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Seismology targets
• Intraplate earthquakes
• Active faults, shear zones, fluid reservoir, deformation
• NE-Japan
• North Anatolian Fault(NAF)
• NZ
• Volcano-Earthquake link

• Plate interface at subduction zones
• NZ
• SW Japan
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Fault Valve model

Sibson et al (1988, Geology)

displacement faults and their ductile continuations into the middle
crust are generally saturated with predominantly aqueous fluids
(±CO2) during deformation (Parry, 1998; McCaig, 1997).

Taking account of the principle of effective stress, frictional
instability on an existing fault within the seismogenic zone (Fig. 1)
is approximated by a criterion of Coulomb form:

τ = c + μsσ
V
n = c + μs σn − Pfð Þ ð1Þ

which can be rewritten as:

Pf = σn − τ − cð Þ= μs ð2Þ

where τ and σn are, respectively, the shear and normal stresses on the
fault (Fig. 1) , Pf is the local fluid-pressure within the rock-mass, c is
the intrinsic cohesion of the fault which, generally, is likely to be
significantly less than the cohesive strength of the surrounding intact
rock, C, and μs is the static coefficient of rock friction which, for most
competent rocks lies in the range 0.6bμsb0.85 (Byerlee, 1978). From
Eqs. (1) and (2) it is clear that fault failure can be purely stress-driven
(increased τ±decreased σn, with Pf constant) or purely fluid-driven
(increased Pf, with τ and σn held constant), or be driven by some
combination of changes in stress and fluid-pressure level. This paper
builds on an earlier specific analysis of the 2004 Mid-Niigata
Prefecture earthquake sequence (Sibson, 2007) to make the case
that the continued predominance of rupturing on steep reverse faults
throughout NE Honshu necessarily involves local accumulation of
fluid-overpressure to near-lithostatic values.

2. Fluid-pressure regimes in seismogenic crust

Fluid pressure at a depth, z, in crust with average density, ρ, is
conveniently described with respect to the vertical stress or over-
burden pressure (σv=ρgz, where g is gravitational acceleration) by
means of the pore-fluid factor, λv=Pf/σv (Hubbert and Rubey, 1959).
Effective overburden pressure is then given by:

σ Vv = σv − Pfð Þ = ρgz 1− λvð Þ ð3Þ

Hydrostatic conditions (λv∼0.4) prevail when pore ±fracture
space is freely interconnected up to awater table at the Earth's surface.
In areas of strong fluid release (e.g. compacting sedimentary basins,
magmatic intrusion, or areas of prograde regional metamorphism),
fluids at depth may be overpressured above hydrostatic (λvN0.4) and
may approach lithostatic values (λv→1.0) in some instances. Note that
the base of the seismogenic zone corresponds roughly with the onset
of greenschist facies metamorphic conditions (TN∼300 °C) (Sibson,
1983) where under prograding metamorphism, fluid-pressure is
generally reckoned to equal the lithostatic load (i.e. Pf∼σv or λv∼1.0)
(Fyfe et al., 1978).

The fluid pressure state within seismogenic crust (Fig. 2) is of
particular interest because of the effect of overpressure on frictional
fault strength and also because of possible cycling offluid overpressure
in relation to the earthquake stress cycle (Sibson, 1992). Arguments
can be advanced that fracturing in seismogenic crust is so widespread
that bulk permeability is too high to sustain overpressure. This leads
to a ‘hydrostatic-Byerlee’ condition—consistent with deep borehole
measurements of stress andfluid-pressuremade in crystalline cratonic
crust (Townend and Zoback, 2001)—where the crust is critically
stressed in the prevailing tectonic regime to the edge of frictional
failure on existing faults with ‘Byerlee’ friction under hydrostatic fluid
pressure (Fig. 2a). A transition to near-lithostatic fluid-pressure con-
ditions may then occur at the base of the seismogenic zone.

The situation in areas of active crustal shortening and thickening is,
however, likely to be quite different. Dehydration reactions accompany-
ing prograde metamorphism in thickening crust will lead to lithostatic
fluid-pressures at ≥greenschist metamorphic environments with fluid
release and solute transport from approximately the base of the seis-
mogenic zone (Fyfe et al., 1978; Ague et al., 1998). Permeability of fault–
fracture systems may then be reduced by hydrothermal precipitation

Fig. 1. Stresses and fluid pressure on a fault plane affecting its stability.

