0.53% fine
ash). In the transitional layer between the upper and
lower breccia (80–90 cm), the median diameter (D50)
decreases from − 2.77 to − 2.2, and fine ash increases
from 0.53 to 1.1 wt.%. The upper breccia shows a nor-
mal/reverse/normal grading in the matrix from 90 to
140 cm. The content of fine ash reaches its peak of
7.6% at 90–100 cm, decreases to 0.6% at 100–
120 cm, and 1.1% from 120 to 140 cm. Block-sized
clasts throughout the upper bed (Fig. 4), do not reflect
the matrix grain size variations.

Block lithologies vary between beds (Figs. 2b and
3a). The lower bed contains rhyolitic ash-rich tuff,
dark-grey coloured, with abundant millimetre-seized
pumices and rare accretionary lapilli (e.g. B1) and
coarse-grained brecciated tuff, with fine-grained silici-
fied brown ashy matrix containing lithic and pumice
clasts (e.g. B2). Upper breccia blocks comprise silicified
brecciated clasts and tuff breccia, yellow-coloured,
showing a variety of textures including fine-ash tuff
with rare fine lapilli (up to 5 mm), and coarse lapilli
tuffs containing lithics, pumice, and crystals (e.g. Y1–1
to Y1–3 and Y2 Fig. 3a). Some blocks (e.g. Y3) are
clearly derived from the OI unit, based on its in situ
exposure near Champagne Pool. These consist of friable
to weakly consolidated rhyolitic ash-rich tuff with abun-
dant accretionary lapilli. Blocks similar to Y3, but with
a siliceous sinter-patina, were common in the block-rich
horizon between the lower and upper Champagne Pool
breccias, but are rarely found above or below this zone.

The matrix of the two breccia units consists mainly of
slightly altered to unaltered fragments of similar tuffs to the
blocks, together with pumice, undefined lithics, loose quartz

Fig. 3 Cored samples from Wai-o-tapu geothermal drill holes, represen-
tative of the main lithologies underlying Champagne Pool (CP) area, and
from CP breccia blocks (see also Fig. 2). a Photographs of representative
25-mm-diameter core samples prepared from each of the drill cores
(Waiotapu ignimbrite, crystal-rich tuff, and Rangitaiki ignimbrite) and
blocks collected from lower and upper bed of CP breccia. b Bulk density

and P-wave velocities (vp) as as a function of connected porosity of
representative substrate lithologies involved in the CP eruption. In the
upper graph, only vP of exploded samples were measured. The experi-
mental error on these measurements is < 1% and is therefore within the
symbol size

Page 5 of 19     77Bull Volcanol (2020) 82: 77



crystals, chlorite, and altered, blue-stained grains (Fig. 5b and
Table ESM2 in Online Resources). The lower breccia matrix
comprises mainly white tuff clasts (55–75%), and quartz crys-
tals (20–40%), with < 5% of the remaining components. From
the transitional layer upward, the upper breccia contains com-
mon yellow tuff fragments (> 20–70%), with a secondary

abundance of quartz crystals (15–50%), white tuff (20–
30%), and minor (< 5%) lithics, pumices, bluish-grey altered
clasts, and other crystals. The uppermost part of the upper
yellow breccia shows a contrasting zone comprising up to
70% of dominantly white tuff particles.

Fig. 4 Field appearance of the
Champagne Pool breccia (see
location in Fig.1). a Type section
showing the two main breccia
beds, along with the underlying
Taupo tephra and Oruanui
ignimbrite. b–f Detailed images
illustrating several ballistic blocks
(varying from silicified,
brecciated, and accretionary
lapilli-rich blocks) with promi-
nent bomb sags at the contact be-
tween the lower and upper breccia
bed, and at the contact between
the upper bed and the Taupo
tephra. gmassive breccia facies of
the upper bed rich in large blocks,
north of the CP crater. h Contact
between the upper bed deposit
and the underlying units,
ca.100 m south of CP
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Laboratory study

We measured the bulk/matrix density, (connected) porosity,
and P-wave velocities (vP) of between four and fifteen cylin-
drical core samples per lithology type from breccias and drill
core samples (Fig. 3) (76 core samples in total). A sub-sample
of 33 water-saturated samples were rapidly decompressed in
shock-tube steam-flashing experiments (Table 1; Mayer et al.
2015, 2016; Montanaro et al. 2016). Our experiments aimed
to mimic the decompression of heated and pressurised fluids
at similar conditions as the Wai-o-tapu field, with temperature
and pressure conditions described by Hedenquist and Henley
(1985) and illustrated in Fig. 2. Our experimental conditions
were calibrated using: i) breccia componentry indicating a
maximum excavation depth around 170 m (also noted by
Hedenquist and Henley 1985); ii) drill hole pressure data
(from WT-6) (Dench 1963); and iii) estimated temperature
of equilibration for alteration minerals (Hedenquist and
Henley 1985; Hedenquist and Browne 1989). Thus, experi-
mental conditions were between ~ 210 and 220 °C, and of 3 to
4 MPa as confining pressures. These conditions, together with
the proportion of pore water, were used to estimate the bulk
explosive energies fuelling primary fragmentation and clast
ejection (Montanaro et al. 2016). We recovered the
fragmented and ejected material and analysed grain size dis-
tribution and componentry. Finally, we used high-speed foot-
age of the expelled fragments to measure ejection velocities

(Mayer et al. 2015), and pressure sensors above and below the
samples to record fragmentation velocities (Scheu et al. 2008).

