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It has long been recognized that quartz precipitation from circulating hydrothermal ﬂuids may reduce porosity and permeability
near intrusions. However, the magnitude of permeability changes and potential feedbacks between ﬂow, heat transfer, and
quartz precipitation/dissolution remain largely unquantiﬁed. Here, we present numerical simulations of ﬂuid convection around
upper crustal intrusions which explicitly incorporate the feedback between quartz solubility and rock permeability. As
groundwater is heated to ~350°C, silica dissolves from the host rock, increasing porosity and permeability. Further heating to
supercritical conditions leads to intensive quartz precipitation and consequent permeability reduction. The initial host rock
permeability and porosity are found to be main controls on the magnitude and timescales of permeability changes. While the
permeability changes induced by quartz precipitation are moderate in host rocks with a primary porosity ≥ 0.05, quartz
precipitation may reduce rock permeability by more than an order of magnitude in host rocks with a primary porosity of 0.025.
Zones of quartz precipitation transiently change locations as the intrusion cools, thereby limiting the clogging eﬀect, except for
host rocks with low initial porosity. This permeability reduction occurs in timescales of hundreds of years in host rocks with
initial high permeability and thousands of years in host rocks with intermediate permeability.

1. Introduction
Rock permeability in hydrothermal systems is aﬀected by an
interplay between ﬂuid ﬂow, rock alteration, and the stress
state. The dissolution of primary host rock minerals and precipitation of secondary minerals by aqueous ﬂuids change the
hydraulic and mechanical properties of the rock media [1, 2].
Depending on the spatial conﬁguration and temporal evolution of zones of precipitation and dissolution, ﬂuid-rock
interaction may have contrasting eﬀects on porosity and permeability. Whereas extensive secondary mineral precipitation reduces permeability and thereby causes more diﬀuse
ﬂuid ﬂow, dissolution increases permeability and may aid
in focusing ﬂuid ﬂow into high permeability zones due to
positive feedbacks between ﬂow and reaction [3–5].
Several authors have proposed that quartz precipitation
close to an intrusive heat source reduces permeability over

timescales of decades to hundreds of years and thereby
restricts ﬂuid ﬂow at high temperatures [6–12]. Silica is typically the most abundant dissolved solid in dilute geothermal
ﬂuids of meteoric origin, with concentrations closely
approaching equilibrium with respect to quartz at temperatures above ca. 180°C [13, 14]. The possible paths of precipitation and/or dissolution can be understood from Figure 1.
The concentration of silica in pure water assuming quartz
equilibrium increases with temperature and reaches a maximum solubility between 350 and 450°C (depending on ﬂuid
pressure), above which it strongly decreases. This region of
retrograde quartz solubility overlaps with the temperature
range that develops during hydrothermal convection around
intrusions [15, 16]. In addition, quartz solubility is strongly
reduced during boiling [17–19].
As liquid is heated to supercritical conditions, quartz
deposition and consequent permeability reduction may
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Figure 1: Quartz solubility in water, according to the formulation of Manning [40]. The critical point is shown as a black point.

decrease ﬂuid mass ﬂuxes and reduce the rate of heat transfer
from the intrusion. The quantitative eﬀects of these potential
feedback mechanisms have not yet been studied, although
rock permeability exerts a strong control on the spatial extent
and enthalpy of supercritical zones near intrusions [20] and
the style of the hydrothermal system [16]. Below a permeability of ~10−16 m2, ﬂuid advection is limited and heat transfer is
dominated by thermal conduction through the rock [15, 21,
22]. While host rocks with permeability near 10−15 m2 may
potentially develop supercritical zones extending hundreds
of meters above the intrusion, supercritical ﬂuid ﬂow is conﬁned to a thin layer (10 s of m) enveloping the intrusion in
host rocks with a higher permeability of 10−14 m2 [20]. Rock
permeability controls supercritical geothermal resource formation by determining the temperature to which circulating
ﬂuids are heated during passage near an intrusion and the
extent to which supercritical ﬂuids mix with cooler circulating waters upon ascent [20]. This points to a complex interaction between quartz deposition and permeability changes
accompanying supercritical resource formation. Although a
larger share of the ﬂuid circulating near an intrusion
emplaced in intermediate permeability host rocks is heated
to the high temperatures of quartz retrograde solubility, the
much higher ﬂuid ﬂuxes and steeper temperature gradients
in high permeability systems suggest a greater overall potential for porosity and permeability reduction.
The magnitude of permeability reduction induced by
mineral deposition strongly depends on the initial or “primary” porosity of the host rock [10, 23, 24]. A given volume of secondary mineral precipitates will reduce the
permeability of initially low porosity rocks more than in
high porosity rocks. While the clogging of pore space by
secondary mineral precipitates in low porosity rocks limits
the maximum extent of alteration, alteration in high
porosity rocks may proceed to completion, with a total
replacement of the host rock by secondary minerals [24].
The porosity of rocks hosting geothermal reservoirs can
vary over a wide range, from <0.05 to >0.6 [25, 26].
However, evidence from deep boreholes in active geothermal systems indicates that porosity decreases with depth,
and so-called “tight rocks” with low porosity (<0.03) are

common at depths ≥ 2 km [2, 27, 28]. On top of these variations, the relation between permeability and porosity is
complex, depending on the interconnectedness of the pore
space, the relation between fracture and matrix porosity,
and the stress state of the rock [29–31].
In this study, we investigate whether and under what
conditions quartz precipitation aﬀects permeability near
shallow intrusions. We present numerical models simulating quartz precipitation and silica dissolution during ﬂuid
convection around transiently cooling intrusions and notably do not consider the eﬀect of signiﬁcant ﬂuid expulsion
from hydrous magmas [32]. We explore the role of initial
host rock permeability, primary porosity, and intrusion
depth on the dynamics of silica transport and permeability
changes induced by the dissolution of silica from the host
rock and precipitation of secondary quartz. We ﬁnd that
quartz precipitation does not strongly reduce permeability
unless the initial host rock porosity is low (~0.025).
Depending on the initial permeability and porosity of the
host rocks, quartz precipitation has contrasting and unexpected eﬀects on supercritical zones, reducing ﬂuxes of
supercritical vapor and rates of heat transport near the
intrusion if initial host rock permeability is 10−15 m2, but
promoting the development of larger supercritical
resources if the initial permeability of the host rocks is
high (10−14 m2).

2. Methods
To study the mutual feedbacks between ﬂuid ﬂow, quartz
precipitation/dissolution, and rock permeability, a numerical
model incorporating three main components was implemented: (i) a numerical method for multiphase ﬂow of compressible, variably miscible H2O; (ii) a formulation for quartz
solubility and silica transport; and (iii) a dynamic permeability model describing the eﬀect of quartz precipitation and
dissolution on pore space.
2.1. Multiphase Fluid Flow. The governing equations of
multiphase mass and energy conservation are solved using
a continuum porous media approach with a pressure-
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enthalpy-based formulation in a control volume ﬁnite element method numerical scheme using the complex systems
modeling platform (CSMP++), which has been described
in detail by Weis et al. [33] and is thus only described brieﬂy.
Phase velocities (νi ) were obtained using an extended twophase (i = liquid, vapor) form of Darcy’s law:
νi = −k

k r, i
∇p − ρi g ,
μi

SiO2

∂ ϕ Sl ρl X l

SiO

2
+ Sv ρv X SiO
+ mrock2
v

∂t

2
− ∇∙ νv ρv X SiO
v

The mass of quartz contained in the rock within a
SiO
given control volume, mrock2 , is adjusted at each time step
such that the mass fraction of dissolved silica in each ﬂuid
SiO
phase, X i 2 , corresponds to equilibrium with respect to
quartz. The mass of quartz precipitated or dissolved in
each time step is given by the diﬀerence between the mass
concentration of silica in the ﬂuid after advection of liquid
SiO
and/or vapor (madv 2 ) and the bulk ﬂuid equilibrium conSiO
centration of quartz (meq 2 ):
SiO

= −∇∙ νl ρl − ∇∙ νv ρv + QH2O ,

2

where ϕ is rock porosity, Si is the volumetric saturation of
each phase, and QH2O is a ﬂuid source term. Energy conservation accounts for the conduction of heat in the rock and
advection of enthalpy by ﬂuid, given by
∂ 1 − ϕ ρ r hr + ϕ S l ρ l h l – S v ρ v h v
∂t

