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EXPRESS LETTER

Experimental approach to rootless 
eruptions using kitchen materials
Rina Noguchi1,2*  , Ai Hamada3, Ayako I. Suzuki2 and Kei Kurita4

Abstract 

Rootless eruption is caused by lava flow entering inland water or wet sediment and forms craters and cones far from 
the actual vent. Since the rootless eruption can be significantly explosive, the possibility of rootless eruption is critical 
for hazard management; however, forecasting occurrence and explosiveness of a rootless eruption remains difficult 
because explosiveness is considered to correlate nonlinearly with the mass ratio of hot lava and water. Here, we show 
the nonlinear nature of this type of eruption roots from the nonlinearly determined area between lava and underlying 
wet sediment as a function of water content within the wet sediment by a series of analog experiments can be imple-
mented in a kitchen. In our analog experiment, lava and wet sediment were replaced by heated syrup and mixture of 
baking soda (sodium bicarbonate) and cake syrup. From measurements of mass loss due to CO2 gas emission during 
the heat-induced decomposition of baking soda, we estimated the reaction efficiency for various proportions of bak-
ing soda and cake syrup in the substrate. We observed a nonlinear dependence of CO2 emission; the peak efficiency 
was achieved for the substrate with 15 and 35 g of baking soda and cake syrup, respectively. Considering physical 
properties such as density and viscosity, we found that the Rayleigh–Taylor instability between the poured heated 
syrup and the substrate can explain the observed nonlinear dependence of CO2 emission. For natural settings, the 
results of this study suggest that both the availability of water and rheological properties of the substrate affect the 
occurrence and stability of hydrovolcanic eruptions.
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Introduction
Explosions caused by magma making contact with water, 
such as phreatomagmatic eruptions, vary in their inten-
sity (efficiency of the transformation from thermal to 
mechanical energy). This variation is considered to cor-
relate with the mass ratio of magma and water (Wohletz 
and Sheridan 1983), especially for basaltic magma. In 
water-rich environments, such as submarine regions, 
for basaltic magma, no vigorous explosion occurs and 
extruded lava solidifies as pillow lava, sheet-flow lava 
(e.g., at the ocean entry and on the deep ocean floor), or 
both, although many exceptions exist. These exceptions 
may be related to the eruption system (e.g., submarine 
eruption of Teishi Knoll in 1989; Yamamoto et al. 1991) 

and may result from a volatile-rich magma composi-
tion. In contrast, in drier environments (far from water 
sources), lava fragments are ejected ballistically (i.e., 
Strombolian-style eruption). In a setting with a water–
magma mass ratio of around 0.3 (Wohletz and Sheridan 
1983, see the supplementary material for details), vigor-
ous eruption occurs and pyroclastic surges are produced 
(i.e., Surtseyan-, Hawaiian-, and Vulcanian-style erup-
tions). This explosive interaction of basaltic magma and 
water has been observed in a subaerial environment 
(e.g., Ukinrek maars; Kienle et  al. 1980). This nonlinear 
relationship of the explosion intensity in hydrovolcanism 
has been experimentally investigated (e.g., Zimanowski 
et  al. 1997) with lava–water interaction where there is 
no direct magma feeding system beneath a volcano (i.e., 
rootless eruptions; Fagents and Thordarson 2007).