Fig. 2. Hypothetical frictional strength profiles in relation to fluid-pressure regimes in a fault zone: (a) Hydrostatic fluid-pressures throughout the seismogenic zone giving a
‘Hydrostatic–Byerlee’ strength profile; (b) Compartmentalised fluid overpressure in the fault zone (postfailure profiles assume a rupture transecting the entire seismogenic zone).

405R.H. Sibson / Tectonophysics 473 (2009) 404–416

Sibson (2009, Tectonophysics)
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solubility breakdown @400 deg C
(Saishu et al, 2014, Terra Nova)

Pore pressure, Rheological properties
at the Brittle-Ductile Transition 



and cementation, leading to the formation of seals and the compart-
mentalization (perhaps transitorily) of fluid overpressures within the
seismogenic crust (Fig. 2b). Moreover, a compressional stress regime is
particularly favourable for the containment of overpressure, partly
because the flat-lying character of any faults and fractures that form
inhibit vertical fluid transport, but also because of the stress/fluid-
pressure requirements for brittle failure in a compressional regime
(Sibson, 2004). A fluid-pressure profile such as this has a significant

effect on the frictional strength profile of the fault structure, with the
added likelihood that it becomes time-dependent through the earth-
quake cycle.

3. Tectonic setting of NE Honshu

Fig. 3a and b provide sketch outlines of the principal tectonic
elements of the arc system in NE Honshu. The Pacific plate (PAC) is

Fig. 3. Active tectonics of NE Honshu: (a) Seismotectonic sketch map illustrating epicentres of recent reverse-fault ruptures in relation to basin-bounding faults, exposed areas of pre-
Neogene basement, actively growing regional antiforms, Quaternary volcanoes and the volcanic front (largely after Sato, 1994) in relation to the subduction plate boundary at the
Japan trench and inferred trajectories of maximum horizontal stress; (b) Composite sketch cross-section across the subduction system illustrating the volcanic front (VF) flanked by
basins undergoing active compressional inversion within the crustal seismogenic zone. Squiggly arrows depict overpressured aqueous fluids (a.f.) entering the crust to become
trapped near the base of the seismogenic zone which acts as a compressional stress guide (in part after Hasegawa et al., 2005).

406 R.H. Sibson / Tectonophysics 473 (2009) 404–416

• Volcanic arc

• Reactivated fault

• Flow supply from the slab

NE Japan

Sibson (2009, Tectonophysics)



Japan Sea Rifting 
@Miocene 14Ma

Rifting
Normal Fault system

Ofofuji et al. (1985, Nature)



systematic investigation along active compressional fault
zones that have experienced tectonic inversion is rare. Yet,
studies of such fault zones which are associated with crustal
scale rupturing may lead to an enhanced understanding of fault
reactivation processes.

On July 26, 2003, the Northern Miyagi earthquake (M6.4)
occurred along a major basin boundary fault located within
the Miocene back-arc rift system in northern Honshu, Japan.
This shallow crustal earthquake provides a rare opportunity
to investigate in situ the reverse reactivation of a precursor
normal fault set during positive tectonic inversion. In this pa-
per we describe in detail the geological structure of the eastern
margin of the Northern Honshu rift system (Sato et al., 2004),
as inferred from interpretation of seismic reflection profiles
and integrated with earthquake data. The study area includes
the source area of the Northern Miyagi earthquake. New
data obtained through this study provide the constraints to dis-
cuss the formation of the back-arc rift basins and in situ com-
pressional inversion processes at depth.

2. Geological setting

Northern Honshu, Japan, is a classic example of a trench-
arceback-arc system. At present, northern Honshu undergoes
contraction perpendicular to the NNEeSSW-trending arc as
indicated by geodetic measurements, active faults (Active
Fault Research Group, 1991) and focal mechanisms (e.g., Ha-
segawa et al., 2000). Northern Honshu separated from the Eur-
asian continent during an episode of rifting in early Miocene
time (Otofuji et al., 1985). Crustal attenuation of northern
Honshu was associated with the opening of the adjacent
back-arc basin (Sato, 1994). Since late Neogene time this do-
main was affected by contractional deformation which led to
the development of thrusts and related folds. However, evi-
dence for pre-contractional extension is well preserved in
the crustal structure and reveals a systematic attenuation to-
wards the back-arc domain (Iwasaki et al., 2001).