SiO2

= −∇∙ νl ρl X l

5
1

where k is the rock permeability, kr,i the relative permeability
of the ﬂuid phase, μi dynamic viscosity, ∇p the pressure gradient, ρi phase density, and g the gravitational acceleration
vector. A linear relative permeability model with a liquid
residual saturation of 0.3 and vapor residual saturation of
zero is adopted [15, 33]. The pore ﬂuid consists of pure water,
and all ﬂuid properties correspond to the formulation of
Haar et al. [34].
The conservation of ﬂuid mass is given by
∂ ϕ Sl ρl − Sv ρv
∂t

Silica transport occurs via ﬂuid advection according to

SiO

2
Δmrock2 = madv 2 − mSiO
eq ,
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with mass concentrations speciﬁed in kg SiO2 per m3 ﬂuid.
The volume-normalized rate of quartz precipitation or dissolution for the ﬂuid-rock medium is calculated as a postprocessing step, according to
SiO

= ∇∙ K∇T − ∇∙ νl ρl hl
− ∇∙ νv ρv hv + Qe ,
3

where K is the thermal conductivity of the rock and Qe is an
energy source term. The energy source term results from the
assumption that ﬂuid and rock are in local thermal equilibrium, and total enthalpy is distributed over the ﬂuid and rock
contained in a control volume such that they are at the same
temperature [33].
2.2. Silica Solubility, Precipitation, and Dissolution. The solubility of quartz in aqueous ﬂuids has been measured over a
wide range of temperatures, pressures, and ﬂuid compositions (e.g., [35–43]). At temperatures above approximately
~180°C, the concentration of dissolved silica in natural
waters closely approaches equilibrium with respect to quartz
according to the reaction:
SiO2 qtz = SiO2 aq ,

4

where SiO2 aq refers to solvated aqueous silica independent of hydration state [37, 40]. In this study, we adopt
the formulation of Manning [40], in which silica solubility
is calculated as a function of temperature and ﬂuid density. Where both liquid and vapor phases are present,
silica solubility is calculated separately for each phase,
and the bulk ﬂuid solubility reﬂects a weighted mass
balance. Depending on the bulk ﬂuid enthalpy, the solubility of quartz in boiling ﬂuids can vary strongly at a given
temperature (Figure 1(b)).

R = ϕ∙

Δmrock2 1000
∙
,
M qtz
Δt

7

where R is the dimensions of mol SiO2 per unit volume [m−3]
of rock-ﬂuid medium and unit time [s−1], Δt is the length of
the time step in seconds, and M qtz is the molar mass of silica
(0.06008 kg mol−1). For a given time step, if the bulk ﬂuid
concentration of silica exceeds the equilibrium concentration, R is positive and quartz precipitates; if bulk ﬂuid silica
concentration is less than the equilibrium concentration, R
is negative and silica dissolves from the host rock. The rock
is assumed to be always quartz-bearing; that is, silica can
freely dissolve from the rock even if an equivalent mass of
secondary quartz has not yet been precipitated. This assumption is valid for quartz-bearing intrusive host rocks, such as
granite, andesite, or rhyolite or for basaltic host rocks that
already contain abundant secondary quartz because of previous episodes of heating and ﬂuid circulation. However, the
results may not be fully representative for systems with rocks
that lack free quartz.
The assumption of quartz equilibrium may not be valid at
all conditions in natural systems. For example, quartz solubility below ~180°C is controlled by an amorphous silica
polymorph such as chalcedony [6]. Moreover, the slow kinetics of quartz precipitation at temperatures < 200°C [44] as
well as silica polymerization [45] may allow silica concentrations to exceed quartz equilibrium. Equilibrium is reached
much more rapidly at >300°C [3, 44]. However, the rate at
which primary host rock minerals dissolve depends on the
temperature, crystallinity, and pH [46]. In this study, the calculated rate of quartz precipitation or dissolution is not
related to the kinetic rate of quartz-ﬂuid reaction and instead
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represents the rate at which quartz is precipitated or silica is
dissolved to maintain equilibrium with respect to quartz.

Table 1: Initial rock properties used for the one-dimensional
validation model.

2.3. Porosity-Permeability Feedback. Rock permeability
reﬂects changes in the pore volume resulting from quartz
precipitation and the dissolution of silica from the host rock,
as well as the eﬀect of the brittle-ductile transition around the
intrusion (e.g. [47, 48]). Assuming a unit volume of the
porous rock, the porosity change resulting from quartz precipitation or dissolution is calculated at each time step
according to

Initial rock property

Value

Porosity (−)
Permeability (m2)
Heat capacity (isobaric) (J kg−1 °C−1)
Density (kg m−3)
Thermal conductivity (W m−1 °C−1)

0.1
10−14
880
2700
2.0

SiO

Δmrock2
Δϕ = −
,
ρquartz

8

where ρquartz represents the density of quartz (2650 kg m−3).
This is converted into a permeability change according to
the relation of Weir and White [49]:
k = k0 1 − 1 −

ϕ − ϕc
ϕi − ϕc

1 58

0 460

,

9

where k0 is the initial permeability (set to 10−14 m2 or
10−15 m2), ϕi is the initial porosity (set to 0.1, 0.05, or
0.025), and ϕc is a critical porosity set to half of the initial
porosity, following White and Mroczek [10]. In our simulations, if porosity is reduced below ϕc , permeability is set to
10−16 m2, below which permeability ﬂuid advection is minor
and heat transport is controlled by conduction [15, 21, 22,
50]. Furthermore, porosity is not allowed to be reduced
below 0.0005. As described below, porosity is reduced below
the critical porosity and approaches 0.0005 only in systems
with low initial porosity (0.025). However, these limitations
are necessary to avoid extremely short time steps, which
would lead to impractically long run times.
While permeability is discretized on the elements, quartz
solubility and other ﬂuid properties are nodal variables.
Therefore, porosity changes were calculated at the element
barycenter through averaging of the porosity changes calculated on the nodes belonging to that element. Permeability changes are quantiﬁed using the permeability
reduction factor, the ratio of current permeability to initial
permeability [10].
Temperature-dependent permeability is also included to
simulate the transition from advection- to conductiondominated heat transfer around the intrusion. We adopt
the formulation of Hayba and Ingebritsen [15] where permeability decreases logarithmically with increasing temperature
above a select brittle-ductile transition temperature, T BDT .
Here, we set T BDT to 550°C, a value appropriate for basaltic
rocks [51] that has been shown previously to be favorable
for the development of supercritical geothermal resources
[20]. Above T BDT , rock permeability is set to the
temperature-dependent value only if it is lower than the corresponding quartz precipitation-dependent value. Below
T BDT , permeability only depends on the porosity changes
resulting from quartz precipitation and dissolution (equation
9). It should be noted that the initial porosity values are also

applied to the intrusion and should be interpreted as primary
porosity after full solidiﬁcation.
2.4. Model Set-Up
2.4.1. One-Dimensional Simulation. To illustrate the eﬀect of
ﬂuid ﬂow and ﬂuid density changes on quartz dissolution
and precipitation, we conducted one-dimensional (1-D) ﬂuid
ﬂow simulations of heating of liquid to supercritical conditions. The model domain consists of a 1000 m long vertical
pipe divided into 101 nodes, resulting in an element size of
10 × 1 m. The rock properties in the one-dimensional test
are described in Table 1. The heating path simulation
assumed constant pressure and temperature boundary conditions of 30 MPa/300°C at the bottom of the pipe and
20 MPa/450°C at the top of the pipe. The top and side boundaries allowed no ﬂow, while the bottom and top boundaries
allowed ﬂow into and out of the pipe, respectively. Initially,
the temperature was set to 300°C throughout the domain,
and a nodal heat source (term Qe in (3)) of 7 W m−2 is applied
to all nodes in the model domain, simulating the heat addition across the conductive boundary layer surrounding a
magmatic heat source. This value for the nodal heat ﬂux
was selected because it produced the desired temperature
proﬁles over a relatively short simulation time (e.g., 20 years).
Note that porosity and permeability changes resulting from
quartz precipitation and silica dissolution were not considered in the 1-D simulations.
2.4.2. Two-Dimensional Simulations of Cooling Intrusions.
The two-dimensional models are intended to study processes
during the main lifetime of a hydrothermal system after
intrusion of a magmatic body. Thus, the intrusion process
itself is not simulated and simpliﬁed as an instantaneous
emplacement in host rocks with homogenous, isotropic permeability. Three main model conﬁgurations were considered
(Figure 2):
(i) High host rock permeability (10−14 m2) and a shallow intrusion emplaced at 2 km depth
(ii) Intermediate host rock permeability (10−15 m2) and
a shallow intrusion
(iii) Intermediate host rock permeability and a deep
intrusion emplaced at 5 km depth
A system conﬁguration with high host rock permeability
and a deep intrusion is not included as it was thought
unlikely that permeability as high as 10−14 m2 would be
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Figure 2: Model set-up and ﬁnite element discretization. Initial temperature and pressure distributions are shown with red and blue contours,
respectively. The model set-up for simulations with a shallow or deep intrusion is shown in (a) and (b), respectively.

