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Contention between supply 
of hydrothermal fluid and conduit obstruction: 
inferences from numerical simulations
Ryo Tanaka1* , Takeshi Hashimoto1, Nobuo Matsushima2 and Tsuneo Ishido2

Abstract 

We investigate a volcanic hydrothermal system using numerical simulations, focusing on change in crater tempera‑
ture. Both increases and decreases in crater temperature have been observed before phreatic eruptions. We follow 
the system’s response for up to a decade after hydrothermal fluid flux from the deep part of the system is increased 
and permeability is reduced at a certain depth in a conduit. Our numerical simulations demonstrate that: (1) changes 
in crater temperature are controlled by the magnitude of the increase in hydrothermal fluid flux and the degree of 
permeability reduction; (2) significant increases in hydrothermal flux with decreases in permeability induce substantial 
pressure changes in shallow depths in the edifice and decreases in crater temperature; (3) the location of maximum 
pressure change differs between the mechanisms. The results of this study imply that it is difficult to predict eruptions 
by crater temperature change alone. One should be as wary of large eruptions when crater temperature decreases 
as when crater temperature increases. It is possible to clarify the implications of changes in crater temperature with 
simultaneous observation of ground deformation.

© The Author(s) 2018. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Introduction
In recent years, precursors of phreatic eruptions have 
been captured by observations near the crater (Barberi 
et  al. 1992; Rouwet et  al. 2014) and are diverse, includ-
ing ground deformation and changes in gravity, total 
magnetic field, gas composition, heat flux, and crater 
temperature (Barberi et  al. 1992; Rouwet et  al. 2014). 
Measurement of crater temperature is relatively easy and 
has been done for a long time. Changes in crater temper-
ature preceding phreatic eruption have been documented 
for several eruptions (Minakami 1939; Ossaka et al. 1997; 
Ehara 2007; Christenson et al. 2010; Strehlow et al. 2017). 
Thermal observation using drones and remote sensing 
has become feasible in recent years (Harvey et  al. 2016; 
Mori et al. 2016), and these methods make acquisition of 
crater temperature easier. In this research, we focus on 

change in crater temperature as a precursor of a phreatic 
eruption.

An increase in crater temperature (often the tempera-
ture of a crater lake) has been observed as a precursor 
of phreatic eruption in many cases, including almost all 
events at Ruapehu during 1992–2012 (Christenson et al. 
2010; Strehlow et  al. 2017), Meakan in 1988 and 2008 
(Japan Meteorological Agency 2012a), Azuma in 1977 
(Japan Meteorological Agency 2012b), and most events 
at Kusatsu-Shirane in 1938, 1982, and 1983 (Minakami 
1939; Ossaka et  al. 1997). In such cases, an increase in 
the supply of hydrothermal fluid (or heat) from depth is 
often proposed as the primary mechanism causing phre-
atic eruption (Rouwet et  al. 2014). However, phreatic 
eruptions after decreases in crater temperature have also 
been reported in some cases, such as Ruapehu in 1988, 
2006, and 2007 (Christenson et  al. 2010), Meakan in 
1996 (Japan Meteorological Agency 2012a), some events 
of Kusatsu-Shirane in 1938, 1982, and 1983 (Minakami 
1939; Ossaka et  al. 1997), Tokachidake in 2004 (Taka-
hashi et  al. 2017). The mechanism leading to phreatic 
eruption after decreases in crater temperature has been 
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proposed to be pressure increase in the shallow part of 
the edifice due to permeability decrease in the shallow 
part of the edifice, perhaps within a conduit that feeds 
hydrothermal discharge (Christenson et al. 2010; Rouwet 
et al. 2014; Strehlow et al. 2017). A permeability decrease 
in the shallow part of such a conduit could restrict flow of 
heat and mass to the crater and cause a decrease in crater 
temperature (Christenson et al. 2010; Tanaka et al. 2017). 
Either physical or chemical processes may cause obstruc-
tion of the conduit. Candidate physical processes include 
mechanical reworking of surface deposits (e.g., D’Oriano 
et al. 2014) and collapse of the conduit wall (e.g., Calvari 
et al. 2016). Candidate chemical processes include depo-
sition of native sulfur and hydrothermal minerals in the 
conduit.

Many previous studies have compared numerical mod-
eling of the hydrothermal system to the volcanic moni-
toring record. Most of the numerical studies that have 
treated this particular problem invoked an increase in 
hydrothermal fluid (or heat) supply from the deep part 
of the system (Todesco et al. 2010; Fournier and Chardot 
2012; Currenti et al. 2017). However, relatively few stud-
ies have examined the influence of permeability changes 
in the shallow part of the conduit (Tanaka et al. 2017). No 
numerical modeling studies have discussed how both the 
crater temperature and the surrounding edifice react to 
a competition between increased hydrothermal flux from 
the depth and reduced permeability in the shallow part of 
the conduit.