Rootless eruptions are continuous explosive interac-
tions between lava and water-saturated sediments (e.g., 
Thorarinsson 1953; Mattox and Mangan 1997; Greeley 
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and Fagents 2001; Fagents and Thordarson 2007; Ham-
ilton et  al. 2010a). When hot molten lava covers water-
saturated sediments, explosions occur due to rapid 
vaporization of packed water by heating. With repeated 
explosions (i.e., eruptions) and ejection of fragments, 
caused by subsequent lava flow, a conical body forms, 
called a rootless cone or pseudocrater. In general, rootless 
cones have a relatively small edifice (5 to 450 m, Fagents 
and Thordarson 2007, and references therein) compared 
to that of other volcanoes. Geomorphological and rock 
sample analyses have shown explosion intensity varia-
tion in rootless eruptions (Fagents and Thordarson 2007; 
Gregg and Christle 2013; Noguchi et al. 2016; Hamilton 
et al. 2017; Fitch et al. 2017). In the early phase, the erup-
tion is intense enough to produce dilute pyroclastic den-
sity currents (Hamilton et  al. 2017). Deposits from this 
phase include not only lava fragments but also aggregates 
of water-logged sediments ( ∼ 60% by weight), which is 
evidence of the dynamic mixing of lava and the water-
logged substrates. Then, through a rhythmic explosion 
cycle, a conical edifice forms around the explosion center 
due to the emplacement of a series of lapilli-dominated 
bed pairs. A lapilli-dominated bed pair consists of a fine 
lower layer and a coarse upper layer, which are thought 
to be formed by tephra falling and ballistic ejection, 
respectively (Hamilton et al. 2017). This rhythmic explo-
sion cycle has been inferred to be the result of a recharge 
of groundwater to the explosion point (Hamilton et  al. 
2017). As the eruption proceeds, because available water 
runs out, the explosion intensity decreases and the ejecta 
shifts to spatter-dominant (Fagents and Thordarson 
2007). Gregg and Christle (2013) showed a non-explosive 
interaction of lava and water, where only remnants of 
the steam vent were found as vertical basaltic pipes (lava 
pillars) in the collapsed area of the lava drainage system 
because low fragmentation occurred in the interaction. 
Thus, the interaction of molten lava and water-saturated 
sediments leads to a wide range of explosion intensities, 
and there is a nonlinear relationship between explosion 
intensity and available water. This nonlinear variation in 
explosion intensity of rootless eruptions is comparable to 
that of hydrovolcanism (e.g., the Strombolian/Hawaiian–
Surtseyan–submarine sequence) (Wohletz and Sheridan 
1983; Fagents and Thordarson 2007). Clarifying explosion 
processes in rootless eruptions as one of the phenomena 
of magma and water interaction plays an important role 
in understanding phreatic and phreatomagmatic erup-
tions, in which external water drives explosions.

Rootless eruptions have been observed in several envi-
ronmental settings, but direct documentation is rare 
due to their short formation timescale. In Hawaii, lit-
toral explosion activities (i.e., lava–sea water interac-
tions) were observed in the period 1992–1994 (Mattox 

and Mangan 1997). The explosions occurred in a lava 
tube system on a lava delta, not in a fissure vent system. 
The explosions were unusual. The longest duration was 
43 h, and bubble bursts, lava fountains, steam jets, lithic 
blasts, and tephra jets were observed. Mattox and Man-
gan (1997) noted that the trigger of the littoral eruptions 
was the collapse of a bench (bounded inland by an ocean-
facing scarp). Explosive interactions of lava and snow 
were observed in Fimmvörðuháls during the 2010 Eyjaf-
jallajökull eruption (Thorkelsson et  al. 2012). Accord-
ing to Thorkelsson et  al. (2012), explosive interactions 
of lava and snow (water after melting) were observed on 
several days from the end of March to early April, 2010. 
The explosions occurred where lava flowed into gullies, 
not at the fissure vent. As a result of these explosions, 
small tephra cones (i.e., rootless cones) formed, though 
they later disappeared due to the coverage by subsequent 
lava flow (Á. Höskuldsson, personal communication). 
Although rootless eruptions have been documented, 
there are no descriptions of a continuous rootless erup-
tion that formed conical edifices.