The main methodological approach for petrophysical prop-
erty analyses, decompression experiments, and estimation of
explosivity of water have already been detailed by us in
(Mayer et al. (2015, 2016) and Montanaro et al. (2016); we
thus do not restate these methodological details here.
However, for further detail on the methodological approach
applied here, see Online Resources 1, 2, and 3, respectively.

Petrophysical properties and textures

Samples from drill cores show narrow ranges of porosity
which distinguish each lithological unit (Fig. 3b and
Table ESM3 in Online Resources). The deeper-derived WI
and WIS samples have porosities between 20.5 and 23.4%;
intermediate-depth CT-L and CT-P samples show porosities
from 31.5 to 40.3%; whereas the shallow-seated RI samples
yield porosities between 50.6 and 54.1%. The measured bulk/
matrix densities profile mirrors the P-wave velocity profile
(Fig. 3b and Table ESM3 in Online Resources), with the seis-
mic velocities for the more porous RI (1.7 to 1.9 km/s) being
much lower than those for the less porous and denser CT-P/L
and WI/WIS (2.5 to 4.4 km/s). In general, these properties
strongly correlate to rock textures, with lower porosity/high
density and high vP values associatedwith densely welded and
heterogeneous tuffs, and mid-high porosity/lower density and

Fig. 5 Grain size distribution (cumulative weight% passing) of breccia matrix in the a lower and b upper bed; along with c componentry of lower and
upper bed matrix determined from point counts (300 grains) of 0.5 mm sieved fraction
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low vP values typical of pumice/lithic- and ash-rich mildly to
weakly compacted tuffs.

Breccia block samples show variable ranges of porosity
depending on their stratigraphic position, lithology, and tex-
ture (Fig. 3b and Table ESM3 in Online Resources). From the
lower bed, homogeneous B1 samples have porosities ranging
between 38 and 45%, while the brecciated and texturally di-
verse B2 samples show a broader range (25.5 to 43.6%).
Cores from the highly variegated Y1 show the widest porosity

range (21.2 to 40.9%), while Y2 porosities vary between 33.1
and 41.2%. Y3 samples show the highest porosity measured
(51.2 to 56.2%). A wider range of bulk/matrix densities and P-
wave velocities were measured for the breccia blocks (Fig. 3b
and Table ESM3 in Online Resources); the most porous Y3
show the lowest seismic velocities (0.8 to 1.2 km/s), while the
brecciated clasts and tuff breccia (B2, Y1, Y2) show a wide
and scattered range of values (1.7 to 3.4 km/s), and B1 exhibit
intermediate values (1.9 to 2.2 km/s).

Table 1 Experimental conditions (rock connected porosity, mass of water, pressure, temperature), and estimated/measured parameters including
explosive energy (EExpl), fragmentation (vFrag), and particle ejection (vEjec) velocities, amount of fine > 3 ϕ and median grain size (D50)

Sample Porosity
(%)

H2O
(g)

P
(MPa)

T
(°C)

EExpl
(MJ/m3)

vFrag
(m/s)

vFrag SD

(±m/s)
vEject
(m/s)

vEject SD
(±m/s)

> 3 ϕ
(wt%)

D50
(ϕ)

WIS
2.1*

23.4 4.6 3.9 220 8.4 / / / / 1.4 − 3.14

WIS
2.4*

21.7 5.2 3.98 221 8.7 / / / / 0.2 − 3.2

WI 1.1* 21.4 3.6 2.96 212 8.4 / / / / 2.7 − 2.66
WI 1.2* 21.4 3.9 4 220 8.9 / / / / 4 − 1.76
CT-P 1.2 33.5 9.8 4 228 15.7 226 4 200 25 8.1 0.75

CT-P 1.3 34.9 9.4 3.9 224 14.8 253 13 212 23 9 0.75

CT-P 1.4 35.9 12 3 210 13.4 219 3 181 18 7.3 0.76

CT-P 1.8 37.5 8 3 210 13.7 157 8 190 9 5.5 0.88

CT-L 1.2 38.4 8 3 210 13.8 135 2 231 17 7.3 0.33

CT-L 1.4 38.8 10.2 4 220 16.4 188 6 235 13 5.4 0.42

RI1.1 53.2 13.2 3 210 19.8 37 1 211 14 14.3 1.97

RI1.2# 52.5 13.7 4 220 21.2 103 1 / / 11.6 2

RI2.1 51.4 7.9 4 220 20.4 209 20 247 11 20.6 1.75

RI2.3 52.7 7.5 3 210 19 176 8 187 16 19.8 1.78

B1.1 39.2 7.7 4 216 15.5 133 2 181 3 18.4 1.45

B1.2 38 7.6 3.1 211 13.7 189 5 177 20 9.2 1.63

B2.3* 25.5 4.8 5 230 11.1 / / / / 1.7 − 1.25
B2.4* 28.5 6.3 4 220 11.4 / / / / 5.1 − 1.21
B2.7* 32.3 4.7 4.1 220 12.5 / / / / 4.7 − 1.1
Y1.3 35.1 7.7 3 210 12.8 58 2 169 7 3.5 − 0.67
Y1.8* 28.1 8.2 4.15 221 11.4 / / / / 2.4 − 0.71
Y1.10 40.9 7.9 3.9 220 18.1 121 30 229 28 3.5 − 0.29
Y1.12 31 7 4 220 12.6 10 194 10 2 − 1.13
Y1.14A* 23.4 5.5 3 210 9 / / / / 2 − 1.11
Y1.15B* 25.1 5.5 3 214 9.5 / / / / 3.9 − 1.55
Y2.1 34.3 9.8 3 210 12.3 / / 163 12 11.3 0.33

