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Abstract

Hydrology around active volcanoes is strongly
controlled by the interaction between ground-
water, and the fluids, dissolved elements and
heat associated with magmatic intrusion. The
chemical and mechanical processes associated
with magmatic unrest can result in observable
changes in the hydrothermal system. Conse-
quently, observations of chemical and physical
hydrothermal variations may provide insights
into the state of volcanic activity. Additionally,
the interaction between hydrological and vol-
canic systems leads to the presence of
high-temperature, pressurised, and often acidic
fluids, which add to, and intensify, the volcanic
hazard. In the following chapter we present the
major components of, and controls on, mag-
matic hydrothermal systems focusing on the
mutual perturbation between the groundwater
flow system and the volcanic system. We

A. Jasim (D)

University of Bristol, Earth Science School,
Wills Memorial Building, Queen’s Road,
Clifton BS8 1RJ, UK

K. Mayer - B. Scheu

Department of Earth and Environmental Sciences,
Ludwig-Maximilians-Universitdt Miinchen (LMU),
Theresienstrasse 41/I1I, 80333 Munich, Germany

B. Hemmings
GNS Science, 1 Fairway Drive, Lower Hutt,
New Zealand

Adyvs in Volcanology (2019) 83-99
DOI 10.1007/11157_2018_33

© The Author(s) 2017

Published Online: 23 May 2018

1

explore how these conditions can be modified
by volcanic unrest and we identify feedbacks
between dynamic hydrothermal behaviour and
on-going unrest. The interaction between these
systems, and therefore the associated monitor-
ing signals, are the result of complex ground-
water-volcano coupling within multi-phase
flow system in evolving lithologies. Nonethe-
less, detailed monitoring of hydrothermal and
hydrological behaviour can provide insights
into unrest and the evolution of hazards at
restless volcanoes.
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Resumen

Brevemente resumimos nuestra comprension de
los sistemas magmaticos hidrotermales y discu-
timos las mayores incognitas y sus implicaciones
en el vigilancia volcanica. También proveemos
directrices adicionales para la recoleccion de
datos a usarse en la calibracion de la variabilidad
del sistema de aguas subterraneas, alrededor de
volcanes activos, como un paso crucial para
desacoplar las sefiales magmaticas de las pura-
mente hidrotermales.
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La interaccion entre los sistemas hidrolégico y
volcénico es un elemento importante durante
reactivacion volcanica. Los cambios en el com-
portamiento hidrolégico de un volcan activo,
como la elevacion del nivel del agua subterranea,
la descarga de manantiales, los cambios de tem-
peratura y de la quimica, pueden ser indicadores
preliminares de evolucion de la actividad volca-
nica. Las interacciones hidrologicas pueden tam-
bién alterar y aumentar el peligro volcanico
existente. Las interacciones fisicas y quimicas
entre la roca encajante y los diferentes tipos de
fluido pueden modificar los caminos de desgasi-
ficacion, generando distribuciones de presion
dindmicas dentro del edificio volcanico. Atn los
procesos lentos, como el desarrollo creciente de
zonas de alteracion permanentes, pueden mani-
festarse como un peligro dindmico asociado con
una reactivacion continua o futura, ya que las
rocas altamente cristalinas son hidrotérmicamente
alteradas produciendo arcillas débiles secun-
darias. Discutimos los principales pardmetros que
controlan las reacciones y sus efectos en la dis-
tribucion de la alteracion en ambientes volcanicos.

Debido a la introduccion del calor de la fuente
en el sistema del agua saturada, se presentan
peligros adicionales. Esto frecuentemente conll-
eva a explosiones fredticas y freato-magmaticas.
La presencia de paquetes de gases bajo la
superficie ademds incrementa este peligro. El
balance entre el ingreso de agua freca fria, la
desgasificacion y la disipacion de calor, esta
criticamente relacionado con la abilidad del sis-
tema para transmitir fluidos, el mismo que
evoluciona en funcion tanto de los procesos
quimicos (gj., las reacciones de dilucidén/precip-
itacion mineral) como fisicos (ej., fracturamiento
y compactaciéon de la roca), produciendo asi
propiedades hidrologicas de la roca fuertemente
dependientes de la escala (ej., porosidad, per-
meabilidad y conductividad térmica).

En resumen, las sefiales fisicas y quimicas, o
la perturbacion hidrologica asociada con la
reactivacion magmatica, son complejas y
dependientes del sitio. Las contribuciones de los
diferentes componentes del fluido, y sus inter-
acciones con caminos de flujo existentes, pueden
determinar c6émo un sistema evoluciona en
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periodos de calma. Esta evolucidon controla la
posible respuesta a la perturbacion ter-
modindmica y quimica asociada con la iniciacién
de la reactivacion volcanica. Dadas las intrin-
cadas retroalimentaciones entre el magma, la
hidrologia, y los cambios repentinos de los sis-
temas involucrados, Unicamente mediciones de
alta frecuencia (de horas a semanas) de la tem-
peratura, pH, conductividad eléctrica del agua,
profundidad del nivel del agua subterrdnea, del
contenido de REE (Elementos de Tierras Raras),
RFEs (Elementos de Formacion de Rocas) y gas
disuelto, conjuntamente con mediciones geofisi-
cas, pueden aclarar la evolucion del sistema
magmatico, la apertura/cierre de fracturas y la
dindmica estacional del agua subterranea.