The triggering and stability of continuous explosions 
have been the critical argument for a rootless eruption. 
For rootless eruptions in a littoral area, the collapse of a 
lava delta and the subsequent inflow of lava into water-
bearing coastal sediments triggers lava–water interaction 
(Mattox and Mangan 1997). For an inland setting, Reyn-
olds et  al. (2015) showed a possible stabilizing mecha-
nism of a conduit that can produce continuous rootless 
eruption. The spatter lining on the inner wall may main-
tain the conduit during the explosions. There are no 
integrated explanations of the triggering and continuous 
maintenance of eruptions that form rootless cones. Root-
less eruptions can be hazardous. On March 16, 2017, the 
explosive interaction of lava and snow on the flank of 
Mt. Etna injured 10 people, with ejected products rang-
ing from ash to decimeter-sized bombs (Todesco 2017; 
Andronico et al. 2018). A sudden explosion at the ocean 
entry of Kilauea, Hawaii, on July 16, 2018, damaged a tour 
boat, and 23 people were burned by a lava bomb that had 
penetrated the roof (U.S. Geological Survey 2018; DLNR 
2018). In this background, understanding the triggering 
and stability of continuous explosions in a rootless erup-
tion would contribute to regional disaster prevention 
around volcanic areas. Furthermore, such an understand-
ing would apply to not only rootless eruptions but also 
other external water-related volcanic eruptions.

In this study, we conducted experiments of rootless 
eruptions to verify the nonlinear relationship of their 
explosion intensity. We used heated syrup as an analog 
of high-temperature lava and a mixture of baking soda 
(sodium bicarbonate) and cake syrup as that of water-sat-
urated sediments. In this experimental setting, bubbling 
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of substrate water was simulated by decomposition of 
the baking soda, although the bubbling observed in our 
experiment was not explosive and caused no ejection of 
material. This study thus focuses on the efficiency of the 
reaction in terms of the magnitude of thermal decompo-
sition of the baking soda by poured heated syrup. For the 
analog rootless eruptions, we attempt to determine the 
trigger of explosions and explain explosion stability. This 
experiment is the first to create analog rootless eruptions 
using kitchen materials.

Experimental method
The basic procedure for our experiment is similar to that 
in a karumeyaki (Japanese honeycomb toffee) recipe 
(Additional file 1: Fig. S1). As an analog for water vapori-
zation, which drives rootless eruptions in nature, we use 
CO2 emission from the thermal decomposition of bak-
ing soda (sodium bicarbonate). Sodium bicarbonate 
( NaHCO3 ) thermally decomposes into sodium carbonate 
( Na2CO3 ), water ( H2O ), and carbon dioxide ( CO2).

Because of this reaction, sodium bicarbonate is often 
used as a leavening agent in cooking. We used heated 
syrup (Kogo Starch Co. Ltd) as an analog of molten 
lava, and baking soda (Shouwa Seiyaku) and cake syrup 
(TOPVALU) as that of the substrate (Additional file  1: 
Fig. S2). The substrate, prepared to be 50 g in total, was 
poured into a petri dish (inner diameter: 76 mm). First, 
we heated the syrup to around 140 ◦C using an induction 
cooktop. After heating, the syrup was kept still for about 
20  s to remove the bubbles generated during heating. 
We poured the heated syrup onto substrates with vari-
ous ratios of baking soda and cake syrup, covering their 
surface completely (roughly 40 g of syrup per substrate). 
Since the density of the heated syrup is higher than that 
of the substrate, the poured syrup sank in the substrate. 
The heat of the syrup induced the thermal decomposi-
tion of the substrate. During the experiment, we logged 
the mass changes due to CO2 emission using an electric 
balance (EK-610i, A&D Company). To quantify reaction 
efficiency, the decomposed percentage of baking soda 
(Dsoda) was calculated as follows:

where molCO2 is the amount (mol) of produced CO2 , and 
84 and 2 come from the molecular weight of NaHCO3 
and the amount (mol) of decomposed NaHCO3 , respec-
tively. S is the input weight of baking soda. After the 
experiment, we measured the size of bubbles generated 
on the surface of the solidified syrup using ImageJ soft-
ware (version 1.49). We visually identified bubbles and 

2NaHCO3 −→ Na2CO3 +H2O+ CO2 ↑

(1)Dsoda =
(molCO2 × 84 × 2)

S

approximated them as ellipses. The bubble size, bubble 
area, and their totals were calculated using the “Analyze 
Particles” function after binarization to select bubble 
areas.