found at depths of ~5 km [48, 52]. The shallow intrusion is
centered at a 2.5 km depth with horizontal and vertical axis
lengths of 2 km and 1 km, in a computational domain of 5
and 15 km in vertical and horizontal extents. The lengths of
the axes are doubled in simulations with the deep intrusion,
and the size of the domain is increased to 7 × 20 km.
Initially, the porous medium is saturated with water and
thermally equilibrates with a basal heat ﬂux of 0.15 W m−2,
thought to be a reasonable approximation of a high heat ﬂux
in volcanic areas. The initial pressure distribution is hydrostatic, with a water table coinciding with the ground surface
with ﬂat topography, and lithostatic within the intrusion.
The top boundary is ﬁxed at atmospheric pressure. To allow
hot ﬂuids to vent, a mixed energy boundary condition was
applied to the top [53]. In elements along the top boundary
where the total volume ﬂux is upwards, ﬂuids vent at the temperature of ascending hydrothermal ﬂuids; elements with a
downward volume ﬂux take in the ﬂuid at a ﬁxed temperature of 10°C. This simulates the eﬀect of the recharge of cold
meteoric water, suﬃcient to maintain a stable elevation of the
water table. The other boundaries are no-ﬂow boundaries,

placed suﬃciently far from the heat source that they do not
aﬀect ﬂuid convection near the intrusion.
The primary porosity of the host rock is initially homogenous and set to 0.05 (hereafter referred to as “intermediate”
porosity), 0.1 (“high” porosity), or 0.025 (“low” porosity).
At the onset of simulation time, ﬂuid within the intrusion
is set to a temperature of 900°C and lithostatic pressure,
describing an instantaneous intrusion of magma into the
upper crust. The release of latent heat during crystallization is taken into consideration with a temperaturedependent rock heat capacity [15, 54], which increases
linearly from 880 J kg−1°C−1 at temperatures below 750°C
to 1760 J kg−1°C−1 at temperatures greater than 800°C.
2.5. Limitations of the Simulations. The objectives of this
study are to assess the ﬁrst-order control of host rock permeability and porosity on silica transport and quartz precipitation and to investigate the magnitude of permeability
changes resulting from quartz precipitation. However, there
are numerous limiting assumptions used in the model calculations that limit their bearing on natural systems. Fluid ﬂow
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Figure 3: One-dimensional model of quartz precipitation and silica dissolution accompanying heating of liquid to supercritical conditions.
The panels show (a) the evolution of temperature, (b) the ﬂuid pressure, (c) ﬂuid density, (d) quartz solubility, and (e) rate of quartz
precipitation or dissolution after twenty years of simulation time. The black lines indicate bulk ﬂuid properties, and the properties of
liquid and vapor in (c, d) are shown by the blue and red lines, respectively.

velocities are calculated based on a Darcian approach in a
porous media, and the assumed porosity-permeability relationship (9) is based on theoretical studies of the eﬀects of
surface deposition and dissolution in an initial rhombohedral
array of uniform spheres [49]. However, (9) is likely not fully
appropriate for crystalline rocks with pore structures consisting of an interconnected network of pores and microfractures [55]. Rather, we assume this porosity-permeability
relationship because it captures the essential dynamic of the
initial rapid decrease in permeability for small amounts of
quartz precipitation, followed by slower changes close to
the critical porosity, as has been seen in experimental studies
[9, 56], and moreover allows comparison with previous studies [10]. Furthermore, we assume that permeability is
10−16 m2 once porosity is reduced to the critical porosity
(set to half of the primary porosity) and that further porosity
reduction below the critical porosity (to a minimum value of
0.0005) does not lead to further permeability decrease.
One feature of our models is that the magmatic intrusion
gradually transforms into host rock with progressive cooling
by hydrothermal circulation. Thus, the permeability of a
node initially located within the intrusion gradually assumes
the initial host rock value as it cools from temperatures > 750°C to <550°C. However, thermal and mechanical
stresses generated during the cooling of magmatic intrusions
may result in pervasive microfracturing, porosity increase,
and permeability enhancement [57]. Our models do not
account for the eﬀects of thermal cracking. The timescales
of intrusion cooling, system development, and permeability
changes resulting from quartz precipitation/dissolution are
speciﬁc to the intrusion size of our model setup, the initial
values of permeability and porosity, and the assumed
permeability-porosity relationship. Thus, the transient evolution may be diﬀerent in systems with smaller or larger

intrusions, intrusions that undergo replenishment, or intrusions that expel large quantities of magmatic ﬂuids.
In this study, we assume that host rock permeability is
isotropic and initially homogenous. However, evidence from
natural systems generally indicates that porosity and permeability decrease with depth due to increasing conﬁning stress
[27, 28, 48, 52, 55]. Moreover, natural systems show substantial permeability heterogeneity (e.g., [48]), controlled mainly
by the distribution of major fractures and lithologies. A full
investigation of the eﬀect of initially heterogeneous host rock
porosity and permeability is beyond the scope of this study.
In addition, we assume a simpliﬁed chemical system by
neglecting the solubility of alteration minerals other than
quartz. While the solubility of quartz is largely pHindependent in ﬂuids with a pH below ~9 (e.g., [37]), a value
above that generally measured in primary geothermal
ﬂuids [58], quartz solubility depends strongly on salinity
[18, 39, 43] and the concentrations of volatile gases such
as CO2 [42, 43]. Phase separation of NaCl-rich water at temperatures above the critical temperature of pure water may
lead to brine formation and halite precipitation [59], which
may signiﬁcantly reduce porosity and permeability near the
intrusion [60]. Thus, these models are mainly appropriate
for geothermal systems that are recharged by meteoric ﬂuids
and therefore contain dilute groundwater, rather than seawater. Finally, as noted above, we do not simulate kinetically
controlled silica dissolution or quartz precipitation. Rather,
the assumption of local chemical equilibrium provides a
rough estimate of quartz dissolution/precipitation rates.

3. Results
3.1. One-Dimensional Simulation of Quartz Precipitation at
Supercritical Conditions. Figure 3 shows the results for the
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Figure 4: Silica transport dynamics in a system with high host rock permeability (10−14 m2), a shallow intrusion emplacement depth, and
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one-dimensional simulation of heating of liquid to supercritical vapor. Heat addition causes the temperature of initially
300°C liquid ﬂowing towards the top boundary to increase
with time (Figure 3(a)). After twenty years of simulation
time, ﬂuid expands from liquid-like densities (greater than
the critical density of pure water, ρcrit = 322 kg m−3) to
vapor-like densities (less than ρcrit ) ~0.5 km into the model
domain (Figures 3(b) and 3(c)). The temperature increase
and ﬂuid pressure and density decrease cause quartz solubility to decrease from ~14 mmol kg−1 to ~1 mmol kg−1
(Figure 3(d)). The rate of quartz precipitation/silica dissolution, which is controlled by the changing quartz solubility
gradient, is negative on the downstream side of the domain
where quartz solubility increases, indicating dissolution,
and is maximized at 2·10−8 mol m−3 s−1 upstream of the transition from liquid to vapor (Figure 3(e)).
3.2. Quartz Precipitation and Silica Dissolution around
Cooling Intrusions. The transient evolution of a geothermal
system structure controls the dynamics of quartz precipitation and silica dissolution near a cooling intrusion. Our
previous approach [16] considers the temporal evolution