2 Introduction

Much of the research relating to the interaction
between hydrological and volcanic systems has
focused on the role of hydrothermal systems in
the development of economic mineral deposits.
hydrothermal systems have formed vast
ore-deposits around the world, most of them
clearly result from the interaction between mag-
matic and meteoric fluids (Hedenquist and
Lowenstern 1994).

The interaction between hydrological and
volcanic systems is an important element in
volcanic unrest. Changes in hydrological beha-
viour, such as water table elevation, spring dis-
charge, temperature and chemistry, at an active
volcano can provide early indications of changes
in volcanic activity. Hydrological interactions
can also alter and augment the existing volcanic
hazard. Chemical and physical interactions
between host rocks and different fluid types can
modify fluid degassing pathways, generating
dynamic pressure distributions within a volcanic
edifice. Additional hazards are also presented by
the introduction of a heat source into a water
saturated system, this frequently results in dan-
gerous phreatic and phreatomagmatic explosions.
Understanding the controls on hydrological and
hydrothermal behaviour in volcanic settings is
essential for understanding the array of hazards
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presented by volcanic unrest. Continued devel-
opment of this understanding is also providing
new volcano monitoring opportunities. Despite
the clear relevance and importance of hydrolog-
ical and volcanic interactions in relation to vol-
canic unrest, the dynamics of this interaction
remain poorly constrained.

3 Hydrothermal System

Although insulated or distal, cool groundwater
aquifers can respond to volcanic perturbation, the
clearest manifestation of volcanic and hydrologi-
cal interactions is a hydrothermal system. Fumar-
oles, often visible on active volcanoes, represent
the surface expression of this hydrothermal
system.

A magmatic hydrothermal system is com-
posed of three main elements: a host rock (or
reservoir), which contains a circulating fluid, set
in motion by an igneous heat source (Fig. 1).
While the difference in relief between stratovol-
canoes and calderas can lead to contrasting
hydrological systems, the lower limit of any
hydrological system is commonly defined as the
brittle-ductile transition zone. Within this zone,
fluid pressures transition from hydrostatic to
lithostatic as rock permeability becomes severely
reduced (Fournier 1999). When this region is
subjected to high strain rates, fracturing may
occur, leading to episodic influxes of mass and
heat to the hydrothermal system (Bodnar et al.
2007). While agreement exists on the definition
of lower limit of a volcanic hydrological system,
the same is not true for the upper limit.

We consider the water table as the upper limit
of the hydrological system. However, the earth’s
surface could equally be considered part of the
system. This adds the further complexity of flow
within the unsaturated (vadose) zone (Hemmings
et al. 2015a). Furthermore, the upper limit of the
hydrological system closely depends on the
precipitation regime. Precipitation is a function
of geography, including both latitude and eleva-
tion. Together with surface processes it deter-
mines the recharge dynamics of the aquifer and
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the depth and fluctuation of the water table.
A number of studies suggest a correlation
between the fluctuation of the water table and
elevated seismicity. Both the reduction in effec-
tive stress due to a seasonal increase in hydro-
static pore pressure, and the snow unloading,
lead to a seasonal peak of seismicity (Saar and
Manga 2003; Christiansen et al. 2005). Further-
more, Mason et al. (2004) identify seasonal
peaks in the eruption rate of volcanoes, which
may be due to the load/unload seasonal stress
cycle imposed by the hydrological cycle.

The definition of water table implies a water
saturated medium below it. However, crater lakes
(Fournier et al. 2009) and caldera settings (Bruno
et al. 2007; Jasim et al. 2015) often have portion
of the water table sustained by a two phases
system (liquid and gas). Similarly, the conden-
sation of magmatic gases (primarily vapour)
often feeds the groundwater reservoir (Chiodini
et al. 2001). While the location of the water table
is important, the conventional definition does not
really apply in volcanic settings, especially in
high-relief stratovolcanoes, in which it is often
unclear to what extent the edifice is water satu-
rated. Specifically, the local water table may
differ from the regional water table, with highly
dynamic elevation changes controlled by both
meteoric and volcanic processes.

Many studies suggest the presence of high
elevation springs, however it is not clear whether
they are fed by the regional water table or by
perched saturated layers high up on the cone
(Cabrera and Custodio 2004; Custodio 2007;
Cruz and Oliveira Silva 2001; Hemmings et al.
2015a; Ingebritsen and Scholl 1993; Join et al.
2005; Peterson 1972). Access to wells on the
flank of volcanoes and geophysical imaging
methods can help resolve the hydrogeology
behind such springs (Finn et al. 1987, 2001;
Aizawa et al. 2008). However, in either scenario,
the development of saturated flow units at high
elevation has a particular relevance to forecasting
volcanic hazards such as lahar, landslides and
flank collapses, which can be sudden, unpre-
dicted and deadly. Such mass wasting events all
involve the displacement of material from the
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upper part of the volcano to the surrounding
valleys. They can be triggered by gravitational
instability (often in response to heavy rainfall),
increase in pore pressure, reduction of rock
strength, volcano-tectonic earthquake or intru-
sion of magma. The depressurisation induced by
mass movement on the volcanic edifice may also
result in the sudden reactivation of the magmatic
system.