Y2.7 37.2 7.4 3 209 13.7 142 4 150 18 18.1 0.7

Y2.10 33.1 5.9 4 220 13.3 208 4 234 18 13.6 − 0.49
Y2.12# 39 10.6 4 220 15.9 178 3 / / 14.1 0.45

Y3.1# 51.2 11.1 4 220 18.9 162 13 / / 32.1 2.23

Y3.2# 52.3 11 3.6 210 17 277 24 / / 31.2 2.33

Y3.5 53.7 10.8 3 210 17.4 217 5 197 15 33 2.4

Y3.8 54.4 8.7 4 220 20.2 149 3 239 6 33.9 2.4

*Partially fragmented samples; # fragmentation/ejection velocities not measurable
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Explosive energy derived from experimental
conditions

Bulk explosive energies are estimated assuming an irrevers-
ible (isenthalpic) flashing of pore waters (Thiéry and Mercury
2009; Montanaro et al. 2016) from initial experimental condi-
tions (~ 210–220 °C and 3–4 MPa). These values average
between 8.4 and 21.2 MJ/m3 for a porosity range between
21.4 to 54.4% (Table 1). Low-porosity samples (~ 20–30%),
including drill core samples WI, WIS, and brecciated blocks
B2, Y1, reached between 85 and 100% of water saturation,
leading to an energy release of between 8.4 and 12.5 MJ/m3.
Mid-porosity samples (~ 30 to ~ 41%), including CT-P/L and
B1, Y1, Y2 reached pore saturation between 92 and 100%
equating an energy release of 12.6 to 18.1 MJ/m3. Highly
porous RI and Y3 (51.2–54.4) only saturated between 84
and 96% accounting for energy release between 17 and
21.2 MJ/m3.

Decompression experiment results show how the explosive
energy is coupled with porosity, scattering due to the initial
pressure/temperature experimental conditions, and natural
variability/degree of saturation of the core samples (Fig. 6a).
All samples with < 30% porosity did not fragment completely.
Only 30–60% of each of these samples fragmented, indepen-
dent of the initial pressure/temperature conditions.

Grain size distributions of experimentally fragmented
samples

Themedian grain size and the amount of fine ash generated by
experiments (Table 1) show higher proportions of fines for
conditions with higher fragmentation energy (Fig. 6b, c).
Grain size distributions from fragmented drill core samples
are finer (Fig. 7a) as a function of increasing sample porosity.
WI and WIS generally produced the coarsest grain size distri-
butions (WIS1: D50 from − 1.76 to − 2.66 ϕ; WIS2: D50 from
− 3.14 to − 3.20 ϕ) with little fine ash (< 4 wt%). We note that
these samples did not completely fragment (< 1/3 of the whole
sample). Experiments on CT-P and CT-L show very similar
trends, with the pumice-rich CT-P producing a slightly lower
median grain size than CT-L (0.75–0.88 ϕ vs. 0.33–0.42 ϕ
respectively). Both CT-P and CT-L produced similar amounts
of fine ash (5.5–9 vs. 5.4–7.3 wt%). The RI sample series
produced the finest median grain size (from 1.75 and 2 ϕ)
and the highest amount of fine ash (11.6 and 20.6 wt%).

Grain size distributions from breccia block samples span
from very coarse to very fine (Fig. 7b–d), in a similar pattern
to the drill core samples. The fine-grained B1 samples, are
very similar to RI, and produced median grain sizes of 1.45–
1.63 ϕ, and a large proportion of fine ash (9.2–18.4 wt%).
Brecciated B2 samples only partially fragmented (< 2/3 or <
1/3 of the whole sample), and produced a coarse grain size
distribution with median grain sizes from − 1.08 to − 1.25 ϕ,

and low amounts of fine ash (1.7–5.1 wt%); the latter depend-
ing on the initial proportion of fine-grained matrix in the cored
sample. For Y1 samples, the low-porosity samples (~23–
28%) only partially fragmented (< 2/3 of the whole sample),
resulting in coarse grain size distributions with a median be-
tween − 1.55 and − 0.7 ϕ. Mid-porosity Y1 samples (~ 31–
41%), completely fragmented, generating fine median sizes

Fig. 6 Explosive energies (EExpl) (a), median grain size (b), and weight
% of fine ash (3ϕ) (c) of experimentally produced fragments as a function
of samples porosities (in a iso-energetics are calculated based on the
experimental conditions). Cases with porosity < 32% do not have suffi-
cient energy to completely fragment the samples and produce few coarse
clasts with a small quantity of fine ash. In cases with porosity > 32%, for
all initial pressure-temperature conditions tested, the entire sample is
fragmented and these experiments produce finer grain sizes and larger
amount of fine ash. The scattering in the explosive energy reflects the
natural variability in sample textures
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from − 1.1 to − 0.29 ϕ. Both sample suites produced small
amounts of fine ash (2–3.9 wt%). Tuff breccia Y2 samples
produced grain size distributions intermediate between CT-P/
L and RI, with a coarse median diameter (− 0.49 to 0.7 ϕ), and
moderate amounts of fine ash (11.3 to 18.1 wt%). Y3 samples
produced finer median grain sizes (2.23–2.40 ϕ) than B1 or RI
and a significant proportion of fine ash (31.2–33.9 wt%).