On the fore-arc side of northern Honshu, pre-Neogene
rocks consist of a Jurassic accretionary complex locally in-
truded by Cretaceous granites and extensively crop out in
the Kitakami massif. The western margin of the Kitakami
massif is marked by a steep Bouguer anomaly gradient
(Fig. 1), suggesting a subsided back-arc structure. The distri-
bution of the lower Neogene back-arc sediments is bounded
by this gravity anomaly belt; the surface structural expression
of the belt corresponds to a west-dipping normal fault system
(Kitamura, 1963). The architecture of the normal fault system,
as constrained by integrated seismic reflection profiles, gravity
data, surface and subsurface geological information, is de-
scribed in detail in the forthcoming sections.

The family of lower Neogene, largely Miocene extensional
structures that stretches for over 300 km along the western
margin of the Kitakami massif is here defined as the Kitakami
fault system. During the rifting stage, the early Miocene vol-
canic front was located along the eastern edge of the Miocene
rift basins (KFS in Fig. 2; Ohguchi et al., 1989; Tatsumi et al.,
1989).

The evolution of late Neogene tectonics in northern Honshu
can be effectively subdivided in three main stages: (i) a period
of widespread extensional deformation of early Miocene age;
(ii) a period of relative tectonic quiescence of late Miocene

Fig. 1. Bouguer anomaly map of Northern Honshu, Japan, after Komazawa
et al. (1999). EU: Eurasian Plate, PAC: Pacific Plate, PSP: Philippine Sea
Plate.

Fig. 2. Neogene tectonic evolution of Northern Honshu modified after Sato
and Amano (1991). VF: volcanic front, TR: trench axis, KFS: Kitakami fault
system.

2012 N. Kato et al. / Journal of Structural Geology 28 (2006) 2011e2022

Normal faulting
Japan Sea Opening in Miocene

Reverse faulting
Using the existing faults

Tectonic backgroundNE Japan

Inversion tectonics
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Seismic GAP
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North Anatolian Fault, Turkey

Kaya (2012, PhD Theis)



Kaya et al. (2013, Geophys. J. Int)

Compilation of NAF 2D profiles

Along strike variation

Segmentation

“Asperities” as “resistors”



-60 -30 0 30 60 90
-60
-40
-20

0
20
40

Easting (km)

N
or

th
in

g 
(k

m
)

Depth:-5.207 km

 

 

0

2

4

-60 -30 0 30 60 90
-60
-40
-20

0
20
40

Easting (km)

N
or

th
in

g 
(k

m
)

Depth:-11.714 km

 

 

0

2

4

-60 -30 0 30 60 90
-60
-40
-20

0
20
40

Easting (km)

N
or

th
in

g 
(k

m
)

Depth:-19.955 km

 

 

0

2

4

-60 -30 0 30 60 90
-60
-40
-20

0
20
40

Easting (km)
N

or
th

in
g 

(k
m

)

Depth:-44.112 km

 

 

0

2

4
Ωm

-60 -30 0 30 60 90
-60
-40
-20

0
20
40

Easting (km)

N
or

th
in

g 
(k

m
)

Depth:-5.207 km

 

 

0

2

4

-60 -30 0 30 60 90
-60
-40
-20

0
20
40

Easting (km)

N
or

th
in

g 
(k

m
)

Depth:-11.714 km

 

 

0

2

4

-60 -30 0 30 60 90
-60
-40
-20

0
20
40

Easting (km)

N
or

th
in

g 
(k

m
)

Depth:-19.955 km

 

 

0

2

4

-60 -30 0 30 60 90
-60
-40
-20

0
20
40

Easting (km)
N

or
th

in
g 

(k
m

)

Depth:-44.112 km

 

 

0

2

4
Ωm

-60 -30 0 30 60 90
-60
-40
-20

0
20
40

Easting (km)

N
or

th
in

g 
(k

m
)

Depth:-5.207 km

 

 

0

2

4

-60 -30 0 30 60 90
-60
-40
-20

0
20
40

Easting (km)

N
or

th
in

g 
(k

m
)

Depth:-11.714 km

 

 

0

2

4

-60 -30 0 30 60 90
-60
-40
-20

0
20
40

Easting (km)

N
or

th
in

g 
(k

m
)

Depth:-19.955 km

 

 

0

2

4

-60 -30 0 30 60 90
-60
-40
-20

0
20
40

Easting (km)

N
or

th
in

g 
(k

m
)

Depth:-44.112 km

 