The waters circulating within volcanic sys-
tems are often high-temperature, sometimes
supercritical fluids. They interact with the host
rock through chemical reactions that result in
hydrothermal alteration. The evolution and
dynamics of hydrological and volcanic interac-
tions are strongly controlled by fluid flow. This,
in-turn, is a function of the pressure, temperature,
fluid composition, and, critically, the system’s
ability to transmit fluids.

3.1 Fluid flow
Laminar flow through saturated porous media is
described by Darcy’s Law (Eq. 1),

kdp

q:—pa (1)

where q is specific discharge (m/s), k is perme-
ability of the porous media (m?), u is fluid vis-
cosity (Pa s), and dP/dl is the hydraulic head, or
pressure, gradient (Pa/m) along length [ (m). The
fluid viscosity is usually approximated as that of
water (liquid or vapour). However, the combined
effect of topography and the presence of a deep
source of heat and fluids likely produce vast
unsaturated (or two-phase) portions within the
volcano. Dissolved air and gas near the surface,
the phase transition from water (liquid) to vapour
due to the temperature gradient, and the decom-
pression of upwelling fluids are some of the
processes that produce two-phase (liquid and
gas) fluid flow regions within a volcanic system.
To extend the Darcy’s equation to two phase
flow we define the liquid saturation (S,,) as the
fraction of a representative bulk volume of the
porous medium filled by water and, similarly, the
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gas saturation (S,) as the fraction of a represen-
tative bulk volume of the porous medium filled
by the gas phases, such that (Eq. 2)

Sg+Sy =1, (2)
The capillary pressure P. (in Pa) is due to the
pressure difference between the two phases
(Eq. 3), hence

P. =P, —P, (3)
and is a unique function of water saturation (S,,).
Finally, due to the competing flow of the two
phases, the relative permeability (kr) is less than
or equal to the single phase (usually water) per-
meability, k (mz), of the medium. We define the
relative permeability of the gas phase (kr,) and
the relative permeability of the liquid phase (kr,,)
as (Egs. 4 and 5)

k
kr, =-% 4
rg k ()
kW
kry, = — 5
=" (5)

where k, and k,, are the effective permeabilities
for each of the two fluids. Again the relative
permeabilities are assumed to be a unique func-
tion of water saturation (S,,). Hence, we define
the flow velocity vector (m/s) of the gas phase
along a direction D (m) as (Eq. 6)

Ve = —kkﬁ (VPg — pggVD)
g

(6)

and similarly the velocity (m/s) of the water
(Eq. 7)

kry,
Yy = kD (VP, — p,&VD)

w

(7)

where p and p are respectively the viscosity
(Pa s) and the density (kg/m3) of the gas (g) and
liquid (w) and g is the acceleration (m/sz) due to
gravity. Similarly, for non-laminar flow further
terms (e.g., Forchheimer term) can be added to
Darcy’s equation of fluid flow to consider the
inertial effects due to turbulence.
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3.1.1 Permeability and Porosity
Permeability and porosity are the primary
parameters controlling flow and storage of fluids
in the subsurface (Manning and Ingebritsen
1999). The permeability also controls the heat
regime of the hydrothermal system: high per-
meabilities (> 107 mz) favour advective
transfer of heat away from the igneous source,
resulting in low-temperature vapour-dominated
systems.  Contrastingly,  low-permeabilities
(<107'® m?) favour slow heat conduction, also
producing low-temperature systems. The hottest
hydrothermal plumes reside in intermediate per-
meabilities, around 105 m? (Hayba and
Ingebritsen 1997). Whilst permeability (k) is an
important parameter, it is often one of the least
well constrained. It can vary over 17 orders of
magnitude, from ~ 1072° m? in intact crystalline
rocks to ~10™° m? in porous and fractured
basalt (Table 1).

Porosity (¢), the ratio of voids over total
volume (voids and solid) in a given material,
defines the storage capacity of the rocks; it also
affects permeability and effective thermal con-
ductivity. In many porous and fractured media,
there is a positive correlation between ¢ and &, as
permeability is simply the interconnected pore
network. Clays and volcanic tuff are unusual in
that they can have high porosity values but low
permeabilities, at least in part due to their very
small particle sizes, propensity to bridge pores
and form aggregates (Neuzil 1994). Permeability
in such lithology is greatly enhanced by the
presence of discontinuities such as fissures,
joints, shears and faults that can connect other-
wise isolated pores.

Porosity and permeability of volcanic units
are primarily controlled by the type of volcanic
product (e.g., lava, pyroclastic density current,
ash fall) and depositional environment. Inherent
heterogeneities between deposits can be
enhanced by subsequent compaction, fracturing
and chemical alteration. The resulting hydroge-
ology is complex; hydrological rock properties
(porosity, permeability and thermal conductivity)
are strongly scale dependent, particularly when
fluid flow is focussed along high permeability
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channels or fractures, as is common in volcanic
settings. Such flow pathways themselves are an
active component of a dynamic system. Their
ability to transmit fluids and therefore the role
they play in hydrothermal circulation can be
modified by physical changes - the opening or
closing of fractures in response to stress-field
changes - and chemical alteration, which can
both enhance and obstruct fluid flow, as dis-
cussed in the next section.