Results
In the experiments, we found a peak in the final mass 
loss for the substrate with 15 g of baking soda and 35 
g of cake syrup (Fig.  1b). Hereafter, the proportion of 
baking soda and syrup is shown (e.g., 15–35 substrate). 
Figure  1a shows the mass change of the system dur-
ing experiments. The mass rapidly decreased in the first 
100  s for 5–45, 10–40, 15–35, 20–30, and 25–25 sub-
strates. We observed small mass loss (0.31 g) for the 
0–50 substrate. We regarded this mass change as being 
due to the generation and release of water vapor by an 
interaction of poured heated syrup and the water in the 
cake syrup. Assuming this, we obtained an efficiency of 
0.31/50 = 0.0062 g per gram of poured syrup. Consid-
ering this effect, we calculated mass loss caused by bak-
ing soda decomposition (i.e., generation and release of 
CO2 ). In our experimental setting, the maximum mass 
loss was observed for the 15–35 substrate (0.83 g, Addi-
tional file  1: Table  S1). This nonlinear peak seems enig-
matic because of the occurrence of increasing amount of 
the source material in more soda-rich substrates. For the 
15–35 substrate, rapid mass loss was initially observed 
(Fig.  1a). The decomposed baking soda ratio (decom-
posed baking soda mass calculated from generated CO2

/input baking soda mass) is high at low baking soda con-
tent and low at high baking soda content (Fig. 1c).

The surface of the solidified heated syrup is character-
ized by a vesiculated structure (Fig.  2, Additional file  1: 
Figs. S3–S11). The circular structures are quenched 
remnants of CO2 bubbles on the surface. The bubble 
size, total number of bubbles, and bubble number den-
sity greatly vary with substrate composition (Fig. 1d, e). 
Bubble number density is relatively high for 5–45, 10–40, 
and 15–35 substrates. Bubble occupancy (bubble area/
area of petri dish) is relatively high for 15–35, 20–30, and 
25–25 substrates. We found four patterns for the bubble 
characteristics: (1) Only a few microbubbles ( < 1mm2 ) 
were observed for the 0–50 substrate, (2) small bubbles 
( 1 ∼ 10mm2 ) were dominant for the 5–45, 10–40, and 
15–35 substrates, (3) large bubbles ( 10 ∼ 1000mm2 ) 
with much smaller bubbles ( 1 ∼ 10mm2 ) within them 
were dominant for the 20–30, 25–25, 30–20, and 35–15 
substrates, and (4) one large bubble was observed for the 
50–0 substrate. Figure  3 shows a photograph of a petri 
dish taken from below the dish in an experiment with 
the 15–35 substrate. When the substrate was washed out 
with tap water, many holes connected to the internal void 
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space were found. They are vents through which CO2 gas 
continuously escaped.

The load and flame structure of the heated syrup and 
the substrate after the experiment (e.g., Fig.  3) suggests 
that the heated syrup sank into the substrate during the 
experiments. Such a load and flame structure of a viscous 
fluid is associated with Rayleigh–Taylor instability (RTI). 
RTI refers to the instability of the interface between two 
fluids with different densities, which occurs when a heavy 
fluid superposes a lighter fluid in a gravitational field (Ray-
leigh 1882; Taylor 1950). The density of the heated syrup 
(upper layer) was higher than that of the substrate in the 

experiments with 0 to 15 g baking soda content ( 1.47 g/cm3 
for the heated syrup, 1.35 to 1.44 g/cm3 for the substrate, 
as shown in Additional file 1: Table S2). In addition, extra 
experiments (Additional file  1: Figs. S12, S13) confirmed 
that RTI could occur under the conditions of our main 
experiments. (Detailed information on the extra experi-
ments is shown in the supplementary materials.)