 

0

2

4

Ωm

Depth: -20 km 

Depth: -12 km 

Depth: -44 km 

3d inversion result

Kaya (2012, PhD Theis)

“seismic gap” as a resistor



Wannamaker et al. (2009, Nature)

Murchison EQ
Early 20th Century
M>7
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South Island,  New Zealand



Wannamaker et al. (2009, Nature) 20



Wannamaker et al. (2009, Nature) 21



Volcano-Earthquake Link
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22
• 2008 Iwate-Miyagi Nairiku Earthquake (M7.2)
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Equi-resistivity surface (10Ωm)

Fluid branching:
(1) One to the volcano
(2) The other to the hypocenter

24

Hypocenter

Fluid branching
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Seismology targets
• Intraplate earthquakes
• Active faults, shear zones, fluid reservoir, deformation
• NE-Japan
• North Anatolian Fault(NAF)
• NZ
• Volcano-Earthquake link

• Plate interface at subduction zones
• NZ
• SW Japan



Observed data in 2015-2016

MT measurements in 2016-2017 at
Transition zone from weekly- to 
strongly- coupled.

Heise et al (2019, EPSL)

Hikurangi subduction, NZ



Comparison between areal strain rate and resistivity at the plate interface

Initial model

Best fit model

Heise et al (2019, EPSL)
Subducting Plate fixed: 5 km below the plate interface



(Obara and Kato et al., 2016)

Philippine Sea Subduction, SW Japan

Study Area
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Philippine Sea Subduction, SW Japan



If the plate is not constrained

Kinoshita (2018, M.Thesis)

Philippine Sea Subduction, SW Japan



Volcanology targets
Imaging Magma pathways

Imaging Geothermal system
• Clay cap
• Silica Cap
• Super Critical Fluids below the BDT

Temporal resistivity changes
• Magnetotelluric monitoring
• Controlled source monitoring (EM-ACROSS)



Kusatsu-Shirane Volcano, Japan

Final Paper Number: GP006-06
Session Date and Time: Tuesday, 15 December 2020; 04:00 - 05:00 PST

Objective
Understanding the phreatic eruption architecture

in particular for the 2014 unrest
[edifice inflation / seismicity / increased lake 
temperature/ increased magmatic gases]

by 3D resistivity distribution to 2~3km depth 
using 91 MT/AMT sites

Key Words:
Phreatic eruption, Clay Cap, Brine, Supercritical Fluid

Kusatsu-Shirane
Volcano



2014 Volcanic Unrest

• Source Depth at 1500m(ASL): 500m below surface
• Total volume 1.2×105 m3 

Obs
Cal

Terada et al.(2016)
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７月 24 日 149 回 

図６－１ 草津白根山 最近の活動経過図（2014 年１月１日～2016年８月 31日） 

      グラフ番号①は９時・15時の最高値を示す。 

グラフ番号⑤の空白期間は欠測を示す。 

 

・2014年３月上旬から湯釜付近及びその南側を震源とする火山性地震が増加した。その後、消長を繰り返し

ながら多い状態が継続していたが、2014 年８月下旬以降は概ね少ない状態で経過し、今期間は少ない状態

であった。また、振幅の大きな火山性地震も観測されていない。 

・火山性微動は 2015年６月 28 日に発生して以降観測されていない。 

・GNSS連続観測では、湯釜を挟む基線で 2014 年４月頃からみられていたわずかな伸びの変化は、2015 年４

月頃より鈍化し、2015年 11 月頃から停滞傾向が認められる。 

深さ（km） 

灰色の期間は、奥山田カメラの障害によ

り検知能力が下がっている。 
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100

Daily Seismicity (JMA, 2016)

Inflation period

Inflation period

Point source analysis
for 2014 Jan to 2016 May
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W-E Section 

MAP@1400mASL(600m below surface)

3D View from SW

FEMTIC code: Usui et al. (2017, GJI)
Unstructured tetrahedral meshes

C1: Bell-Shaped Clay Cap Rock
C2: Columnar fluid path
C3: Brine (Super Critical Fluid)

Seismicity: dots
Mag- Demag sources: starts
Inflation source: X

S-
N 

Se
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Modified from Hutnak et al. (2009, JGR)

C1: Clay cap (<200 degC): Capping Inflation Source X and Mag- Demag- Sources
C2: Vertical fluid path
C3: Brine (>400 degC) : Super-Critical Fluid Capped by Silica