of magma-driven geothermal systems in three stages: (i)
an incipient stage, when one or more plumes of heated
water ascend above the intrusive heat source, (ii) a main
stage, when the boiling upﬂow plume has reached the surface, and (iii) a waning stage, when temperatures in the
intrusive heat source have decreased below the brittleductile transition temperature and the intrusion is permeable. We focus our analysis on the main stage, when the
most extensive supercritical geothermal resources form
near the intrusion.
3.2.1. High Permeability System with a Shallow Intrusion. In a
system with high initial host rock permeability (10−14 m2),
intermediate porosity (0.05), and a shallow intrusion
emplacement depth of 2 km, intensive quartz precipitation
occurs within a thin zone surrounding the intrusion where
circulating liquid is heated and expands to vapor-like densities (from now on called “supercritical vapor”). During the
incipient stage (Figure 4(a)), boiling upﬂow plumes at
>300°C with silica solubility > 10 mmol kg−1 ascend above
the margins of the intrusion into overlying cold groundwater
with low quartz solubility. In the main stage (Figure 4(b)), the
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Figure 5: Silica transport dynamics in a system with intermediate host rock permeability (10 m ), a shallow intrusion emplacement depth,
and intermediate host rock porosity (0.05). The temporal evolution of the system is divided into (a) incipient, (b) main, and (c) waning stages.
The initial boundary of the intrusion is shown in (a–c) with a dashed line. Quartz solubility, vertical ﬂuid mass ﬂuxes, and rates of quartz
precipitation and silica dissolution close to the intrusion are shown in (d), (e), and (f), respectively. The color scheme is the same as in
Figure 4 (above).

system develops a central upﬂow with boiling conditions
extending from the surface to the depth of the intrusion. In
the waning stage, after the intrusion has been fully cooled
by hydrothermal circulation (Figure 4(c)), boiling conditions
remain at the surface and silica solubility in the upper 1 km of
the system is like the main stage.
The highest rates of quartz precipitation occur within the
supercritical zones surrounding the intrusion, where silica
solubility decreases from ~13 mmol kg−1 to ~1 mmol kg−1
over ~0.1 km (Figure 4(d)). The liquid streamlines (blue)
shown in Figure 4(e) demonstrate how the supercritical
vapor contained within this zone is formed from the heating
of liquid. Heated liquid ascends along the margins of the
intrusion with vertical ﬂuid mass ﬂuxes exceeding
10−4 kg m−2 s−1 and then ﬂows laterally and slightly downwards towards the top of the intrusion where the highest
rates of quartz precipitation are found (~10−8–
10−7 mol m−3 s−1). High rates of silica dissolution
(10−9 mol m−3 s−1) occur nearby on the margins of the deep
boiling zone where liquid is heated to temperatures > 350°C.
3.2.2. Intermediate Permeability System with a Shallow
Intrusion. Systems with an intermediate initial host rock
permeability (10−15 m2), intermediate porosity (0.05), and

2

a shallow heat source show intensive quartz precipitation
on the boundaries of spatially extensive zones of supercritical vapor (Figure 5). During the incipient stage, vaporrich upﬂow plumes ascend above the margins of the intrusion and are separated by zones where liquid is heated to
supercritical conditions as it ﬂows downwards towards the
top of the intrusion (Figure 5(a)). With continued evolution (Figure 5(b)), the system develops a boiling upﬂow
plume centered on the intrusion that is underlain by a
supercritical zone extending ~0.3 km above the intrusion.
As liquid is heated from boiling to supercritical conditions
on the boundaries of a spatially extensive supercritical
zone, quartz precipitates at maximum rates of
~10−9 mol m−3 s−1 (Figures 5(d)–5(f)). Silica solubility is
highest (~13 mmol kg−1) on the outer edges of the boiling
zone and decreases rapidly towards the supercritical zone
(Figure 5(d)). The highest vertical ﬂuid ﬂuxes
(~2·10−5 kg m−2 s−1) and rates of quartz precipitation occur
where this silica-rich liquid is boiled to dryness
(Figures 5(e) and 5(f)). The rate of quartz precipitation
decreases rapidly within the supercritical zone with
increasing proximity to the intrusion. Silica dissolves at
rates > 10−10 mol m−3 s−1 along the outer edge of the boiling zone as liquid is heated to ~300°C.
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Figure 6: Silica transport dynamics in a system with intermediate host rock permeability (10−15 m2), a deep intrusion emplacement depth,
and an initial host rock porosity of 0.05. A snapshot state of the system is shown during the (a) incipient, (b) main, and (c) waning stages. The
initial boundary of the intrusion is shown in (a–c) with a black dashed line. Quartz solubility, vertical ﬂuid mass ﬂuxes, and rates of quartz
precipitation and silica dissolution close to the intrusion are shown in (d), (e), and (f), respectively. The color scheme is the same as in
Figures 4 and 5 (above).

3.2.3. Intermediate Permeability System with a Deep
Intrusion. Above a deeper intrusion (~5 km depth), quartz
precipitates as ﬂuid transitions from a liquid to a supercritical vapor, without any intermediate two-phase zone,
as hydrostatic pressures greater than the critical pressure
of pure water (22.06 MPa) prevail above the intrusion.
During the incipient stage (Figure 6(a)), the ascending
upﬂow plumes transition directly from supercritical vapor
to single-phase liquid at ~3.5 km depth. After the two
upﬂow plumes penetrate the surface (Figure 6(b)), the
supercritical vapor zones extend from the depth of the
intrusion to ~3 km depth. Intensive quartz precipitation
occurs along the edges of the supercritical vapor plumes
between 3 and 5 km depth. Silica solubility decreases from
~20 mmol kg−1 within the liquid circulating at 5 km depth to
~2 mmol kg−1 within the vapor plumes (Figure 6(d)). Fluid
ascends vertically at rates of 2·10−5 kg m−2 s−1 throughout
the supercritical zones (Figure 6(e)), while the highest
rates of quartz precipitation (~10−9 mol m−3 s−1) are found
at the transition between liquid and supercritical vapor
(Figure 6(f)).

3.3. Porosity and Permeability Changes due to Quartz
Precipitation and Silica Dissolution. The time-integrated
eﬀects of quartz precipitation lead to a maximum porosity
decrease of ca. ±0.03 porosity units. Figure 7 shows how the
spatial distribution of porosity changes with time in systems
with an initial porosity of 0.05. The initial geometry of the
intrusion is shown with dashed black lines. In an initial high
permeability system (Figures 7(a)–7(e)), porosity increases
along the outer edge of the intrusion and decreases within
the solidiﬁed intrusion. Porosity is decreased more by quartz
precipitation in intermediate permeability systems compared
to high permeability systems. In an intermediate permeability system with a shallow intrusion (Figures 7(f)–7(j)), porosity is reduced from 0.05 to ~0.02 within a thin zone
coinciding with the top of the intrusion. This zone is located
near the base of the down-ﬂowing liquid zones between the
two upﬂow plumes during the incipient stage (compare
Figures 7(f) and 7(g) with Figure 4(a)) and at later times is
situated at the transition between supercritical and boiling
conditions. In a system with a deep intrusion, porosity is
reduced along the sides of the deep vapor plumes
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extending from 3 to 5 km depth (Figures 7(k)–7(o)).
Porosity increases within the zone of liquid downﬂow in
between the vapor plumes.
The porosity changes induced by quartz precipitation
and dissolution have negligible eﬀects (±10%) on the permeability of rocks with an initial porosity of 0.1 and moderate
eﬀects (±50%) on the permeability of rocks with an initial
porosity of 0.05 but lead to order-of-magnitude permeability
changes in rocks with an initial porosity of 0.025. Figure 8
shows the eﬀect of initial porosity on the extent of permeability changes near intrusions by comparing the permeability
reduction factor (ratio of current permeability to initial permeability) during the main stage for diﬀerent system conﬁgurations. The snapshots representing a given conﬁguration
are compared at the same time.
In a system with high host rock permeability
(Figures 8(a)–8(c)), permeability increases on the outer
perimeter of the intrusion and decreases within the solidiﬁed
intrusion, and the magnitude of permeability changes (both
increase and decrease) becomes more signiﬁcant as initial
porosity is reduced. In high permeability rocks with initially
low porosity (Figure 8(c)), permeability is more than doubled
within a ~0.2 km thick zone along the top boundary of the
intrusion. The zone of permeability increase is directly
underlain by a ~0.1 km thick zone where permeability has
been reduced by an order of magnitude.
In intermediate permeability systems, the vertical
extent of low permeability zones in low primary porosity
rocks increases with increasing intrusion emplacement
depth. While an intermediate permeability system with a