Discussion and implications
The nonlinear dependence of CO2 emission on the baking 
soda concentration is similar to the trend in of Wohletz and 
Sheridan (1983). The reason why the maximum emission 

Fig. 1  Experimental results. a Mass changes of the system during experiments. Relationship between the mass ratio of baking soda/poured heated 
syrup and b mass losses caused by baking soda decomposition, c percentage of decomposed baking soda, d bubble number density, and e 
bubble occupancy in a petri dish. f Bubble size and number for each substrate composition. Colors correspond to substrate composition, as shown 
in the legend in a. S = mass of baking soda (g), C = mass of cake syrup (g)
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occurs at an intermediate value of the baking soda concen-
tration is important for understanding the nonlinear rela-
tionship of explosion intensity in rootless eruptions. Based 
on the observation of RTI, we hypothesize that the heated 
syrup sinks into the substrate and warms the substrate, 
inducing a thermal decomposition reaction. In this hypoth-
esis, two timescales are relevant; the cooling timescale, τcool 
and the sinking timescale, τsink . The cooling timescale, τcool 
is given as follows:

(2)τcool ∼
a2

δ
,

where a and δ are the thickness and thermal diffusivity of 
the substrate, respectively. Using δ ∼ 10−7 m2/s (Kuma-
gai et al. 2007, and references therein; we used the ther-
mal diffusivity of syrup in place of that of the substrate), 
τcool is estimated as ∼ 103 s. The timescale can be shorter 
because the masses of the heated syrup and substrate 
were comparable in the experiments. The sinking time-
scale, τsink , is estimated from the growth rate of RTI. The 
disturbance of height between two fluids, w(t), increases 
exponentially as w(t) = w0e

t/τ from the initial distur-
bance, w0 . In two-dimensional case, the wavelength, � , 
and the growth rate, τ , of the dominant disturbance of 

Fig. 2  Final surface morphology for each substrate composition. Detailed photographs are shown in Additional file 1: Figs. S3–S11 in the 
supplementary materials
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RTI in fluids with the same thickness (a) and the same 
viscosity ( η ) are given by Turcotte and Schubert (2002):

and

Figure 4a shows the results of viscosity measurements 
of the substrate, which is a two-phase suspension mix-
ture of cake syrup (liquid) and baking soda. The viscosity 
measurements were taken at constant shear rates ( 1.3 s−1 
and 11 s−1 ) using a cone-plate-type rheometer (Boh-
lin CVO, Malvern Instruments) at 25 ◦C . The viscosity 
gradually increases with the mass (i.e., concentration) of 
the baking soda for masses up to 15 g and then greatly 
increases for masses above 20 g (Fig.  4a). Although the 
growth rate of the disturbance by RTI ( τ ) varies with bak-
ing soda concentration, all growth rates are on the order 
of 1 s and sufficiently smaller than the cooling rate ( τcool ; 
Additional file 1: Table S2).

During the sinking of the heated syrup, the surround-
ing substrate is heated, inducing a thermal decomposi-
tion reaction. The amount of reaction products should 
scale with the volume of the heated region and the con-
centration of baking soda. The total amount of reaction 
products (Q) is given as follows:

(3)� = 2.568a

(4)τ =
13.04η

(ρsyrup − ρsubstrate)ga
.

where V is the heated volume in the substrate and Csoda 
is the concentration of baking soda (i.e., the mass of bak-
ing soda per unit volume in the substrate). Because we 
observed that the poured heated syrup sparsely reached 
the bottom of the petri dish, it is assumed that the vol-
ume of the substrate has been completely heated and 
can be used for the heated volume V in this model. 
Figure  4b compares the amount of CO2 emission esti-
mated from the model with that measured in the experi-
ments as a function of baking soda mass. Note that the 
amount of CO2 was calculated as (Q/84/2)×44 , where 
84 and 44 are the molecular weights of baking soda and 
CO2 , respectively, and 2 is the amount (mol) of decom-
posed NaHCO3 . Both the estimated (Fig. 4b) and meas-
ured (Fig.  1b) amounts of CO2 emission have a peak at 
a baking soda mass of around 15 g. When the density 
of the substrate is lower than that of the poured heated 
syrup (i.e., the mass of baking soda is less than 15 g), RTI 
enhances the decomposition of the baking soda in the 
substrate. On the other hand, RTI barely occurs when the 
mass of baking soda is higher than 15 g. The peak of Q 
thus arises from the balance between the concentration 
of baking soda and the presence of RTI.