3.2 Chemical Reactions

Chemical alteration is an important process
within a hydrothermal system. Dissolution can
reduce cohesion and weaken a volcanic edifice.
This can lead to catastrophic flank collapses and
debris avalanches (Reid 2004). Such events can
depressurise the magmatic system and trigger an
eruption. Conversely, chemical precipitation and
deposition processes can cause plugging in areas
of intense mineralisation, this can promote pres-
surisation, which can also lead to flank collapse,
as pore pressures increase within the edifice.
Such pressurisation can also generate violent
steam-driven explosions (Ingebritsen et al. 2010).
Chemical dissolution and precipitation processes
also alter the host-rock permeability. These pro-
cesses are sensitive to the thermodynamic con-
ditions and the proportions of different fluid
components (Pirajno 2010). Feedbacks between
physical and chemical flow behaviour within a
hydrothermal system can modify the physical
and chemical characteristics of its surface
expression - hydrothermal fluid and fumarolic
discharge. Therefore, monitoring the hydrother-
mal discharge can provide clues about the state
of volcanic unrest and can even be used to help
predict volcanic eruptions (Cronan et al. 1997).

To maximise the value of chemical analysis of
hydrothermal discharge as a volcanic monitoring
tool, and to fully understand the hazard presented
by hydrological and magmatic interactions it is
necessary to quantify the rates, spatial distribu-
tion and physical effects of chemical alteration
within a hydrothermal system.
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Table 1 Measured
permeability and porosity
ranges for various rock
types

3.2.1 Reaction Controlling Parameters
Many factors may influence hydrothermal alter-

Rock type

Unconsolidated rocks
Gravel

Clean sand

Silty sand

Silt, loess
Unweathered clay®
Consolidated rocks

Shale

Unfractured metamorphic and igneous

Sandstone

Limestone and dolomite

Fractured igneous and metamorphic
Permeable basalt

Karst limestone

Fractured basalt

Basalt near surface”

Basalt at 1 km depth®

Andesite®

Thermometamorphic*

Campi Flegrei trachy-phonolite
Tuff, surface®

Tuff, depth®

Chaotic tuff/tuffites < 1 km depth?
Chaotic tuff/tuffites > 1 km depth®
Tuffites (HT altered)r

Lava“

Montserrat andesite

Pyroclastic flow deposit®

Lava®

Lahar deposit®

ation, including temperature, pressure, rock type,

fluid flux, fluid composition, and time. The rel-
ative importance of each of these has been much
discussed in the literature (Gifkins et al. 2005;

Permeability (m?)

Min Max

10710 1077

107" 107°

10714 10710
10716 10712
10720 10715
10720 10716
10720 10717
10—17 10—13
10716 10713
10715 10713
10 107°

107" 107°

10—14 10—12
loflg 10710
10720 10718
10—18 10—14
10716 10715
10—17 10—15
10718 10714
10718 10714
10—16 10—16
10718 10714
10—18 10—13
10717 10713
10714 10713

3.2.2 Fluid Composition
The dominant form of chemical alteration (dis-
solution and/or precipitation) is principally a
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Porosity (%)
Range

25-40
5-50

35-50
40-80

0-10
0-5

5-35
0-20
0-10
0-25
5-50
5-50

0.2-0.3
2-17

48-52
19-52
6-40
5-36
0.05-0.07
7-25

Sedimentary rocks are given for comparison. Hydrothermal systems in limestone usually
develop as skarn deposit. Data from Freeze and Cherry (1979). *Neuzil (1994),
blngebn'tsen et al. (2006), “Petrov et al. (2005), “Piochi et al. (2014), *Peluso and Arienzo
(2007), Giberti et al. (2006), eHemmings et al. (2015a)

Pirajno 2010) and appears to vary between dif-
ferent case studies.
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function of the composition of the circulating
hydrothermal fluids. Meteoric water and seawater
are the main sources of fluid in hydrothermal
systems with an additional and dynamic contri-
bution of magmatic fluids. The composition of
hydrothermal fluid critically affects the
mineral-fluid equilibria and therefore the con-
centration of rock forming elements (RFEs) such
as Silica (Si0,), Sodium (Na), Potassium (K),
Calcium (Ca) and Magnesium (Mg). The
mineral-fluid equilibria and solubility of RFEs, as
well as sulphate (SO4%7), chloride (CI7) and
bicarbonate (HCOs-), is affected by temperature,
pressure and water/rock (W/R) ratio as well as the
composition of the host rock. These factors also
affect kinetic rate of chemical alteration. In addi-
tion, the relative mobility of elements depends on
the characteristics of fluid flow, the number of
phases (liquid and gas) and chemical condition
along the flow path including pH, redox condition,
sulfidation state, availability of ligands.