Grain componentry of experimentally produced
grains

The experimentally produced fragments from drill core and
breccia block samples have similar componentry to the
Champagne Pool breccia matrix (Fig. 5), but also include
additional grey tuff, silicified material, and crystals of calcite
and mica (Fig. 8, Figures ESM3, 4 and Table ESM4, 5 in
Online Resources). The samples that only partially
fragmented show similar components in similar proportions
to the fully fragmented samples.

In the fragmented drill core samples (Fig. 8a), the white tuff
represents the dominant component, especially for the WI,
WIS, and RI samples, with amounts varying from 60 to
>90%. The second most common components are loose
quartz crystals, varying between rock types: WI (4–6.7%),
WIS (~ 10%), CT-P (33–49%), and CT-L (38–47%), while
being absent in the RI. Calcite crystals, only found in WI,
WIS, and CT-L, vary in quantity between 6 and 8%. WI and

WIS are the only drill core samples containing K-feldspar
crystals (2–15%) and silicified material (10%). The CT-P
fragments mostly consist of white tuff (35–40%) and quartz
(46–49%), with one sample rich in yellow tuff (42%), and
containing common pumices (9–10%). The CT-L fragments
are richer in chlorite (15–18%). The RI is mostly made of
white (85–93%) and grey tuff (4 to 15%). Lithics fragments
vary between 0.3 to 12.7%, while rare mica (< 2%) is only
found in the CT-P.

Within the fragmented material of brecciated clasts and
tuff breccia (Fig. 8b), especially in fine-grained samples
of B1, Y2, and Y3, white tuff is the dominant component
(~ 30 to 76%), quartz crystals make up 16 to 49%. Most
of the brecciated samples from B2 and Y1 are instead
dominated by silicified material (~ 40 to 70%), with minor
white tuff (10–36%) and quartz (5–22%). Only one fine-
grained sample of Y1 contained white tuff fragments
(79%) and minor silicified clasts (10%). Yellow tuff is
found in small amounts (~1–7%) by B2, Y1, and Y2
samples, besides one Y2 sample showing ~ 21.7%.
Pumice fragments are found in all exploded samples, es-
pecially from Y2, with quantities varying between 1 and
14%. Lithics fragments were generated from all samples
and make up between < 1 to 10% of the particles. Chlorite
is only found as a minor component (< 2%) within
fragmented Y1 and Y2 samples.

Fig. 7 Grain size distribution (cumulative weight percent passing) of experimentally produced fragments from samples from drill cores (a), and CP
breccia blocks from the lower (b) and upper bed (c, d)
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The proportions of the main components are similar be-
tween the experimentally produced fragments of drill cores
and breccia blocks. The only exception is the almost total
absence of silicified material in the produced fragments from
drill core samples (Table 2, Fig. 8).

Ejection velocities

Ejection velocities (vEject in Table 1) are computed from the
displacements of individual particles tracked across five suc-
cessive frames of high-speed footage. For a few experiments,
the initial part of the plume was obscured by large vapour
clouds so that only minimum velocities could be estimated.
In general, the ejection velocities weakly correlate with explo-
sive energy (Fig. 9a), with data scatter due to initial pressure/
temperature conditions and natural variability in sample
strength (cf., Montanaro et al. 2016).

For the drill core sample series, the CT-P fragments show
the lowest velocities (196 ± 19 m/s), with the highest veloci-
ties in CT-L (233 ± 15 m/s) and RI (215 ± 14 m/s) samples.
Among the breccia block series, B1 samples eject the slowest
fragments (179 ± 12 m/s), while higher velocities are reached
by particles from Y1 (197 ± 15 m/s), Y2 (182 ± 16 m/s), and
Y3 (218 ± 11 m/s).

Fragmentation velocities

Fragmentation velocities (vFrag in Table 1) were measured for
all samples that completely fragmented. Fragmentation veloc-
ities are generally scattered, with no clear correlation with
explosive energy (Fig. 9b). For the drill core series, the CT-
P samples show higher fragmentation velocities (214 ± 7 m/s)
than CT-L (162 ± 4 m/s) and RI (131 ± 8 m/s). Breccia blocks
samples show similar ranges, withY3 having higher velocities
(201 ± 11 m/s) than Y2 (176 ± 4 m/s), B1 (161 ± 3 m/s), and
Y1 (63 ± 16 m/s).