The key aspect for understanding the successive 
rootless eruptions in our analog experiments is the 
density difference between the upper layer and the 

(5)Q = V × Csoda

Fig. 3  Photograph of the petri dish after the experiment taken from below the dish. The substrate was removed. The heated syrup sank and 
sparsely reached the bottom of the petri dish. The substrate consisted of 15 g of baking soda and 35 g of cake syrup
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substrate that leads to RTI. Such a density difference, 
where the upper layer density is higher than the sub-
strates density, is plausible in the case of lava flow 
over lacustrine sediments. The density of Younger 
Laxá lava in Iceland, which produced many rootless 
cones, is 1.49 ∼ 2.21 g/cm3 (Noguchi et  al. 2016). The 
wet bulk density of lacustrine sediments under the 
lava flow has not been determined, but one example 
(in West Lake, Hangzhou, China; Yang et al. (2018)) is 
about 0.95 ∼ 1.1 g/cm3 . Lava flow over lacustrine sedi-
ment could thus be gravitationally unstable. Adopt-
ing a lacustrine sediment viscosity of 103 Pa s (Yang 
et al. 2018) and a lava flow thickness of 20 m (17 m in 
Höskuldsson et al. 2010), the characteristic time of RTI 
is order of 10−1 s . The cooling rate of the lava flow is 
on the order of 108 s based on a thermal diffusivity of 
5× 10−7 m2/s (Gregg and Christle (2013), and refer-
ences therein). Since the characteristic time of RTI is 
significantly shorter than the estimated cooling time, 
explosive interactions between lava and lacustrine 
sediments might be enhanced by the instability of the 
interfacial area due to the density variation, even in a 
natural system. To evaluate this further, detailed obser-
vation of natural rootless vents, which possibly stopped 
an explosion in a very early phase (Additional file 1: Fig. 
S14), could give hints.

In previous studies, the controlling factors of rootless 
eruptions have been regarded be (1) the mass ratio of 
water and magma, (2) the interfacial geometry between 
magma and substrates, (3) the injection rate of magma 
into substrates, and (4) the interpenetration degree 

between magma and water (Fagents and Thordarson 
2007, and references therein). Our calculation model 
and experimental results are consistent with these 
factors.

The viscous behavior of the substrate correlates with 
observed bubble size in our experiment. The cases where 
small bubbles are dominant (0–50, 5–45, 10–40, and 
15–35 substrates) mostly correspond to the low-viscosity 
phase of the substrate. A low viscosity of a substrate (i.e., 
a short τsink ) indicates a large contact area between the 
heated syrup and the substrate. CO2 gas is emitted suc-
cessively at the interface and released as small bubbles. 
On the other hand, the cases where large bubbles appear 
(20–30, 25–25, 30–20, and 50–0 substrates) roughly cor-
respond to the regime in which RTI could not occur. A 
lack of RTI indicates a small contact area between the 
heated syrup and substrate. In this case, the amount of 
CO2 gas emission is small. The highly viscous substrate 
also indicates shear thinning features (Fig. 4a). Under this 
condition, the first large bubble, which can form a stable 
vent, pulls surrounding bubbles. With further verification 
of the relationship between viscosity and bubble charac-
teristics, including the spatial distribution, we can obtain 
useful information about the substrate conditions.

Based on consideration of the RTI, two parameters of 
the substrate, namely layer thickness and viscosity, are 
correlated with the characteristics of rootless cones, such 
as geomorphology and geospatial distribution. When 
lava flows onto thick substrates, it sinks for a longer 
time compared to that for thin substrates. This can be 
reflected by the ejected volume (i.e., the edifice size of 