shallow heat source (Figures 8(d)–8(f)) shows ~0.5 km
thick zones of permeability reduction near the initial top
of the intrusion, a system with a deep intrusion shows
zones of permeability decrease that extend up to 2 km
above the intrusion (Figures 8(g)–8(i)). Zones where permeability has been more than doubled border zones of
permeability reduction along the sides of the supercritical
zones. While the most extensive permeability reduction is
found along the sides of the upﬂow plumes ascending
above the margins of the intrusion, the largest area of permeability increase occurs above the intrusion.
3.4. Results Summary. Whereas the maximum rate of quartz
precipitation depends mainly on the initial host rock
permeability, the magnitude and spatial distribution of
permeability changes induced by quartz precipitation and
dissolution depend on permeability, primary porosity,
and intrusion depth:
(i) In initially high permeability host rocks (10−14 m2),
quartz precipitates intensively (at maximum rates up
to ~10−7 mol m−3 s−1) within a thin zone (0.1–0.2 km
thick) around the intrusion where circulating liquid
is heated to supercritical vapor. In initially intermediate permeability rocks (10−15 m2), quartz precipitation
occurs at lower rates (~10−9 mol m−3 s−1) along the
boundaries of larger supercritical zones.
(ii) Primary porosity is a key control on the magnitude of permeability change induced by quartz
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precipitation. While permeability changes are negligible (±10%) in host rocks with a primary porosity of 0.1 and moderate (±50%) in host rocks with
a primary porosity of 0.5, quartz precipitation and
dissolution may lead to order of magnitude permeability changes in host rocks with a primary
porosity of 0.025.
(iii) The amount of time necessary to form low permeability zones is controlled by host rock permeability.
In initially high permeability host rocks, such zones
form within timescales of hundreds of years; in
intermediate permeability rocks, such zones form
over thousands of years.
(iv) In systems with a shallow intrusion (2 km depth),
the thickness of low permeability zones along the
top boundary of the intrusion is ~0.1 km in initially
high permeability host rocks and ~0.3 km in initially

intermediate permeability host rocks. However,
above a deeper intrusion (5 km depth), zones of
intensive permeability reduction are wider
(~0.5 km) and may extend ~2 kilometers above the
top of the intrusion.

4. Discussion
4.1. Quartz Precipitation during Supercritical Geothermal
Resource Formation. Our simulations conﬁrm that quartz
precipitation is an inevitable consequence of the heating
of circulating groundwater from liquid-like densities to
vapor-like densities (supercritical vapor) near the intrusion. Following our previous study [20], we deﬁne supercritical resources as zones where ﬂuid has a temperature
and enthalpy greater than the critical values of pure water
(374.1°C, 2.0183 MJ kg−1) [34] and is found in rocks with a
permeability greater than 10−16 m2. Based on this deﬁnition,

Geoﬂuids

0
Depth (km)

휙i = 0.05

휙i = 0.1

1.5

0

0

휙i = 0.025
0

0

0

10−5

2

1

10−4

1

1

2.5

5·10−5

2·10−4
3
1

0

1 1

0

1 1

0

1

(a)

(b)

(c)

Distance (km)

Distance (km)

Distance (km)

Vertical ﬂuid mass ﬂux (kg m−2 s−1)

12

휙i = 0.1

3

1

1

1

1

휙i = 0.025
10−6

1

1

4
Depth (km)

휙i = 0.05

5·10−6

5

10−5

6

2·10−5

7
3

2

1

0

1

Distance (km)

2

33

2

1

0

1

Distance (km)

2

33

2

1

0

1

Distance (km)

2

3

Vertical ﬂuid mass ﬂux (kg m−2 s−1)

Figure 9: Vertical ﬂuid mass ﬂuxes in high permeability systems with primary porosity ϕi of (a) 0.1, (b) 0.05, or (c) 0.025. The initial
intrusion boundary is shown with the thin dashed line. Vapor saturation contours are shown with solid black lines. The snapshots are all
taken at the same time. The yellow and pink stars denote locations where ﬂuid properties are shown as a function of time in Figure 12.

Figure 10: Vertical ﬂuid mass ﬂux in intermediate permeability systems with a deep intrusion and primary porosity ϕi of (a) 0.1, (b) 0.05, or
(c) 0.025. The initial intrusion boundary is shown with the thin dashed line. The snapshots are all taken at the same time (10 ka). The black
lines denote the location where permeability is less than 2·10−16 m2. Vapor saturation contours are shown with solid black lines. The yellow
and pink stars denote the locations which are plotted over time in Figure 13.

supercritical geothermal resources may develop at pressures both below and above the critical pressure of pure
water (22.06 MPa). While the pressure of supercritical geothermal formation is close to ~20 MPa in systems with a
shallow intrusion, ﬂuids are heated to supercritical temperatures at pressures up to 50 MPa in a system with a 5 km
deep intrusion.
Rates of quartz precipitation and silica dissolution at the
transition from liquid to supercritical vapor increase with
higher host rock permeability. In a high permeability system
(Figure 4), vertical ﬂuid ﬂuxes are maximized
(>2·10−4 kg m−2 s−2) within a ~50–100 m thick zone where
liquid is heated from ~300°C to supercritical temperatures
and quartz solubility drops from ~12 mmol kg−1 to
>1 mmol kg−1, resulting in intensive quartz precipitation
which occurs at rates up to ~10−7 mol kg−1 s−1. For a system
with intermediate permeability host rocks and a shallow
intrusion (Figure 5), ﬂuid ﬂuxes and quartz precipitation
are optimized close to the critical point at rates of
~2·10−5 kg m−2 s−1 and ~10−9 mol kg−1 s−1, respectively. Circulating ﬂuids above a deep intrusion attain higher ﬂuid
densities and maximum silica solubility due to the higher
hydrostatic ﬂuid pressures (Figure 6). Therefore, the change
in silica solubility at the transition from liquid to supercritical