Discussion

Source lithologies of champagne Pool eruption

Drill core data from the nearby WT-6 core (Dench 1963;
Hedenquist and Henley 1985) provide stratigraphic and litho-
logic control, and insight into local hydrothermal alteration.
Noteworthy, among the drill core samples, the only lithology
showing silicified material is the deeply seated Waiotapu ig-
nimbrite (Fig. 8). This suggests that in the WT-6 area, fluids
circulated and partially altered rocks only within deeper frac-
tures. By contrast, upwelling of silicifying fluids that occurred

Fig. 8 Componentry of experimentally produced fragments from
decompression experiments with drill core samples determined from
point counts (300 grains) of 0.5-mm sieved fraction. a Detailed
componentry in vol.% for Waiotapu ignimbrite (typical: WI;
lithophysae: WIS), Crystal-rich tuffs (pumice-rich: CT-P; lithic-rich:

CT-L) and Rangitaiki ignimbrite (RI). b Detailed componentry shown
in percentage for brown tuffs (B1) and brecciated clasts (B2) of the lower
bed, and for yellow brecciated material (Y1, Y2) and yellow tuffs (Y3)
from the upper bed
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to shallower levels must have occurred via a pre-existing per-
meable pathway (fracture zone) beneath the present
Champagne Pool (Fig. 2). Despite the differences in silicifica-
tion, there are similarities in componentry (e.g. the abundance
of tuff types and minerals) between the experimental results
from drill core and breccia clast samples (Fig. 8, Table 2).
Considering this, experimentally fragmented material remains
a robust proxy to correlate the inherited characteristics of com-
ponents with the original pre-eruptive lithologies (Geshi et al.
2011). These are used alongside petrophysical properties to
fingerprint the host rock involved at different stages of the
eruption (cf., Heap et al. 2019).

In the lapilli-to-block-sized fraction, the lower bed of the
Champagne Pool breccia is rich in altered fine-grained ash-
rich tuffs (B1), and silicified brecciated clasts (B2), containing
lithics and pumices (Fig. 3a). Their appearance, textures,
petrophysical properties, and componentry (Fig. 3, Table 2)
suggest that these lithologies originate from fragmented deep-
seated CT-P/L or RI units. The nature of the breccia block B2
also indicates that a fractured and silicified portion of these
units was involved in the eruption. Experimentally produced
fragments from B1 show finer grain sizes, but similar
componentry to CT-P (Figs. 7 and 8), while partially
fragmented B2 samples show coarser sizes and a componentry
dominated by silicified material, which are absent in drill core
samples.

The lapilli-to-block-sized fraction of the upper Champagne
Pool breccia bed is dominated by weakly consolidated ash-
rich and accretionary lapilli-rich tuffs (Y3), and secondary
silicified brecciated clasts (Y1) and tuff breccia (Y2) with
variable textures, and containing lithics, pumices, and abun-
dant crystals (Fig. 3, Table 2). The Y3 samples are derived
from Oruanui ignimbrite. The fragmentation of such porous,
low-density and accretionary lapilli-rich tuffs, results in fine
grain sizes generation (Fig.7) and high fragmentation velocity
(Fig. 9). Petrophysical properties of mid-porosity brecciated
Y1 cores are similar to CT-P/L, while the low-porosity sam-
ples show similar features to WI (Fig. 3). In the experiments
the first type of Y1 cores fragmented completely, generating
grain sizes very similar to B2 and CT-P/L, while the second
type fragmented only partially, producing size distributions
similar to WI (Fig. 7). The componentry of fragmented parti-
cles from all Y1 cores are dominated by silicified clasts (Fig.
8) with minor white/yellow tuff and lithics. This is very sim-
ilar to particles produced by fragmentation of silicified CT-P/
L and WI units. Breccia tuff Y2 samples have petrophysical
properties that almost completely overlap those of CT-P/L
(Fig. 3b). The experimentally produced fragment size distri-
butions (Fig. 7) and componentry of Y2 include chlorite (Fig.
8) and are very similar to those produced by CT-P/L.

The matrix of the lower Champagne Pool breccia bed is
dominated by white tuff and quartz, with minor pumice and
lithics. Overall, this resembles a mixed componentry derived

from CT-P and RI lithologies. The transition layer between
the two breccia beds shows an increasing content of yellow
tuff, which becomes dominant in the upper bed, together with
white tuff and minor quartz, lithics, and pumice. The abun-
dance of yellow tuff in the transition layer could originate
from an input of deeper units, or more likely, a greater in-
volvement of the argillic-altered portions of the Oruanui
Ignimbrite, where kaolinite and alunite zones produce
yellow-coloured alteration products (Fig. 2a; Hedenquist and
Henley 1985; Hedenquist and Browne 1989). Caution is need-
ed in comparing these components due to (i) subsurface
mixing and sorting occurring during the debris jet emplace-
ment (Graettinger et al. 2015) and (ii) the efficiency of steam-
flashing in fragmenting the host rock into ash-fine lapilli sizes
(Montanaro et al. 2016). For instance, the matrix of both lower
and upper bed breccia lacks silicified material, although this is
abundant in the coarse lapilli and blocks. This might indicate
that fragmentation processes were not efficient for the silici-
fied lithologies (cf., Kueppers et al. 2006).

Decompression experiments showed that low porosity li-
thologies only partially fragment under the investigated con-
ditions. This is consistent with the absence, or rarity, of WI/
WIS clasts and their components (e.g. the characteristic k-
feldspar; Fig. 8), within the breccia blocks and matrix.