The chloride-sulphate-bicarbonate ternary
diagram by Giggenbach and Soto (1992) pro-
vides a tool to identify water end-members
(Fig. 2). It represents graphically the classifica-
tion of thermal water suggested by Ellis and
Mahon (1977) based on major ions, which
identifies (i) neutral alkali-chloride waters which

Fig. 2 Classification ternary
diagram of thermal waters
from Giggenbach and Soto
(1992) based on the content of
major solutes: Cl S04 and
HCOs;-. The vertexes
represent the alkali-chloride,
sulphate and bicarbonate
water type end members,
whilst the arrows show major
differentiation processes

"andesitic
waters

SO,
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result from extensive interaction with the reser-
voir rocks and may cause silica or carbonate
supersaturation at surface condition;
(i1) acid-sulphate waters which result from the
condensation of volcanic gases into the shallower
groundwater system and are often depleted in
alkali and CI but enriched in metals; (iii) bicar-
bonate waters which usually show thermody-
namic equilibrium with the reservoir rock and are
common at the edge of magmatic-hydrothermal
systems (Ellis and Mahon 1977; Giggenbach and
Soto 1992; Goff and Janik 2000).

3.2.3 Acidity of Hydrothermal Fluids

Upper regions of hydrothermal systems are often
characterized by steam-heated fumarolic alter-
ation due to the presence of acidic, sulphate-rich
fluids (Rye 2005). These fluids may cause
leaching of the host rocks, resulting in an
increase in both rock porosity and permeability.
Eventually extreme acidic fluids (pH < 2) gen-
erate the development of vuggy silica and
thereby facilitate faster gas escape in the shallow
zone (Mayer et al. 2016 and references therein).
In the presence of abundant sulphate ions and
Al-rich host rocks, within a lesser acidic envi-
ronment (pH > 2), the formation of alunite
dominates (alunitic alteration, Pirajno 2010).

Cl

mature
waters

HCO,
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Fig. 3 Conceptual model for
the formation of near surface

Magmatic-steam heated
environment

high-sulfidation alteration. pH
and composition control the
development of alteration
zones with increasing distance
to the main fumarolic conduit.
A highly permeable, acidic
core characterized by
amorphous silica is laterally
replaced by a zone of alunite
and amorphous silica.
Successive neutralization of
the fluids promotes the
formation of kaolinite. Rock
permeability as well as the
degree of alteration increase
toward the center of the
hydrothermal activity (Mayer
et al. 2016)

incre

Alteration zones

Amorphous silica
pH<?2

d2<pH<4

Kaolinite
pH >4

asing alteration

7 Alunite & amorphous silica

Neutralization of fluids
by interaction with rocks

Disproportionation
S0,+H,0>H,S+S0,+S

ﬁ

Uprising, acidic fluids
H,0, SO, H,S, HCI, HF
from degassing magma

Often the fluids undergo progressive neutraliza-
tion as they flow away from the degassing vents.
This results in a sequence of alteration facies
(Fig. 3) from silicic to advanced argillic to
intermediate argillic (Fulignati et al. 1998).

In similar environments the distribution of
kaolinite and alunite may also be affected by the
presence of groundwater. Alunite preferentially
forms at or above the groundwater table where
atmospheric oxygen could oxidize H,S to
H,SO,4, which is required for the formation of
alunite (Mutlu et al. 2005).

3.2.4 Water/Rock Ratio

The amount of water and the rock surface area
available for reactions are two of the primary
controls on alteration. Therefore, the Water/Rock
(W/R) ratio and rock porosity and permeability
will determine the type and extent of alteration.
W/R ratios range between 0.1 and 0.4 (Henley
and Ellis 1983) while porosity can vary from 0
to ~80% (Freeze and Cherry 1979; Neuzil
1994). Static systems, with low porosity and low

W/R ratios, are termed “closed systems”, or “rock
dominated systems”. In this case, the secondary
minerals depend nearly entirely on temperature
and are of similar chemical composition to the
original rocks, although possibly in a hydrated
form (typical of propylitic alteration, see below).
The alteration minerals often resemble those due
to metamorphism (Giggenbach 1984).

Most hydrothermal systems are, however,
“open systems”, or “liquid dominated systems”,
which are characterised by high W/R ratios. In
these cases, the fluid composition has a greater
importance. The minerals that precipitate in open
systems are the result of alteration by mobile
fluids of constantly changing composition. In
these systems permeability is highly influential
and systematic spatial patterns of alteration
zoning are common.

3.2.5 Rock Type

Many studies support the assumptions that the
chemical and mineralogical composition of the
original rock will change the composition of the
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equilibrium solution and therefore the rate of indi-
vidual dissolution/precipitation reactions (e.g.
Pirajno 2010). Consequently, various investiga-
tions have attempted to assess the most easily
altered minerals in the host rocks (e.g. Browne
1984). Glass, followed by olivine are the least stable
phases at surface conditions, as such basalts are
likely to alter more rapidly than felsic rocks.
Numerous studies of basalt dissolution have shown
that the presence of glass can increase dissolution
rates (Wolff-Boenisch et al. 2006; Berger et al.
1994; Stefansson and Gislason 2001; Zakharova
et al. 2007; Hu et al. 2010; Gudbrandsson et al.
2011). However, experimental results on the alter-
ation of volcanic materials are biased by the dom-
inant use of basalt as starting material.