The goal of the study is to examine how crater tempera-
ture and other observations at an active volcano can be 
used for prediction of a phreatic eruption.

Numerical simulation
We used the ‘STAR’ (Pritchett 1995) as the numeri-
cal code to describe hydrothermal fluid circulation by 
finite difference method, with ‘BRNGAS’ as the equa-
tion of state (Pritchett 1995). These tools enabled us 
to calculate heat and mass flow in a system with three 
pore components: water  (H2O), an incondensable gas 
(air in the present study), and a soluble salt (NaCl in the 
present study), and three pore phases: liquid, gas, and 
solid precipitate. The ‘BRNGAS’ is valid for pressures to 
200  MPa and over the temperature range 0–350  °C. In 
this study, we consider the system in which degassing 
magma is supposed to be located far below the water 
table at around sea level (more exactly, it depends on 
the permeability of the edifice) and hydrothermal fluid 
ascends intensively through the central conduit. The 
calculation region was axisymmetric 2D to represent a 
simplified conical edifice (Fig. 1). Temperature and pres-
sure were held constant at the ground surface (at 20  °C 
and 1.013  ×  105  Pa with incoming air) and along the 
vertical boundary on the downstream side (hydrostatic 
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Fig. 1 Two‑dimensional, axisymmetric computational domain. The domain extends radially to 5225 m and reaches a maximum depth of 2275 m. 
The red column is the conduit. A permeability reduction at PCB (permeability changeable block) is imposed at the time of conduit obstruction

Table 1 Rock properties

Property Value

Density 2.3 × 103 kg m−3

Thermal conductivity 1.5 W m−1 K−1

Specific heat 1.0 × 103 J kg−1  K−1

Permeability of host rock 5.0 × 10−13 m2

Permeability of conduit 1.0 × 10−10 m2

Porosity 0.1
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conditions and 30  °C  km−1). Thermally insulating and 
hydraulically impermeable conditions were imposed at 
the bottom of the model. Meteoric recharge at the land 

surface was injected at a constant rate (17  cm  yr−1  at 
20  °C), and a constant heat flow of 6.9 ×  10−2  W  m−2 
(c.a. the mean continental heat flux) was supplied at the 
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Fig. 2 Initial near‑steady distribution of a temperature, b pressure, and c gas volume fraction
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Table 2 Hydrothermal flux and permeability of PCB in each run

Run Hydrothermal flux (kg s−1) Permeability of PCB  (m2)

Initial condition 1000 1.0 × 10−10

1 1000 1.0 × 10−11

2 1000 1.0 × 10−12

3 1000 5.0 × 10−13

4 1000 1.0 × 10−13

5 1500 1.0 × 10−10

6 1500 1.0 × 10−11

7 1500 1.0 × 10−12

8 1500 5.0 × 10−13

9 1500 1.0 × 10−13

10 2000 1.0 × 10−10

11 2000 1.0 × 10−11

12 2000 1.0 × 10−12

13 2000 5.0 × 10−13

14 2000 1.0 × 10−13
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Fig. 3 Distribution of change in a temperature and b pressure 1 year after doubling the flux of hydrothermal fluid from the deep part of the system 
(Run 10, Mʹ = 2000 kg s−1, kʹPCB = 1.0 × 10−10 m2). Arrow indicates the location where maximum pressure change occurs in 10‑year period
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base of the model. The modeled edifice had uniform per-
meability (5.0 × 10−13 m2), with the exception of a high 
permeability conduit (1.0 × 10−10 m2) near the symme-
try axis. The permeability of volcanic rocks ranges widely 
 (10−18–10−10  m2, Saar and Manga 1999; Sruoga et  al. 
2004). We adopted a single value in this research, but the 
influence of differences in host rock permeability should 
be considered in future work. The anisotropy of perme-
ability (difference between horizontal permeability and 
vertical permeability) varies greatly, but in this research, 
for simplicity, it was assumed that there is no anisotropy 
of permeability and that the porosity is uniform (0.1). The 
rock properties are listed in Table 1. 

To support the fumarolic activity at the crater, hydro-
thermal fluid was injected at the bottom of the permeable 
central conduit at fixed enthalpy (~1345  kJ/kg corre-
sponding to liquid  H2O at ~300  °C and 10  MPa) and a 
rate of 1000 kg/s. This injection rate was chosen to repro-
duce the initial heat discharge rate through the block 
corresponding to the vent (radius of 50  m; the smallest 
cell size in the model) being roughly 100 MW, which is 
a representative value for active fumarolic activities at 
volcano summit. The rest of the convective heat input 

(~1250  MW) spreads to the edifice and discharges on 
the flanks of the volcano and through the open distal 
boundary.