Eruption trigger and mechanism

The lower bed of the breccia includes deep-seated local lithol-
ogies such as CT-P and RI, as well as shallow OI clasts at the
base of the unit (Fig. 3). The CT-P clasts indicate that the
initial explosion began at least at a depth of ~ 110–100 m
(Fig. 2). In addition, some of the CT-P clasts were brecciated
and silicified (Figs. 3 and 10). Similar brecciated and re-
cemented clasts are found in other hydrothermal breccia de-
posits (e.g. Nairn and Wiradiradja 1980; Hedenquist and
Henley 1985; Kennedy et al. 2020; Montanaro et al. 2020)
and drill cores from geothermal fields (White et al. 1975;
Krupp and Seward 1987; Dobson et al. 2003). Their textures
were attributed to hydraulic fracturing (Phillips 1979;
Bromley and Mongillo 1994), produced by over-pressurised
fluids along fault/fractures that break rocks and precipitate
silica along fractures. Such mechanisms generally predate
and sometimes trigger explosive events (Nairn and
Wiradiradja 1980). Silicification of fractures and pores of sur-
rounding rocks can reduce matrix permeability of hydrother-
mal reservoir rocks of orders of magnitude, and enhance frac-
ture formation (Heap et al. 2020). Yet, at the same time, silic-
ification may form an effective aquitard or aquiclude horizon
(Lowell et al. 1993; Dempsey et al. 2012). Any excess CO2 or
other magmatic gas rising from a basaltic dyke (> 1000 t/day;
Nairn et al. 2005), would be channelled within fractures with-
in silicified portions of the deeper units (Uysal et al. 2009;
Rowland and Simmons 2012), but ultimately trapped by a
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cap rock (e.g. silicified and/or argillic-altered levels). Over-
pressurization thus leads to hydraulic fracturing and explosive
failure (Browne and Lawless 2001; Morgan et al. 2009;
Christenson et al. 2010; Rosi et al. 2018; Stix and Moor
2018; Heap et al. 2019). A pressurised aquifer likely breaches
near a horizontal discontinuity, such as a textural break, or
cap/seal layer (Stearns and McDonald 1949; Browne and
Lawless 2001). This leads to a top-down rarefaction wave,
in concert with a returning pressure wave that fragments and
ejects clasts (Germanovich and Lowell 1995; Montanaro et al.
2020). This mechanism explains the opening stage of the
Champagne Pool eruption, recorded by emplacement of the
lower breccia bed (Fig. 10).

The limited distribution of the lower bed and the high-angle
ballistic impact sags (Fig. 4a, b), suggest that the initial crater
was located close to the current pool with deep-seated explo-
sions forming a narrow, diatreme-like crater (Maeno et al.
2013; Taddeucci et al. 2013). Variation in the upper breccia
bed componentry and its broader irregular distribution sug-
gests multiple explosion locations, as well as unstable or di-
rected jets, affected by the initially formed crater walls
(Taddeucci et al. 2013; Graettinger et al. 2015). In particular,
the large abundance of OI material with low impact angle
(Fig. 4a–f), and the large deposit thickness to the north, point
to multiple shallow explosions at later stages of the eruptionTa
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Fig. 9 Experimental results of ejection velocities (a) and fragmentation
velocities (b) plotted as a function of bulk explosive energies (EExpl)
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that migrated/excavated northward (Valentine et al. 2015;
Kennedy et al. 2020; Montanaro et al. 2020).

Geothermal features such as hot-spring conduits, hydro-
thermal eruption vents, and collapsed craters, are most com-
monly found close to faults (Curewitz and Karson 1997;
Rowland and Simmons 2012; D’Elia et al. 2020). Structural
features can also control vent migration during explosive
events involving fluids rising through fractures (Ort and
Carrasco-Núñez 2009). A local graben contains the collapsed
craters and the Champagne Pool and creates a morphological
buttress on the west and south sides of the pool. A SSW-NNE-
striking fracture cuts through the crater site (Fig. 1; Lloyd
1959; Curewitz and Karson 1997). These all indicate a
fracture-controlled migration of the explosion loci, especially
during its later eruption stages (Jordan et al. 2013; López-
Rojas and Carrasco-Núñez 2015; Graettinger 2018).

Combining the structural and breccia features, we suggest
that the initial deep-sourced jet occurred in the southern part of
the crater area, and was followed by a decompression/flashing
front propagating northward through the OI-hosted shallow
reservoir (Fig. 10). Continuous flashing of fluids likely fuelled
shallow explosions and subsequently enlarged the crater. A
similar mechanism is described for the formation of craters at
Lake Okaro andWhakaari/White Island (Kennedy et al. 2020;
Montanaro et al. 2020). Slumping of shallow unconsolidated

deposits into the central vent area likely intermittently blocked
it, inducing further deep explosions and sporadic debris jets
transporting deeper clasts into the shallow ejection zone (cf.,
Sweeney and Valentine 2015). This, along with recycling of
the lower breccia bed during crater widening, explains the
deeply sourced fragments in the OI-dominated upper breccia
bed. The presence of argillic-altered layers within the base of
the OI deposit (Hedenquist and Henley 1985) could have also
contributed to slumping/collapse during the northward exca-
vation (Fig. 10). The breccia distribution pattern may also
reflect strongly asymmetrical jets (cf., Graettinger et al.
2015). Once the eruption ended, collapse and compaction of
the material occurred in the northern basin (Fig. 10). This
suggests that the final size of the crater produced by the erup-
tion itself was approximately 100–120 m (Fig. 1b).