Fig. 4  a Rheological characteristics of substrates with various compositions. b Expected amount of CO2 emission calculated from viscosity (shear 
rate: 1.3 s −1 ) and concentration of baking soda. Details are given in the text
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rootless cones). Since the interaction efficiency is thought 
to correlate with the increasing rate of the interfacial 
area between lava and the substrate by RTI, the explo-
sion intensity might be related to substrate viscosity. At 
a certain substrate viscosity, the interaction efficiency is 
maximized and the explosion intensity is strongest. In 
this condition, pyroclastic flows and ballistic ejections 
of pyroclasts are expected. At other substrate viscosi-
ties, the interaction efficiency is weaker, and spatters are 
expected as the products of the explosion. These differ-
ences between products may be reflected by the slope 
angle of the edifice (Noguchi et al. 2016). For a uniform 
grain size, the substrate viscosity can be correlated with 
water content. If the water content is high (i.e., lower 
substrate viscosity), since the wavelength of RTI is short, 
the geospatial density of rootless cones is expected to be 
dense. In the case of low water content (i.e., higher sub-
strate viscosity), the geospatial density of rootless cones 
is expected to be sparse due to the longer wavelength 
of RTI. Therefore, substrate thickness and viscosity are 
expected to correlate with the edifice size, slope angle, 
and geospatial density of rootless cones. Although these 
correlations can also be affected by lava thickness and 
the competition of water with neighbor explosion points 
during eruptions (Hamilton et al. 2010b), we expect that 
with further verification using analog experiments and 
field observations, it may be possible to infer substrate 
properties from remote sensing geomorphology data 
(Additional files 2, 3, 4 and 5).

Conclusion
We demonstrated that the complication of the interface 
morphology between a molten hot ceiling and a loose 
wet substrate triggers and enhances rootless eruption in 
laboratory experiments using kitchen materials. In our 
experiments, the thermal decomposition reaction of bak-
ing soda was applied to create rootless eruptions. The 
maximum reaction efficiency was produced for a particu-
lar substrate composition (15 g of baking soda and 35 g 
of cake syrup). The nonlinear relationship between reac-
tion efficiency and baking soda/poured heated syrup pro-
portion resembles that found from a magma–water ratio 
diagram of Wohletz and Sheridan (1983) and subsequent 
studies. The rheological behavior of the poured heated 
syrup and the substrate indicates that the interaction sur-
face between the poured heated syrup and the substrate 
affects reaction efficiency. Considering RTI in a natural 
setting, our study suggests that water availability and the 
rheological properties of the surface material affect the 
occurrence and stability of hydrovolcanic eruptions.

Additional files

Additional file 1. Supplementary material included figures and tables 
which appeared in the main text. Figure S1: The experimental system in 
this study. Figure S2: Package information of the products used in the 
experiment. Figure S3—S11: Detailed final surface morphology for each 
substrate composition. Figure S12: The experimental system in an extra 
experiment for the Rayleigh-Taylor instability verification. Figure S13: 
Sinking of poured heated syrup (red) on the baking soda and cake syrup 
mixture substrate (green) in each substrate proportion. The proportion 
of baking soda and syrup is shown as, e.g., 15–35. Yellow dash lines show 
interfacial boundaries between the poured syrup and the substrate. Since 
this system is larger than that on the petri dish, we used three times of 
materials. The white bar indicates the length of 1 cm. Figure S14: An 
example of hole on the lava (Kahuku basalt) which can be found near 
Ka Lae, Hawaii. The diameter and depth of the hole are 3.5 m and 1.4 m, 
respectively. There is no ejecta around the hole. Inside the hole, blocks 
which are thought to be formed by the collapse of the rim exist. The 
wall surface has two layers: lower shingle roof-like lava and upper well-
vesiculated lava.

Additional file 2. A fast-forward movie for an extra experiment to 
examine whether RTI occurs in the condition of the main experiment in 
the case of 45–105 of substrate condition which is same as 15–35 of the 
SC condition.

Additional file 3. A fast-forward movie for an extra experiment to 
examine whether RTI occurs in the condition of the main experiment in 
the case of 75–75 of substrate condition which is same as 25–25 of the SC 
condition.

Additional file 4. A fast-forward movie for an extra experiment to 
examine whether RTI occurs in the condition of the main experiment in 
the case of 105–45 of substrate condition which is same as 35–15 of the 
SC condition.

Additional file 5. Mass loss change log, summary of experimental results, 
and shear rate measurement for the baking soda and cake syrup mixture 
substrate (Excel sheets).
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