vapor is less extreme compared to the systems with shallow
intrusions and the temperature where ﬂuid ﬂuxes and rates
of quartz precipitation are maximized shifts to higher values
(>400°C) with increasing intrusion depth.
4.2. Eﬀect of Quartz Precipitation on Fluid Flow and Heat
Transfer Dynamics Near the Intrusion. Fluid ﬂow dynamics
near the intrusion are most strongly aﬀected by quartz precipitation and dissolution in host rocks with low primary
porosity. Since permeability changes in a system with a primary porosity of 0.05 are only moderate (Figures 8(b), 8(e),
and 8(f)) and nearly negligible in systems with a primary
porosity of 0.1 (Figures 8(a), 8(d), and 8(g)), these systems
behave similarly to systems that do not include quartz deposition [20]. However, the order of magnitude permeability
decrease resulting from quartz precipitation in rocks with a
primary porosity of 0.025 signiﬁcantly aﬀects the spatial
extent of supercritical zones and ﬂuid circulation patterns
near the intrusion.
In initially high permeability host rocks with low primary
porosity, quartz precipitation and permeability reduction
decrease ﬂuid ﬂuxes near the intrusion but increase the spatial extent of supercritical zones, compared to systems with
primary porosity ≥ 0.05 (Figure 9). If primary porosity is 0.1
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with a primary porosity of 0.025 only extend to ~4 km depth.
The reduced spatial extent of the supercritical zone in low
primary porosity rocks is a result of signiﬁcant permeability
reduction and a lower rate of heat transfer from the intrusion.
Slower heat transport from intrusions emplaced in low
porosity rocks because of quartz precipitation-induced permeability reduction is evident in Figures 8–10. Since the
snapshots of a given system conﬁguration show the same
time in system development and the size of the impermeable
intrusion increases as primary porosity is reduced, this indicates that lower primary porosity and more signiﬁcant permeability reduction decrease the cooling rate of the
intrusion. This is also seen in Figure 11, which shows the
temperature at the center of an intrusion emplaced at 2 km
depth (with a center at 2.5 km depth) in systems with intermediate host rock permeability. Quartz precipitation and dissolution delay the time at which temperature rapidly
decreases from 700 to 200°C by 0.3 ka in a system with a primary host rock porosity of 0.1 compared to an identical system without quartz precipitation and dissolution. This
temperature decrease occurs ~0.5 and ~1 ka later in systems
with a primary porosity of 0.05 and 0.025, respectively, indicating that only in rocks with relatively low primary porosity
do the permeability changes induced by quartz precipitation
and dissolution signiﬁcantly reduce the rate of heat transfer
from the intrusion.
These results suggest that quartz precipitation is a key
control on permeability and ﬂuid ﬂow near intrusions in host
rocks with low primary porosity. Although quartz precipitation reduces permeability along the outer edges of supercritical zones, attractive supercritical resources with higher rates
of mass and heat transport may also form below the low permeability zone. However, the development of economically
attractive resources depends on the transition between brittle
and plastic deformations around the intrusion. This study
assumes that permeability decreases only above 550°C, which
is supported by experimental studies showing brittle deformation in basalt to such high temperatures [51]. While it
was previously thought that granitic rocks would be impermeable above ~360°C [11], a recent study showed that the
temperature conditions of the elastic-plastic transition
depend on the eﬀective conﬁning stress [61]. In granitic
rocks, potentially exploitable supercritical geothermal
resources with temperatures up to ~450°C form in rocks at
eﬀective conﬁning stresses of 50 MPa, corresponding to a
depth of ~3 km. Higher eﬀective conﬁning stresses at greater
depths cause the maximum temperature of supercritical
resources at permeable conditions to decrease to 400°C at
4.5 km depth (eﬀective conﬁning stress of 75 MPa). Thus, in
granitic rocks with low primary porosity, the low permeability zone formed by quartz precipitation may directly border
the intrusion, without an intervening zone with high supercritical ﬂuid ﬂuxes.
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Figure 11: Fluid temperature at the center of an intrusion emplaced
at 2 km depth, comparing systems without quartz precipitation and
dissolution and a primary porosity of 0.1 with systems including
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or 0.05, vertical ﬂuid mass ﬂux exceeds 2·10−4 kg m−2 s−1
along the margins of and/or above the intrusion
(Figures 9(a) and 9(b)). Such high ﬂuid ﬂuxes only allow
liquid circulating within ~0.1 km of the intrusion to be
heated to supercritical conditions. However, the permeability
reduction resulting from quartz precipitation in rocks with a
primary porosity of 0.025 slows ﬂuid circulation near the
intrusion and thereby allows a greater fraction of circulating
ﬂuid to be heated to supercritical temperatures (Figure 9(c)).
Vertical ﬂuid mass ﬂuxes > 2·10−4 kg m−2 s−1 are only found
in zones ~0.3 km from the margins of the intrusion, where
ascending ﬂuid diverts around a low permeability zone above
the intrusion (areas where permeability has been reduced by
more than an order of magnitude compared to the initial host
rock value, denoted by the thick black lines in Figure 9(c)).
The thicker low permeability zones resulting from
quartz precipitation in systems with initially intermediate
host rock permeability and low primary porosity compartmentalize ﬂow between the supercritical and liquid
regimes. For a system with a deep intrusion and host
rocks with a primary porosity of 0.1 or 0.05, vertical ﬂuid
mass ﬂuxes > 10−5 kg m−2 s−1 are found throughout much
of the deep upﬂow zone above 5 km depth (Figures 10(a)
and 10(b)). However, in host rocks with a primary porosity of 0.025 (Figure 10(c)), distinct liquid and supercritical
zones with such high ﬂuid ﬂuxes are separated by a
~0.3 km thick low permeability zone (where permeability
has been reduced from 10−15 m2 to 2·10−16 m2, denoted by
the thick black lines, Figure 10(c)). This low permeability
barrier coincides with the outer edges of the supercritical
zone and encompasses an area with relatively low ﬂuid mass
ﬂuxes (<5·10−6 kg m−2 s−1). Thus, in intermediate permeability host rocks, quartz precipitation may lead to physical
segregation of supercritical vapor near the impermeable
intrusion from cooler liquid circulating further away. Moreover, while the supercritical zones in Figure 10 extend from
the depth of the intrusion to ~3 km depth in host rocks with
a primary porosity ≥ 0.05, supercritical zones in host rocks