In subsequent simulations, the initial condition was 
obtained by simulating a long-lasting (thousand year) 
injection of hydrothermal fluids, representing near-
steady-state conditions. The initial condition showed a 
wide high-temperature region (100–300  °C) and a thick 
unsaturated zone (Fig.  2), with a water table located at 
1100-m model height. The temperature at the crater (the 
center of the shallowest node (25 m depth) of the conduit 
near the symmetry axis) was about 135  °C, which indi-
cates superheated steam discharge at the crater.

We investigated changes in conditions (temperature 
and pore pressure) caused by an increase in hydrother-
mal fluid flux from depth and/or a reduction in perme-
ability at shallow depth in the conduit (Table  2). The 
hydrothermal flux was increased stepwise at t = 0 by 0.5 
and 1.0 times the initial value. Permeability was reduced 
at the permeability changeable block (PCB) in the con-
duit. Christenson et al. (2010) performed simulations for 
a simple one-dimensional case to estimate the permeabil-
ity reduction due to deposition of hydrothermal minerals. 
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Fig. 4 Temporal change in a temperature at the crater (red line) and the observation point (black line) and b pressure at the observation point after 
doubling the flux of hydrothermal fluid (Run 10, Mʹ = 2000 kg s−1, kʹPCB = 1.0 × 10−10 m2)
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Their simulations, in which volcanic gas was injected into 
a porous zone saturated with lake water, revealed that 
significant deposition of quartz, sulfur, and clay minerals 
could occur over a short timescale of about 10 days. They 
also pointed out that deposition of sulfur reduced perme-
ability from  10−12 to  10−17 m2. Thus, it is conceivable that 
the permeability in the conduit could decrease by several 
orders of magnitude on a short timescale. We decreased 
the permeability of PCB by 1–3 orders of magnitude at 
t = 0. After introducing such changes, we observed the 
condition of the hydrothermal system for 10  years of 
model time.

Results
Figure 3 shows the changes in temperature and pore pres-
sure 1  year after increasing the hydrothermal fluid flux 

from the deep part of the system (Run 10). Heat accumu-
lation and pressurization occur throughout the conduit. 
However, large changes in temperature and pore pressure 
occur only near the conduit. Although pressurization is 
observed below the water table in the entire edifice, the 
amplitude of this pressurization is less than that near 
the conduit by one order of magnitude. Figure  4 shows 
the temporal changes in temperature and pore pressure 
at shallow depth near the conduit (observation point in 
Fig. 1) and in crater temperature over a 10-year period. 
Both temperature and pore pressure increase over the 
first several years and then remain high.

Only reductions in permeability at PCB (Run 4) induce 
heating and pressurization below the PCB accompanied 
by cooling and depressurization above it (Fig.  5). The 
region with observed temperature change is limited to 
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Fig. 5 Distribution of change in a temperature and b pressure 1 year after conduit obstruction (Run 4, Mʹ = 1000 kg s−1, kʹPCB = 1.0 × 10−13 m2). 
Arrow indicates the location where maximum pressure change occurs in 10‑year period
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the vicinity of the conduit above the water table. Pressur-
ization is induced near the conduit below the PCB, and 
maximum pressurization occurs just beneath the PCB. 
The temperature at the crater decreases monotonically 
throughout the subsequent decade; meanwhile, tempera-
ture and pore pressure below the PCB increase for sev-
eral months and then remain high (Fig. 6).

When an increase in hydrothermal fluid is combined 
with conduit obstruction, several possible patterns of 
change in the crater temperature can be observed (Fig. 7). 
A small decrease in permeability (to  10−11 m2) accompa-
nied by doubled hydrothermal fluid flux shows results 
similar to the change induced by increase in hydrother-
mal fluid flux only. The crater temperature increases for 
several years and then remains high. Figure 8 shows the 
distributions of change in temperature and pore pres-
sure at 1 year for such a case (Run 11); the distributions 
of change are also similar to those influenced by only 
hydrothermal fluid flux increase (Run 10, see Fig.  3). 
In a second pattern, the crater temperature decreases 
monotonically through the decade and is similar to those 
resulting from conduit obstruction only. However, the 
distributions of temperature and pore pressures changes 

differ. Unlike Run 4 (Fig.  5), Run 14 (Fig.  9) shows an 
increase in temperature around the conduit below the 
PCB and a small increase in temperature in the edifice 
below the water table owing to the doubling of hydro-
thermal flux accompanying the large decrease in perme-
ability (to  10−13 m2) (Run 14). The small increase in pore 
pressure throughout the volcano below the water table 
is induced by the increase in hydrothermal fluid flux. In 
a third pattern, the crater temperature shows complex 
temporal change, decreasing gradually for several years 
and then recovering to initial value. The broader distribu-
tion of changes is similar to those of the second pattern 
(Fig. 10, Run 12).