Eruption dynamics and energetic considerations

Here, we compare the Champagne Pool eruption to studies of
natural explosion craters (Yokoo et al. 2002; Valentine et al.
2015; Montanaro et al. 2016; Graettinger and Valentine 2017;
D’Elia et al. 2020), and field-based explosion experiments
(Goto et al. 2001; Ohba et al. 2002; Taddeucci et al. 2013;
Graettinger et al. 2014; Sonder et al. 2015; Macorps et al.
2016). The experiments show that eruption dynamics and

Fig. 10 Conceptual cartoon (not to scale) showing the geological setting
and the evolution of the Champagne Pool eruption. A rapid pulse of heat
and gas pressure from magmatic fluids (CO2) was focused into pre-
existing faults and fractures (1), to overpressure geothermal fluids until
aquitards were disrupted (2), and rapid fluid decompression began (3).
The breaking of harder/low porosity host rocks at depth led to a first
narrow/localised bottom-up explosions, eventually only breaking to the
surface with low energy and emplaced a small breccia deposit (brown
lower bed). The second phase, much more extensive, produced wider

ejection of larger particles and a final thicker breccia (yellow upper
bed). This occurred when weak/unconsolidated and highly porous units
near the surface were disrupted. The transition between the two phases of
eruption occurred when deeper eruptions broke through silicified and
stronger aquitard layers. The soft substrate disrupted during the second
phase collapsed into the crater centre to repeatedly choke and induce
ongoing deeper-sourced eruptions while also spreading laterally along a
local fault strike (3–4). Final collapse of the crater rim material lent the
crater its final shape
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emplacement of ejecta depend strongly on the combination of
explosion depth and energy, and the local topography. The
relationship between energy and depth of explosion can be
characterised by the scaled depth (physical depth divided by
the cube root of energy; Goto et al. 2001). The scaled-depth
condition during which the largest craters are produced is
~0.004 m/J1/3. At scaled depths of ~ 0.008 m/J1/3 and greater,
explosion energy is predominantly confined below ground,
with no ejecta (Valentine et al. 2014). However, if deep-
seated fragments are incrementally transported upward by ex-
plosions to optimal depths (Ross and White 2006; Sweeney
and Valentine 2015), they may be eventually transported to
the surface. If we assume that the largest crater produced dur-
ing the initial Champagne Pool eruption was ~ 60 m in diam-
eter (the current pool dimension), the Goto et al. (2001) rela-
tionship would suggest an explosive energy of ~ 1012 J. This
value is likely an order of magnitude too low, since it does not
include the energy loss to fragmentation (Alatorre-
Ibargüengoitia et al. 2010; Montanaro et al. 2016). Neither
does it include the effect of explosivity-enhancing gases
(e.g. CO2; Thiéry et al. 2010; Hurwitz et al. 2016) or steam-
flashing of heated groundwater (Mastin 1995; Thiéry and
Mercury 2009; Montanaro et al. 2016). Thus, an explosive
energy of ~ 1013 J is more likely, corresponding to an optimal
scaled depth between 86 and 93 m, and a confinement depth
between 172 and 187 m (Sonder et al. 2015).

The lower breccia bed is a massive deposit with abundant
blocks sourced from different stratigraphic levels, including
clasts of the 100–110-m-deep CT-P, which is well within the
scaled conditions suggested above. The upper breccia is
thicker, wider spread, and associated with numerous larger
blocks within proximal and medial facies. These clasts are
dominated by material excavated from the OI unit (~ 80–
70 m). The texture, componentry, and explosion depth esti-
mated for both breccias imply a deposition from ballistic cur-
tains, with extremely rapid sedimentation from a spreading
and collapsing jet (Fig. 10; Graettinger et al. 2015;
Graettinger and Valentine 2017).

Theoretical considerations and experimental results reveal
an increasing explosive energy with porosity, suggesting that
reservoirs hosted within the shallow RI and OI (< 100 m) had
a higher explosive potential (17 to ~21 MJ/m3) than deep-
seated (> 100 m) reservoirs (~ 8 to ~ 16 MJ/m3) within CT-
P/L andWI/WIS (Fig. 6a). The exploded host rock lithologies
also modulated the fragmentation and ejection behaviour
(Scheu et al. 2006). In this, alteration-driven changes in host
rock properties must be considered. Secondary mineralisation
can reduce matrix permeability, especially formation of ex-
panded hydrated minerals (clays) and silica precipitation with-
in pores and veins (Dobson et al. 2003; Heap et al. 2019,
2020). Porosity reduction results reduce the content of hot
and pressurised fluids, ultimately reducing the fragmentation
efficiency (Mayer et al. 2016; Montanaro et al. 2016, c). In our