Even though basaltic glass dissolves relatively
rapidly, basalts are still low-silica magmas, and
therefore silica concentrations remain higher in
felsic rocks. Browne (1978) showed that, at
temperatures above 280 °C, the host rock com-
position has a negligible effect on alteration
minerals. Indeed, he gathered evidence of the
same stable alteration assemblages in basalts,
sandstones, rhyolites and andesites. Most acces-
sible hydrothermal systems, however, are at
temperatures below 280 °C and in such systems
Browne (1978) reports high-silica zeolites in
rhyolitic volcanoes, and low-silica zeolites in
basaltic and andesitic systems.

3.2.6 Pressure

Pressure generally has a secondary role in hy-
drothermal alteration (Robb 2005). An important
exception is the role of pressure in controlling
boiling in hydrothermal environments. Boiling at
depth leads to low-salinity vapour and
high-salinity brine. This phase separation is
responsible for transport and deposition of ele-
ments that are key to ore mineralization (Henley
and Berger 2013). In the upper ~ 400 m, pres-
sure is due to the weight of the hot, possibly
vapour rich, water column leading to pressure
gradient below hydrostatic. At the margin of the
hydrothermal system mixing between cold and
hot water is enhanced by the pressure difference
(Henley 1985). At greater depth, pressures exceed
hydrostatic, feeding the upper reservoir (Henley
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1985). Sharp pressure gradients can occur
between high and low permeability portions of a
hydrothermal system, for example within the flow
system feeding fumaroles. Major processes occur
at the interface of liquid-gas phases, such as
massive precipitation of minerals (Lu and Kieffer
2009). In addition, high pressures can cause rock
compaction, thus reduce permeability and drive
pressure solution. Conversely, rapid increase in
fluid pressure can promote fracturing leading to
increases in permeability.

3.2.7 Temperature

Temperature, on the other hand, controls the
general alteration patterns of hydrothermal sys-
tems because it is the main control on mineral
solubility (Giggenbach 1988; Oelkers et al.
2009). For example, metal chlorides and alkaline
minerals are more soluble at high temperatures,
while gypsum, anhydrite, calcite and dolomite
show retrograde solubility below ~ 100 °C
(Frazer 2014). Silica solubility increases as
temperatures rise, until ~ 300 °C. With further
temperature increases, silica solubility decreases
(Fournier 1985). These types of thermodynamic
relationships in single-phase hydrothermal sys-
tems are relatively well constrained, and are
reviewed in detail by Oelkers et al. (2009).

4 Hydrothermal Systems
and Unrest

Many of the conditions that control fluid flow
and chemical alteration are modified by the
re-activation of the magmatic system, and evolve
during volcanic unrest. For example, the intro-
duction of fresh magma into the deep portions of
an active hydrothermal system can critically
change the pressure and temperature conditions
within the system, thus leading to the develop-
ment of gas pockets in the subsurface (Jasim
et al. 2015). This can rapidly lead to phreatic
eruptions. Thus it is crucial to expand unrest
tracking to include monitoring of non-magmatic
hazards (Sandri et al. 2017—this volume).
Seismicity, gases and ground deformation are
usually monitored around active and restless
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volcanoes (Sparks 2003). Gravity anomaly
studies (Gottsmann et al. 2008; Coco et al. 2016)
and acoustic waves (Ferrazzini and Aki 1987)
also provide insight into subsurface processes.
Measurements of water chemistry composition
from hydrothermal manifestation such as boiling
pools, crater lakes and thermal springs are also
routinely conducted (Varekamp et al. 2001,
2009; Federico et al. 2002; Tassi et al. 2003).
The increase of Rare Earth Elements (REE)/CI,
RFEs (e.g., Ca, Mg, K)/Cl and the increase in
SiO, concentration are indicative of either
intrusion of fresh magma within the hydrother-
mal reservoir or exposure to water/rock interac-
tion of fresh rock due to hydrofracturing
(Varekamp et al. 2008). A pH drop and tem-
perature increase in spring water can also be
indicative of an increase in magmatic activity.
However the majority of springs in volcanic
environment are fed by the regional groundwater
reservoirs, thus representing the cooler water
inflow of the hydrothermal system (Jasim 2016).
Thermal waters are focused on fluid upwelling
pathways such as faults and fractures (Curewitz
and Karson 1997; Hemmings et al 2015b; Jasim
et al. 2015).