Figure  11 summarizes our numerical simulations, 
focusing on temperature change at the crater and the 
maximum change in pressure at shallow depth (above the 
regional water table) over the simulated 10-year period. 
The horizontal axis represents the amplitude of the step-
wise increase in hydrothermal fluid flux at the bottom of 
the system (Mʹ/M0, where Mʹ and M0 represent the ele-
vated mass flow rate and the initial one, respectively). The 
vertical axis represents the degree of permeability reduc-
tion at PCB (kh/kʹPCB, where kh and kʹPCB represent the 
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Fig. 6 Temporal change in a temperature at the crater (red line) and the observation point (black line) and b pressure at the observation point after 
conduit obstruction (Run 4, Mʹ = 1000 kg s−1, kʹPCB = 1.0 × 10−13 m2)
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permeability of host rock and that of PCB after the con-
duit obstruction, respectively). When the permeability in 
the conduit decreases sufficiently, the crater temperature 
decreases despite the increase in hydrothermal flux from 
the deep part of the system. Moreover, Fig. 11 indicates 
that a large increase in hydrothermal flux accompanied 
by a large reduction in permeability induces significant 
pressurization in the shallow part of the edifice despite 
the decrease in the crater temperature. Maximum pres-
sure change occurs in the conduit just beneath the PCB 

following conduit obstruction. When obstruction is not 
introduced (e.g., only increase in the hydrothermal flux is 
imposed), the maximum pressurization occurs just above 
the water table in the vicinity of the conduit.

Both increases in hydrothermal flux from the deep part 
of the system and reduction in permeability in the shal-
low part of the conduit cause pressurization and heat 
accumulation in the shallow part of the edifice. Crater 
temperature shows complex behaviors depending on the 
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amount of increase in hydrothermal flux and the amount 
of reduction in permeability.

Discussion
Clues for observation and prediction of phreatic eruption
It is difficult to predict phreatic eruptions by only the 
crater temperature alone. One should be wary of the 
potential for large eruptions when crater temperature 
decreases. Indeed, eruptions of Scale 4 (Scott 2013) 
occurred frequently after crater temperature decreased at 
Ruapehu between 1940 and 2012 (Strehlow et al. 2017). 
Observations of ground deformation, which can indicate 
pressure change in the shallow part of the edifice, and 

crater temperature can be combined to predict phreatic 
eruption and understand the activity of the hydrothermal 
system.

Coupling of ground deformation and crater tempera-
ture could make it possible to quantitatively investigate 
hydrothermal system activity. The location of maximum 
pressure change (see Figs. 3, 5) could reveal whether or 
not conduit permeability has decreased. We note that 
the apparent depth of the shallow pressure source at 
Tokachidake, Japan, varies with time (Takahashi et  al. 
2017). At Tokachidake, ground deformation suggest-
ing pressure increases in the shallow part of the edifice 
has been continuing for nearly 10 years and, since 2006, 
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declining crater temperature has been recognized (Taka-
hashi et al. 2017). Decreasing permeability in the shallow 
part of the volcano may control volcanic activity (Tanaka 
et  al. 2017). The varying depth of the pressure source 
may reflect repeated occurrences of permeability reduc-
tion in the shallow part of the conduit and/or an increase 
in hydrothermal flux from the deep part of the system. 
Numerical simulation coupled with a ground deforma-
tion model constrained by field observations would ena-
ble quantitative examination of this hypothesis.

Conclusion
Changes in hydrothermal fluid flux and permeability 
reduction can induce heating and pressurization beneath 
volcanic craters below the depth of conduit obstruction. 
The change in temperature at the crater itself is con-
trolled by the amplitude of the increase in hydrother-
mal fluid flux from the deeper part of the system and the 
degree of permeability reduction.

In this study, simulations were carried out using a sim-
ple structure. However, the response of the edifice to 
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changes in of the hydrothermal fluid flux will be influ-
enced by the heterogeneous permeability structures 
(Todesco et al. 2010; Currenti et al. 2017). The distribu-
tion of permeability affects the timing and amplitude of 
changes in temperature and pressure through space and 
time (Todesco et  al. 2010). Pressure- and temperature-
dependent permeability will also influence the behavior 
of the system (Coulon et al. 2017), as will the porosity of 

the rock, the topography, the composition of the hydro-
thermal fluid, the presence or absence of a crater lake, 
and other factors.

We suggest that it is difficult and potentially misleading 
to predict eruptions from increases in crater temperature. 
One should be wary of the potential for large eruptions 
when crater temperature decreases. Coupling observa-
tions of crater temperature change with observations of 
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ground deformation can clarify mechanisms and help 
predict phreatic eruption. We will couple hydrothermal 
simulation with a model of ground deformation in future 
research.
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