Episodic magmatic gas flux through the brine (C3) broke the silica cap and induced 
seismicity, migration of vapor and inflated the edifice under the clay cap (C1)

Phreatic eruption architecture

doi.org/10.1186/s40623-020-01283-2,

Tseng, Ogawa, Nurhasan et al. (2020, EPS)

https://earth-planets-space.springeropen.com/articles/10.1186/s40623-020-01283-2
https://www.google.com/url?q=https%3A%2F%2Fdoi.org%2F10.1186%2Fs40623-020-01283-2&sa=D&sntz=1&usg=AFQjCNFIrtVG56q6tM0J97L3oTinkuEkzg


Silica Seal at Brittle-Ductile Transition (~400 degC)

Sealing by low-solubility of silica
Saishu et al. (2015, Tera Nova)
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Formation of Brine Lenses
126 A. Afanasyev et al. / Earth and Planetary Science Letters 486 (2018) 119–128

Fig. 8. Temporal evolution of (a) bulk salinity and (b) electrical resistivity follow-
ing abrupt cessation of degassing for the reference scenario in Fig. 5. Time (t∗) is 
given as kyr since cessation of degassing. Symbol v as in Fig. 6. Isotherms contours 
are every 25 ◦C. Electrical resistivity is calculated as described in Supplementary 
material, for direct comparison to Fig. 1. Note equivalent colour scale in the range 
1–104 !·m in Fig. 1 and Fig. 8b.

precipitates, but even at t∗ = 750 kyr after the cessation of de-
gassing a large salinity anomaly persists at 3 to 4 km depth. Thus, 
the permeability decrease with depth is an important feature of 
our models, that, in contrast to Gruen et al.’s (2014) adoption of 
homogeneous host-rock permeability of 10−14 m2, results in a re-
duced intensity of the convection in deeper regions where NaCl of 
magmatic origin together with trace metals can be preserved for a 
long time after the cessation of degassing.

Abrupt cessation of the fluid flux is an extreme end-member. In 
nature a slow shut-down of fluid flux is more likely, as the fluid 
source (pluton) cools and solidifies. This will have two counteract-
ing effects. First it will help to sustain convection that will tend 
to destroy the brine lens. On the other hand, it will maintain fluid 
influx that will help to maintain the lens. In Supplementary mate-
rial we have simulated a slow shut-down scenario and show that 
this process yields very similar results in terms of lens geometry 
and longevity. We consider that the details of waning fluid flow, 
especially from a large fluid source, have little bearing on our con-
clusions.

5.5. Electrical conductivity

In order to compare our simulations with MT observations of 
real volcanoes (Fig. 1) we computed electrical resistivity of the 
porous rocks filled with saline fluid for the reference scenario 

shown in Fig. 5. We used the model of Sinmyo and Keppler (2017)
to calculate the conductivity of the fluid phase in the pore space 
and Archie’s law to account for the presence of the resistive ma-
trix, see Supplementary material for details.

The central part of the brine lens (Fig. 8b) has comparable cal-
culated electrical resistivity to the volcanoes shown in Fig. 1 (0.1 to 
1 !·m). A vapour-rich region with high resistivity below the cap 
is clearly seen at the moment t∗ = 0 when degassing shuts down 
(Fig. 8b). As the lens cools this vapour-rich region disappears and 
the resistivity distribution within the lens becomes more uniform. 
The transition between the resistivity of the lens and the ambient 
fluid remains sharp because the addition of a small amount of salt 
increases fluid conductivity abruptly. Thus, brine lenses can be ob-
served on MT images on Myr timescales after cessation of magma 
degassing.

6. Discussion and conclusions

Our modelling results demonstrate that the existence of a path-
way for a rapid ascent of magmatic fluid is a necessary condition 
for brine lens formation. This pathway can be explained with ei-
ther static permeability distribution involving a high-permeability 
conduit (our model) or dynamic permeability model allowing rapid 
fluid ascent (Weis, 2015). Both approaches can explain formation 
of the brine lenses whose development is controlled primarily by 
phase transitions, although we consider the former to be more ge-
ologically realistic. The brine lens is created by phase separation of 
ascending supercritical fluid through the pathway, and sealed at its 
upper surface by halite precipitation in the pore space.