4.3. Timescales of Quartz Precipitation, Silica Dissolution,
and Permeability Change. While permeability reduction due
to quartz precipitation occurs over timescales of hundreds
of years in host rocks with initially high permeability, permeability changes are slower in intermediate permeability host
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rocks and take place over thousands of years. The spatial conﬁguration of zones of precipitation and silica dissolution
change with time as the geometry of the impermeable heat
source changes. As an intrusion cools, the number and locations of upﬂow plumes may change [16], and zones of intensive quartz precipitation initially along the sides of the
intrusion transform into zones of dissolution. This causes
clogging of pore space to remain limited. While zones along
the sides of an intrusion experience early precipitation
followed by later dissolution, locations above the top of the
intrusion are more likely to undergo strong permeability
reduction that restricts circulation.
In systems with initially high host rock permeability,
intensive quartz dissolution along a ﬂow path with increasing quartz solubility may produce a positive feedback
leading to large increases in porosity and permeability.
Figures 12(a)–12(g) show how ﬂuid properties change with
time at a point along the outer margin of the intrusion
emplaced in host rocks with initial high permeability and
low primary porosity (yellow star in Figure 9(c)). Following
rapid heating from 200°C to ~370°C after emplacement of
the intrusion (Figure 12(a)), quartz precipitates at rates near
10−8 mol m−3 s−1 (Figure 12(e)), porosity decreases from
0.025 to ~0.015, and permeability decreases from 10−14 to
5·10−16 m2 (Figure 12(g)). However, between 0.2 and 0.4 ka
after intrusion emplacement, the location cools to <350°C
(Figure 12(a)), close to the temperature at which quartz solubility is maximized, and vapor saturation decreases to zero
(Figure 12(b)). Since quartz solubility increases along the
ﬂuid ﬂow pathway, silica dissolves from the host rock at
rates up to 4·10−8 mol m−3 s−1 (Figure 12(e)). Intensive dissolution sets up a positive feedback as liquid mass ﬂuxes
increase from ~1·10−4 kg m−2 s−1 to ~5·10−4 kg m−2 s−1
(Figure 12(c)), and porosity and permeability reach maximum values of ~0.17 and ~10−13 m2, respectively, by 0.4 ka
after intrusion emplacement (Figure 12(d)). As the intrusion
retracts inwards, causing the location to cool further to
<200°C, quartz solubility decreases, and porosity and permeability remain nearly constant.
In high permeability systems, zones of intensive quartz
precipitation may clog pore space within timescales of
hundreds of years, particularly where liquid directly above
the center of the intrusion ﬂows downwards during heating
to supercritical conditions. Figures 12(h)–12(n) show the
temporal evolution of ﬂuid properties at a point close to the
apex of the intrusion (purple star in Figure 9(c)). Downﬂow
of ~360°C liquid occurs throughout the ﬁrst 0.1 ka
following emplacement in this location at mass ﬂow rates
up to 5·10−4 kg m−2 s−1 (Figure 12(j)). Quartz precipitates at
rates up to 2·10−8 mol m−3 s−1 (Figure 12(l)), reducing
porosity to <0.0125 (the critical porosity for a system with
primary porosity of 0.025) and permeability to 10−16 m2
(Figures 12(m) and 12(n)). Continued heating and
additional porosity reduction below the critical value do not
lead to further permeability reduction, as our model
assumes 10−16 m2 is the minimum permeability resulting
from quartz precipitation. These two orders of magnitude
reduction in host rock permeability restrict supercritical
vapor mass ﬂuxes to less than ~10−5 kg m−2 s−1.
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Permeability changes occur over longer timescales (thousands of years) in host rocks with initial intermediate permeability due to lower ﬂuid mass ﬂuxes and rates of quartz
precipitation (Figure 13). Figures 13(a)–13(f) show the
temporal evolution of a location on the perimeter of a deep
intrusion (purple star in Figure 10(c)). Vertical liquid mass
ﬂuxes near 10−5 kg m−2 s−1 (Figure 13(b)) along a heating
path where quartz solubility increases up to ~17 mmol kg−1
leads to quartz dissolution at rates of ~10−9 mol m−3 s−1
(Figure 13(d)), and cause porosity and permeability to
increase from their initial values of 0.025 and 10−15 m2 to
~0.06 and 5·10−16 m2, respectively, over ~12 ka of system
development (Figures 13(e) and 13(f)). Figures 13(g)–13(l)
show the temporal evolution of a point located ~0.3 km
closer to the center of the intrusion, where quartz precipitation at rates near 10−9 mol m−3 s−1 from supercritical vapor
causes permeability to decrease from 10−15 m2 to 10−16 m2
within ~5.5 ka. Thus, compared to systems with initial high
host rock permeability, systems with initial host rock permeability of 10−15 m2 show a lower magnitude of permeability
increase within liquid heating zones, and clogging of pore
space within supercritical vapor zones occurs over timescales
of thousands of years rather than hundreds of years.
4.4. Comparison with Natural Systems. While the simulations
have numerous limitations (see Section 2.5), they may help
explain the observed spatial distribution of quartz within
the deep roots of some exposed fossil geothermal systems.
In the simulations, quartz precipitation is the most intensive
inside of the host rock above the initial upper boundary of the
intrusion (see black lines in Figure 10(c)). This result corresponds well to observations from the Skaergaard complex
in Greenland [62], the Isle of Skye [63], and the Geitafell
Volcano in Iceland [64], where quartz is abundant at distances of >0.2 km from the intrusive contact while the inner
core of the gabbroic intrusion is relatively lacking in quartz.
Quartz is found as part of a propylitic alteration assemblage
including chlorite and actinolite that overprints higher temperature, pyroxene-bearing assemblages [64–66]. Our simulations explain this observation as the consequence of
cooling of and gradual permeability increase within the
intrusion, which causes zones of quartz precipitation to shift
to greater depths with time. The basal parts of sheeted dyke
complexes within the Troodos ophiolite contain elongated
(up to 1 km wide), pod-shaped, quartz-rich epidosites [67],
similar to the quartz-rich, low permeability zones that form
in our simulations with initially high permeability host rocks
(see Figure 9(c)). However, the dynamics of quartz precipitation in subseaﬂoor hydrothermal systems containing seawater as the pore ﬂuid will diﬀer from systems containing
pure water because of phase separation at temperatures
above the critical point of pure water, brine formation, and
halite precipitation [18, 59, 60].
It should be noted that the dynamics of quartz precipitation from hydrous intrusions that expel large quantities
of magmatic ﬂuid are beyond the scope of this study.
Observations from porphyry ore deposits suggest that ﬂuid
expulsion causes quartz precipitation within stockwork
veins (e.g. [68]). As the fracture networks above a ﬂuid-
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rich magma ﬁll with quartz and permeability decreases,
ﬂuid pressure increases to near-lithostatic, leading to subsequent hydrofracturing and permeability increase [32].
However, in our simulations, the convecting ﬂuids are
not pressurized to near-lithostatic values even within the
low permeability zones. In addition to the absence of a
ﬂuid source, this result may also be a consequence of the
assumption that the quartz precipitation does not reduce
permeability below 10−16 m2. Previous studies suggest that
signiﬁcant ﬂuid pressure build-up in the presence of a
ﬂuid source requires lower permeability [69].

5. Conclusions
The simpliﬁed reactive transport models of ﬂuid ﬂow around
upper crustal intrusions presented in this study show how
ﬂuid ﬂuxes, the rates of quartz precipitation and dissolution,
and the magnitude and timescales of permeability reduction
depend on host rock permeability, porosity, and the intrusion
emplacement depth. Relatively high ﬂuid ﬂuxes at the transition
from liquid to supercritical vapor above the intrusion in initially
high permeability host rocks (10−14 m2) result in quartz precipitation at rates of ~10−8 mol m−3 s−1 (corresponding to volumetric changes of ~100 cm3 quartz per cubic meter of rock per
year). Within timescales of hundreds of years, a relatively thin
(<0.3 km thick), quartz-rich, low permeability zone develops
above the top of the intrusion. Lower mass ﬂuxes in initially
intermediate permeability (10−15 m2) host rocks result in
lower rates of quartz precipitation (~10−9 mol m−3 s−1) along
the edges of larger supercritical zones. However, since the
intrusion cools slower in intermediate permeability host
rocks, there is more time to develop larger (0.3–0.5 km
thick), vertically extensive siliciﬁed zones, which may extend
~2 km above intrusions emplaced at 5 km depth.
This study identiﬁes host rock primary porosity as a key
control on the magnitude of permeability changes induced
by quartz precipitation and dissolution. Quartz precipitation
results in an order-of-magnitude permeability decrease in
host rocks with primary porosity of 0.025, a realistic value
for natural rocks at depths > 2 km. However, permeability
changes are only moderate in host rocks with a primary
porosity of 0.05 and largely negligible in host rocks with a
primary porosity of 0.1. The degree and spatial distribution
of permeability changes above the intrusion reﬂect the transient conﬁguration of upﬂow plumes as the intrusion cools
and changes geometry. Zones of quartz precipitation and
permeability reduction along the sides of the supercritical
zones are bordered by zones of quartz dissolution and permeability increase, where liquid is heated to temperature
~350°C and quartz solubility is maximized. Thus, our models
predict a lower magnitude of permeability reduction compared to previous models that assume a ﬁxed temperature
basal boundary condition (e.g., [10]), because zones of precipitation may transform into zones of dissolution as the
intrusion cools. This limits the clogging eﬀect, except in rocks
with low initial porosity, in which low permeability zones
form more rapidly.
The reduced permeability zones above the intrusions
may segregate supercritical vapor close to the intrusion from
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circulating liquid further away, where heated liquid dissolves
silica from host rock minerals and permeability is increased.
Thus, while quartz precipitation-induced permeability
reduction reduces ﬂuxes of supercritical vapor and the rate
of heat transfer from the intrusion, the eﬀect is partially
counteracted by increased liquid ﬂuxes within the higher permeability zones. This study suggests that quartz precipitation
and subsequent permeability reduction does not prevent the
development of supercritical geothermal resources, even in
rocks with low primary porosity. However, ﬂuid ﬂow dynamics within supercritical zones will also depend on other
porosity/permeability creation and destruction processes
associated with intrusion emplacement and cooling, such as
magmatic ﬂuid release [32], thermal cracking [57], inelastic
compaction [31], and the precipitation of secondary minerals
other than quartz [66]. The simulations presented in this
study do not address the complex interactions between
hydrothermal convection, quartz precipitation and dissolution, and these other factors, which should be investigated
in future studies.

Data Availability
Unprocessed model output data is provided as a zipped
archive of vtk ﬁles. The CSMP++ computing platform is
co-owned by ETH Zurich, Heriot Watt University, and Montanuniversität Leoben. The source code is not distributed
freely; precompiled code libraries may be obtained via one
of the owning institutions.

Conflicts of Interest
The authors declare that there are no conﬂicts of interest
regarding the publication of this paper.

Acknowledgments
The authors thank the COTHERM partners, particularly
Bruno Thein, Andri Stefánsson, Matylda Hermanska, and
Dimitri Kulik. This manuscript beneﬁted greatly from discussions with Matthew Steele-MacInnis and Szandra Fekete,
as well as the comments of two anonymous reviewers. This
study was funded by the Swiss National Science Foundation
[Grant no. CRSII2 141843/1, Sinergia COTHERM].

Supplementary Materials
Zipped archive of model output vtk ﬁles from simulations
shown in this paper, including temperature, ﬂuid pressure,
vapor volumetric saturation, total mass ﬂux (vertical ﬂuid
mass ﬂux), porosity, permeability, mass quartz equilibrium
total (concentration of dissolved SiO2 in mol/kg), and rate
of quartz precipitation. (Supplementary Materials)

References
[1] K. P. Saripalli, P. D. Meyer, D. H. Bacon, and V. L. Freedman,
“Changes in hydrologic properties of aquifer media due to
chemical reactions: a review,” Critical Reviews in Environmental Science and Technology, vol. 31, no. 4, pp. 311–349, 2001.