The influx of magmatic fluids can manifest as
changes in chemical compositions of hydrother-
mal discharges. In particular the strong field

3KAISi;05 +2H* — KAI3Si3049(OH), + 2K + 6Si0,

K-feldspar

KAl;Si3019(OH), +2H* +3H,0 — 3A1,Si,05(OH), + 2K ™"

K-mica

3A1,Si,05(OH), + 2Kt +6H' +4S0,> — 2KAI3(SO4),(OH), + 6SiO, + 3H,0
Alunite

Kaolinite

K-mica
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ligands ClI and F , from magmatic degassing,
can mobilize metals and F~ greatly enhances the
dissolution rates of aluminium silicates (Oelkers
and Gislason 2001; Wolft-Boenisch et al. 2004)
with detrimental effect on rock mechanical
properties. However, along the upwelling flow
path, mixing with surface waters and chemical
reactions with the rock often occur, overprinting
the magmatic signature. Magmatic gases and
vapour either mix with deep circulating water
(Giggenbach 1988) or they condense to form
in situ thermal waters (Rye 1993). In both cases,
they rapidly dissociate and form a strong acidic
solution which causes cation leaching of the host
rock leading to advanced argillitic alteration
(Giggenbach 1988; Symonds et al. 2001). Prior to
mineral precipitation, the resulting waters are
enriched in Si, Na®, K*, Mg®* and Ca", and other
metals, proportionally to their concentrations in
the host rock (rock congruent dissolution) until
the solution is more or less neutralised. This is
therefore called the “primary neutralisation
zone”. Continued acid leaching in K-feldspar
systems leads invariably to the formation of alu-
nite, an important component of high-sulfidation
epithermal systems, where it can replace entire
masses of rocks. For example, alunite can be
formed indirectly from K-feldspar through the
formation of K-mica and kaolinite (Eqs. 8a—8c).

Kaolinite
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Most field and experimental observations
imply that permeability in hydrothermal systems
tends to decrease with time. However, most of
these systems remain active for long periods of
time (typically 10°~10° years, Ingebritsen et al.
2010). Mechanisms must exist by which perme-
able pathways are maintained and or developed to
allow continuing circulation of hydrothermal
fluids and ongoing alteration. Such mechanisms
include: (i) the periodic re-organisation of flow
patterns related to spatial variations in dissolution
and precipitation behaviour (Ritchie and Pritch-
ard 2011); (i1) the dissolution of minerals because
of pulses of acidic fluids (Plumlee 1999);
(iii) feedback between permeability reduction,
fluid pressure and rock mechanics resulting in
hydrofracturing, shear dislocation, mineral dis-
solution and the opening of flow pathways (Bar-
nes 2015; Weis 2015); (iv) pulsating volcanic
activity causing fracturing, periodic variations in
temperature, pressure and the composition of the
circulating fluids (Bodnar et al. 2007); (v) Cool-
ing of the magmatic sills and dikes may lead to
thermal cracking (Cathles et al. 1997) and the
thermal expansion of the rock; both of which
cause increases in fracture density (Chen et al.
1999) enhancing rock permeability; and
(vi) stressed induced fracturing (Tapponnier and
Brace 1976). Furthermore, fluid pathways often
ease the movement of magma towards the surface
as shown by the 1975-1984 volcano-tectonic
crisis at Krafla caldera (Iceland), which lead to the
emplacement of fault-controlled pseudodikes at
shallow depths (<100 m) and eruptive events
(Opheim and Gudmundsson 1989).

The evolution of a hydrothermal system
involves the interplay between a number of
mechanisms, physical and chemical, that operate
at very different timescales ranging from seconds
to hundreds of years. Where volcanic unrest
results in rapid modification of the hydrothermal
system, hazards associated with unrest can
manifest rapidly, with limited warning or pre-
cursory activity. Dynamic changes in perme-
ability, related to rapid mineral precipitation or
opening of fractures can immediately modify
flow pathways. This can result in dramatic
changes in heat and fluid flow, near surface
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pressurisation, hydrothermal outflow and phrea-
tic explosions. Even slow processes such as the
incremental development of pervasive alteration
zones can manifest as a dynamic hazard in
response to continued or future unrest, as strong
crystalline rocks are hydrothermally altered into
weak secondary clays.

5 Monitoring and Signals

The dynamic hydrological and hydrothermal
response to volcanic unrest means that, bore-
holes, springs, fumaroles, crater lakes and geo-
physical imaging of the hydrological system can
provide a rare window into the state of a volcano
and the evolution of volcanic hazard. Hydrolog-
ical monitoring itself is multi-parametric; insights
can be gained from exploring physical and
chemical patterns. For instance, the effect of
groundwater on volcanic gases changes accord-
ing to their solubility. As such, a larger propor-
tion of SO,, HCI and HF emitted from magma
remain in solution in water compared to CO, and
H,S. Hence, SO,, HCI and HF can be detected at
the surface, only during intense magmatic
activity or after drying of degassing pathways
(Symonds et al. 2001). In the absence of active
degassing, the isotopic ratio of the gases dis-
solved in groundwater2 such as *He/*He (posi-
tive) and 8'°C (negative) can be indicative of a
magmatic source (Sorey et al. 1998; Allard et al.
1997, Federico et al. 2002).