We show that brine lenses are likely to form in any magmatic 
system in which fluids are discharged from a magma body into 
overlying rocks whose permeability structure is defined by a per-
meable column within less permeable country rock. This situation 
is likely beneath any volcano that has experienced eruptions; in 
that case the permeable column corresponds to the volcanic con-
duit system, now filled with variously fragmented country rock 
and solidified magma and intruded by multiple dykes with associ-
ated host rock damage zones. Although, as we show, brine lenses 
develop under a wide range of fluid and rock parameters, they are 
favoured in the following situations: fluid release temperature is 
relatively high, i.e. at or above the water-saturated granite solidus 
(∼670 ◦C); the salinity of magmatic fluid is high; fluid ascends 
though a focussed (localised) pathway, i.e. one with a small ef-
fective radius.

The longevity of a brine lens is controlled primarily by the du-
ration of the degassing episode. Once degassing ceases the brine 
sinks back down the permeable column and spreads out laterally 
(Fig. 8). This is true regardless of the details of the rate at which 
shut-down occurs. The extent to which the original conduit re-
mains open for downwards migration of the lens depends whether 
mineral precipitation occurs in the underlying conduit. Such a pro-
cess is not readily addressed in our simplified H2O–NaCl system; 
although a halite cap forms above the lens and halite precipitation 
occurs within the lens during its sinkage. Natural magmatic fluids 
contain additional solutes, notably silica, whose precipitation could 
play a similar role to halite in forming a low permeability region 
that reduces upward flow and influences the location of the brine 
lens. Silica precipitation could also occur beneath the lens prevent-
ing its sinkage following the cessation of degassing. In addition, at 
lower pressure and temperature, fluid–rock reaction can form clay 
minerals. The consequent increase in volume can reduce porosity 
and permeability to form the clay cap so commonly observed in 
geothermal systems and hydrothermally altered volcanic edifices. 
The clay cap may also hold the brine lens in place. Further mod-
elling that takes into account the behaviour of additional solute 

With a conduit, brine lenses can be formed at 2-4km depth.

Brine can stay for 250 kyr.
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Porphyry model
Stage 1:
Slow process to create brines for 10k-100k years.

Blundy et al (2015)

ARTICLES NATURE GEOSCIENCE DOI: 10.1038/NGEO2351

10 µm
15.0 kv BSE

mt

cp

an

a b

WD 11.0 mm 15 :14 : 53
UoB-ES 24/10/20131,000 µm

Figure 3 | Comparison of experimental and natural mineralization textures. a, Reflected-light photomicrograph of chalcopyrite (cp) and minor magnetite
(mt) mantled by anhydrite (an) within vesicle in dacite porphyry from the potassic alteration zone, Don Manuel PCD prospect, Chile. The rock’s matrix is
composed of finely crystalline plagioclase (An51), biotite, oxides, pyrite and apatite. The bulk composition is almost identical to the felsic experimental
starting material. b, Detail from run product M4 (Fig. 1) showing digenite (white) with a thin corona of magnetite (pale grey) filling a vesicle (black) in
partially crystalline dacite. Additional run products listed in Supplementary Table 1. Scale bar is 10 µm.

Lava domea b

Silicic magma 
with crystals
Supercritical gas
Low-salinity vapour
Brine
Vapour flow
Gas flow
Potassic alteration

Brine + vapour

Volcanic rocks

Host rocks

2–4 km

6–10 km

Silicic Gas

Phyllic
alteration

Mafic magma 
with crystals
Sulphur-rich gas
Copper sulphide
Brine
Gas flow
Phyllic alteration

Mafic

Figure 4 | Gas–brine reaction model for PCD formation. a, Stage 1. Slow accumulation, crystallization and degassing of dacite magma beneath small dome
volcano. Below 2–4 km depth exsolved gas is supercritical, condensing at shallower levels to brine, which becomes trapped and accumulates (driving
potassic alteration of host rocks), and low-salinity vapour, which escapes upwards. b, Stage 2. Periodic destabilization of a deeper magmatic system
releases mafic magmas and sulphurous gases that react with trapped brines, forming sulphide minerals at temperatures of 850 �C. Mingling between
mafic and silicic magmas may occur, but is not required. Hydrogen chloride produced by sulphide precipitation drives phyllic alteration in overlying rocks by
feldspar hydrolysis below ⇠600 �C. Unreacted sulphurous gases drive alteration in the shallow lithocap.