study, weaker explosivity is indicated by the coarser median
grain size and lower weight % of fine ash (3 ϕ) in experiments
(Fig. 6b, c). In addition, silica-strengthening of lithologies
affected the fragmentation speed, which does not show the
expected positive correlation with explosive energies (Mayer
et al. 2016;Montanaro et al. 2016). For the estimated energies,
rocks with porosity < 32% are only partially fragmented (Fig.
6). Among the rocks with higher porosities, the relatively
more cohesive/compacted lithologies (which are also general-
ly deeper in this case) show comparatively low production of
fines (~ 1–18 wt% vs. ~ 12–33.9 wt%), as well as lower ejec-
tion (196 ± 16 m/s vs. 216 ± 13 m/s) and fragmentation veloc-
ities (158 ± 6 m/s vs. 166 ± 9 m/s) than the shallow, weakly
silicified units (Figs. 6c and 8a, b). The higher fragmentation
velocity and the greater fines generation of the weakly con-
solidated OI compared with the firmer RI further highlights
the effect of rock strength on eruption style (Haug et al. 2013;
Montanaro et al. 2016). Experimental results and field inter-
pretation indicate that the deeper lithologies require higher
energy to be fragmented and ejected, whereas fragmenting/
disaggregating the OI and enlarging a crater requires less en-
ergy (Morgan et al. 2009; Alatorre-Ibargüengoitia et al. 2010;
Galland et al. 2014; Montanaro et al. 2016, 2020). The soft OI
lithology, combined with shallow explosions, produced large
volumes of ejecta (Graettinger et al. 2015), that were mostly
dispersed to the north (Figs. 1b and 10).

The lateral extent of a ballistic curtain deposit also depends
upon the explosion energy and on its scaled depth (Graettinger
et al. 2015). Although exposure is limited, both the lower and
upper breccia bed have high aspect ratios, with thick deposits
near the crater, and rapid thinning away from it. The lower bed
contains fewer and smaller blocks than the upper bed, the
latter including > 50-cm-diameter blocks launched over
200 m from the crater. Thus, if the two beds were sourced
from explosions below the main Champagne Pool crater, the
upper breccia must have resulted from higher energy conver-
sion into kinetic energy. Experimental data show that deep-
sourced lithologies (e.g. CT-P/L) produce low ejection veloc-
ities, compared with OI and RI. Also, the Champagne Pool
eruption likely produced a dense particle-rich jet, so that the
friction within the mixture, and between the erupting material
and the conduit walls, reduces the kinetic energy (Mastin
1995). This friction loss may have beenmost important during
deep-sourced explosions (Fig. 10).

Conclusions

Host rock properties of geothermal systems strongly affect
cratering processes, eruption style, and related hazards during
steam-driven hydrothermal eruptions (Mastin 1995; Browne
and Lawless 2001; Haug et al. 2013; Montanaro et al. 2016,
2020; Heap et al. 2020; Kennedy et al. 2020). Analysis of the
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Champagne Pool breccia and drill core materials, along with
decompression experiments, allowed us to fingerprint the
eruption source depth and fluid state during all phases of the
eruption. Stratigraphic boundaries, along with variable de-
grees of alteration affecting porosity, and host rock strength
played a key role in eruption dynamics. Heat and gas pressure
from magma below was focused into pre-existing faults and
fractures, to overpressure geothermal fluids until aquitards
were disrupted and rapid fluid decompression began. The ge-
ometry of the deposits with harder, low porosity units at depth
led to the first narrow/localised explosions, initially only
breaking to the surface with low ejection energy. The second
phase was laterally much more extensive and, overall, more
violent at the surface, with wider ejection of larger particles
and formation of thicker deposits. This occurredwhen shallow
weak/unconsolidated and highly porous units were disrupted.
The transition between the two eruption phases occurred when
deeper eruptions broke through a silicified, strong aquitard
layer. The contrasting rock properties remain reflected in the
champagne-glass-like geometry of Champagne Pool.

Investigations of similar eruptions under different geolog-
ical conditions should be undertaken to widen our understand-
ing of how local host lithologies and associated hydrological
conditions affect priming/triggeringmechanisms, eruption dy-
namics, crater size, and deposition mechanisms. From this
study, we suggest that if predominantly soft, unconsolidated,
and highly porous strata are disrupted during hydrothermal
eruptions, broad and irregular craters will form. Crater shapes
may reflect also concentrated decompression and fluid expan-
sion along rift or fracture orientations. Eruptions in soft sub-
strates may be highly irregular, with repeated blocking and
explosive clearance of central deeper vents by repeated
slumping of crater walls. By contrast, hydrothermal eruptions
within harder, less porous material, may cause narrower,
deeper craters, with a greater tendency to focus fluids expan-
sion into smaller, localised areas. Consequently, these may
also produce more localised deposits from lower-intensity de-
bris jetting and a more rapid caseation of eruption as pressure
equilibrates because crater walls are stable.

Substrate/host rock settings play a key role in hazard inten-
sity metrics of hydrothermal eruptions, which are fundamental
for impact assessment and planning. It is apparent that both
parent geology and alteration-induced lithological changes
(e.g. silicification) are important for generating a depth-
variability of host rock properties (e.g. porosity and rock
strength) that strongly influence the dynamics and spatial im-
pact of hydrothermal eruptions. By understanding the local
geology, geothermal alteration properties, and hydrology of
active geothermal areas in active tectonic settings, first-order
eruption scenarios can be proposed for different geological
and geometric settings across susceptible areas, taking into
account pre-existing faults and other structural features that
focus fluid flow from below.
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