Fluctuations of the water table/spring dis-
charge have also been frequently recorded before
the onset of magmatic activity and are often
interpreted as the effect of opening and closing of
fractures during the intrusion of fresh magma
(Tanguy 1994; Shibata and Akita 2001; Newhall
et al. 2001). Alternatively, the effect of the water
phase transition from liquid to gas at relatively
shallow (<2 km) depth may also cause uplift of
the water table (Jasim et al. 2015). Water levels
in boreholes can be relatively easily monitored
and have been observed to respond to tectonic
and volcanic perturbations in a range of volcanic
settings (e.g. Usu Volcano, Japan; Kilauea Vol-
cano, Hawai’i; Koryajskii Volcano, Kamchatka).
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Level changes have been attributed to thermal
pressurisation, compression of water saturated
rocks and opening of fractures in response to the
intrusion of magma. However, the magnitude
and even the sign of this hydrological response is
a complex function of the nature of the thermal
and mechanical perturbation, the orientation and
connectivity of permeable pathways and even the
design of the well itself. Thus, interpreting such
signals in relation to magmatic unrest requires
some prior understanding of the hydrological
features involved.

Spring discharge fluctuations are harder to
measure than well water level changes, especially
on the flanks of volcanoes experiencing unrest,
and are therefore less well documented. Decline
in non-thermal spring discharge on Centre Hills,
Montserrat, were observed prior to the onset of
volcanic activity at the adjacent Soufriére Hills
Volcano in 1995. This was followed by an
increase after the cessation of the second eruptive
phase in 2004 (Hemmings et al. 2015a). The
mechanism behind such fluctuation is unclear, it
may relate to fracture dynamics associated with
magmatic pressurisation (and depressurisation).
Regular temperature measurement and chemical
analysis of spring systems and hydrological lakes
in volcanic settings can provide insights into the
differences and changes in flow pathways related
to magmatic perturbation.

Chemical analysis of thermal springs and
fumaroles are more common
hydrological/hydrothermal monitoring strategies
employed at active volcanoes. Changes in
chemical composition and isotopic concentra-
tions are often related to changes in the relative
contribution of magmatic fluids to other ground-
water species. Although there are general indi-
cators for increased magmatic fluid contribution
to discharging hydrothermal fluids, effective use
of spring temperature, chemistry and discharge
data as volcanic unrest monitoring tools requires a
good understanding of the underlying composi-
tion of the hydrological and hydrothermal fea-
tures and the likely sensitivity to different
perturbation scenarios, in specific volcanic areas.
For example, Taran et al. (2008) proposed that
lower flowing, acidic springs at El Chichén
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volcano, Mexico would make a better monitoring
target than near-neutral, high discharge springs.
Potential chemical indicators of unrest in these
springs include increase in relative concentration
of Mg, and increase in CI/B and CI/Br ratios.

In summary, the physical and chemical sig-
nals or hydrological perturbation associated with
magmatic unrest are complex and site dependant.
Relative contributions of different fluid compo-
nents and their interaction with existing flow
pathways, can determine how a system evolves
during quiescent periods. This evolution dictates
the likely response to thermodynamic and
chemical perturbation associated with the initia-
tion of volcanic unrest. Given the intricate feed-
backs between magma, hydrology and hazards
and the sudden changes of the systems involved,
only high-frequency (hour-week) monitoring of
temperature, pH, electrical conductivity of water,
depth of the water table, REE, rock forming
elements and dissolved gas coupled with geo-
physical monitoring can untangle the evolution
of the magmatic system, the opening/closure of
fractures and the seasonal groundwater dynamic.

6 Open Questions—Important
Unknowns

We have established that circulating hydrother-
mal fluids are highly reactive and may result in
precipitation of alteration products or dissolution
of the host rock, both of which may cause
porosity, and permeability changes. However,
the precise nature of this alteration varies with
fluid chemistry, rock mineralogy and thermody-
namic conditions. This uncertainty in alteration
makes predicting the impact of water/rock
interaction (WRI) on porosity and permeability,
and therefore on fluid flow, particularly chal-
lenging. The background fluid flow regime is a
critical part of the local expression of heat-flow
as well as pressure distribution that surrounds a
magmatic system. As such it may exercise an
important control over the dynamics of the
magmatic system that is currently poorly under-
stood. Data constraining the time scales over
which hydrothermal alteration occurs, related to
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data gathered from long term monitoring of
coupled magmatic-hydrothermal systems, are
thus crucial to inform ongoing interpretations
and further predictions of areas experiencing
magmatic-hydrothermal unrest.
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Glossary

Hydrothermal system A groundwater system
that has an area of recharge, an area of dis-
charge, and a heat source. When a magma
supplies the heat source and volatiles, the
hydrothermal system is termed a magmatic
hydrothermal system

Hydrothermal alteration hydrothermal alter-
ation is a complex process involving chemi-
cal, mineralogical, and textural changes, due
to the interaction of hot aqueous fluids and the
host rocks through which they circulate

Permeability Connected pore space of a rock or
lithology, controlling fluid flow within a
reservoir

Porosity Ratio of voids over the total volume of

the rock with respect to a reference
rock-volume
Water/rock interaction (WRI) The set of

chemical reactions between aqueous fluids
and rocks. These reactions modify both the
chemistry of the circulating fluid and the
mineralogy of the host rock

Fluid generic term for either liquid or gas or
both

A. Jasim et al.

Liquid liquid state of matter (e.g., water)
Gas gas state of matter (e.g., vapour)

Water table level below which water saturation
occurs
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