driving this style of alteration. Closer to the orebody, a ‘phyllic’
alteration zone is characterized by the breakdown of igneous
feldspar to sericite mica via acid hydrolysis. Although H2SO4
may again be implicated, we note that reactions (1) and (2)
produce significant quantities of hydrogen chloride (HCl) gas as
a consequence of sulphide precipitation. Although HCl is highly
associated at magmatic temperatures37, below approximately 600 �C
and in the presence of H2O it can dissociate and hydrolyse
alkali feldspar38:

3KAlSi3O8 (feldspar)+2H+ =

KAl3Si3O10 (OH)2 (sericite)+6SiO2 (quartz)+2K+ (4)

Reaction (4) suggests that phyllic alteration and sulphide
precipitation can operate in tandem. In PCDs formed by gas–brine–
rock interactions we envisage multiple sources of acid (HCl, H2SO4)
and complex spatio-temporal overprinting of rock alteration and
mineralization in response to the prevailing temperature field2,36.
However, if sulphide precipitation and phyllic alteration are linked
via reactions (1) and (2), then the mass of sericite and sulphides, on

the scale of an individual PCD, should be related by the reaction
stoichiometry. For example, 1 mole of pyrite (125 g) formed by
gas–brine reaction will generate su�cient HCl to form 3 moles of
sericite (1,195 g). A PCD of mass M containing 5wt% pyrite (as
the dominant sulphide mineral) would then be associated with a
phyllic alteration halo (⇠25wt% sericite) of mass 1.9M. For an
individual deposit this constitutes a testable hypothesis, although the
ratio seems consistent with estimates from PCDs (ref. 39). The total
sulphide content of a PCD will be controlled by the masses of brine
and gas, moderated by the reaction e�ciency, that is, the ratio of
reacted to unreacted gas. Sulphurous gases that avoid reaction with
brine can ascend to shallower levels, where they disproportionate
and participate in acid alteration reactions involving H2SO4. For
a PCD containing 1012 kg of sulphur40 at least 330⇥ 1012 kg of arc
basalt with 3,000 ppm sulphur15 is required, equivalent to total
degassing of 120 km3 of basalt at depth.

Timescales of porphyry copper mineralization
Our gas–brine reaction model (Fig. 4) invokes operation of two
distinct timescales of degassing, in keeping with observations of
arc magmatism: one timescale relates to the accumulation and

4 NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience

Stage 2:
Gas from the mafic magma interact with the brine
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Volcanology targets
Imaging Magma pathways

Imaging Geothermal system
• Clay cap
• Silica Cap
• Super Critical Fluids below the BDT

Temporal resistivity changes
• Magnetotelluric monitoring
• Controlled source monitoring (EM-ACROSS)



Temporal resistivity changes
• MT monitoring
• Aizawa et al. (2011, JVGR) Sakurajima volcano
• Peacock et al. (2013, Geophysics) , Thiel (2017, Surv Geophys) EGS
• Hill et al.(2020, GRL) Tongariro eruption, NZ

• Controlled source monitoring
• Tseng et al. (2020, PhD thesis) EM-ACROSS



Sakurajima Volcano, Japan:  resistivity monitoring by MT

Aizawa et al. (2011, JVGR)



Tilt record:  “start of the magma intrusion”

ra  (22.5Hz) @HARMT    near (2km) the vent

ra  (97Hz) @KURMT       far (4km) from the vent
near the shore

Resistivity change in response to tilt:
Ground water migration?

Limited number of sites (2)
Limited impedance components
Limited frequencies

Aizawa et al. (2011, JVGR)

r(Volcanic fluid) < r(ground water) 

r(Volcanic fluid) > r(saline ground water) 



2012 eruption of Mount Tongariro, NZ  (Hill et al., 2020, GRL)

MT survey (・2008 ‒ 2010) Before the phreatic eruption from T(Te Maari) crater

Te Maari eruption in Nov 2012

Repeat MT survey (・June 2013)   After the phreatic eruption from T(Te Maari) crater



Conductive brine was lost after the phreatic eruption



Summary
• Review on our magnetotelluric studies
• Seismology targets

• Intraplate earthquakes
• Plate interface at subduction zones

• Volcanology targets
• Imaging Geothermal system
• Temporal resistivity changes

... Challenging topic
MT    

removal of galvanic distortion (which can also vary with time)
temporal alignment error (magnetic sensor)
quest for high quality data

Controlled source EM



Thank you very much for your attention!

Yugama Crater, Kusatsu-Shirane Volcano, Japan