Geoﬂuids
[2] L. D. Wyering, M. C. Villeneuve, I. C. Wallis et al., “Mechanical and physical properties of hydrothermally altered rocks,
Taupo Volcanic Zone, New Zealand,” Journal of Volcanology
and Geothermal Research, vol. 288, pp. 76–93, 2014.
[3] C. I. Steefel and A. C. Lasaga, “A coupled model for transport of multiple chemical species and kinetic precipitation/
dissolution reactions with application to reactive ﬂow in
single phase hydrothermal systems,” American Journal of
Science, vol. 294, no. 5, pp. 529–592, 1994.
[4] J. A. D. Connolly, “Mid-crustal focused ﬂuid movement:
thermal consequences and silica transport,” in Fluid Flow
and Transport in Rocks, B. Jamtveit and B. W. D. Yardley,
Eds., pp. 235–250, 1997.
[5] A. B. Thompson, “Flow and focusing of metamorphic ﬂuids,”
in Fluid Flow and Transport in Rocks, B. Jamtveit and B. W.
D. Yardley, Eds., pp. 297–314, Springer, 1997.
[6] R. Fournier, “The behavior of silica in hydrothermal solutions,” Reviews in Economic Geology, vol. 2, pp. 45–72,
1985.
[7] J. T. Wells and M. S. Ghiorso, “Coupled ﬂuid ﬂow and
reaction in mid-ocean ridge hydrothermal systems: the
behavior of silica,” Geochimica et Cosmochimica Acta,
vol. 55, no. 9, pp. 2467–2481, 1991.
[8] R. P. Lowell, P. Van Cappellen, and L. N. Germanovich, “Silica
precipitation in fractures and the evolution of permeability in
hydrothermal upﬂow zones,” Science, vol. 260, no. 5105,
pp. 192–194, 1993.
[9] D. E. Moore, D. A. Lockner, and J. D. Byerlee, “Reduction of
permeability in granite at elevated temperatures,” Science,
vol. 265, no. 5178, pp. 1558–1561, 1994.
[10] S. P. White and E. K. Mroczek, “Permeability changes during
the evolution of a geothermal ﬁeld due to the dissolution and
precipitation of quartz,” Transport in Porous Media, vol. 33,
no. 1/2, pp. 81–101, 1998.
[11] R. O. Fournier, “Hydrothermal processes related to movement
of ﬂuid from plastic into brittle rock in the magmaticepithermal environment,” Economic Geology, vol. 94, no. 8,
pp. 1193–1211, 1999.
[12] H. Saishu, A. Okamoto, and N. Tsuchiya, “The signiﬁcance of
silica precipitation on the formation of the permeableimpermeable boundary within Earth’s crust,” Terra Nova,
vol. 26, no. 4, pp. 253–259, 2014.
[13] R. W. Henley and A. J. Ellis, “Geothermal systems ancient and
modern: a geochemical review,” Earth-Science Reviews, vol. 19,
no. 1, pp. 1–50, 1983.
[14] S. Arnórsson, “Geothermal systems in Iceland: structure and
conceptual models—I. High-temperature areas,” Geothermics,
vol. 24, no. 5-6, pp. 561–602, 1995.
[15] D. O. Hayba and S. E. Ingebritsen, “Multiphase groundwater
ﬂow near cooling plutons,” Journal of Geophysical Research,
vol. 102, no. B6, article 12235, 12252 pages, 1997.
[16] S. Scott, T. Driesner, and P. Weis, “The thermal structure and
temporal evolution of high-enthalpy geothermal systems,”
Geothermics, vol. 62, pp. 33–47, 2016.
[17] J. S. Cline, R. J. Bodnar, and J. D. Rimstidt, “Numerical
simulation of ﬂuid ﬂow and silica transport and deposition
in boiling hydrothermal solutions: application to epithermal
gold deposits,” Journal of Geophysical Research, vol. 97,
no. B6, pp. 9085–9103, 1992.
[18] M. Steele-MacInnis, L. Han, R. P. Lowell, J. D. Rimstidt, and
R. J. Bodnar, “The role of ﬂuid phase immiscibility in quartz

17

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

dissolution and precipitation in sub-seaﬂoor hydrothermal
systems,” Earth and Planetary Science Letters, vol. 321-322,
pp. 139–151, 2012.
P. Sanchez-Alfaro, M. Reich, T. Driesner et al., “The optimal
windows for seismically-enhanced gold precipitation in the
epithermal environment,” Ore Geology Reviews, vol. 79,
pp. 463–473, 2016.
S. Scott, T. Driesner, and P. Weis, “Geologic controls on supercritical geothermal resources above magmatic intrusions,”
Nature Communications, vol. 6, no. 1, p. 7837, 2015.
L. M. Cathles, “An analysis of the cooling of intrusives by
ground-water convection which includes boiling,” Economic
Geology, vol. 72, no. 5, pp. 804–826, 1977.
D. Norton and J. E. Knight, “Transport phenomena in
hydrothermal systems: cooling plutons,” American Journal
of Science, vol. 277, no. 8, pp. 937–981, 1977.
A. Verma and K. Pruess, “Thermohydrological conditions and
silica redistribution near high-level nuclear wastes emplaced in
saturated geological formations,” Journal of Geophysical
Research, vol. 93, no. B2, p. 1159, 1988.
B. M. J. Thien, G. Kosakowski, and D. A. Kulik, “Diﬀerential
alteration of basaltic lava ﬂows and hyaloclastites in Icelandic
hydrothermal systems,” Geothermal Energy, vol. 3, no. 1,
p. 11, 2015.
G. Björnsson and G. Bödvarsson, “A survey of geothermal
reservoir properties,” Geothermics, vol. 19, no. 1, pp. 17–
27, 1990.
H. Franzson, R. Zierenberg, and P. Schiﬀman, “Chemical
transport in geothermal systems in Iceland,” Journal of Volcanology and Geothermal Research, vol. 173, no. 3-4, pp. 217–
229, 2008.
Ó. G. Flóvenz and K. Saemundsson, “Heat ﬂow and geothermal processes in Iceland,” Tectonophysics, vol. 225, no. 1-2,
pp. 123–138, 1993.
J. A. Stimac, T. S. Powell, and G. U. Golla, “Porosity and permeability of the Tiwi Geothermal Field, Philippines, based on
continuous and spot core measurements,” Geothermics,
vol. 33, no. 1-2, pp. 87–107, 2004.
M. O. Saar and M. Manga, “Permeability-porosity relationship
in vesicular basalts,” Geophysical Research Letters, vol. 26,
no. 1, pp. 111–114, 1999.
M. J. Heap and B. M. Kennedy, “Exploring the scaledependent permeability of fractured andesite,” Earth and
Planetary Science Letters, vol. 447, pp. 139–150, 2016.
J. I. Farquharson, P. Baud, and M. J. Heap, “Inelastic compaction and permeability evolution in volcanic rock,” Solid Earth,
vol. 8, no. 2, pp. 561–581, 2017.
P. Weis, T. Driesner, and C. A. Heinrich, “Porphyry-copper
ore shells form at stable pressure-temperature fronts within
dynamic ﬂuid plumes,” Science, vol. 338, no. 6114,
pp. 1613–1616, 2012.
P. Weis, T. Driesner, D. Coumou, and S. Geiger, “Hydrothermal, multiphase convection of H2O-NaCl ﬂuids from ambient
to magmatic temperatures: a new numerical scheme and
benchmarks for code comparison,” Geoﬂuids, vol. 14, no. 3,
371 pages, 2014.
L. Haar, J. S. Gallagher, and G. Kell, NBS/NRC Steam Tables,
Hemisphere Publishing, Washington, DC, USA, 1984.
G. C. Kennedy, “A portion of the system silica-water,” Economic Geology, vol. 45, no. 7, pp. 629–653, 1950.

18
[36] G. M. Anderson and C. W. Burnham, “The solubility of quartz
in supercritical water,” American Journal of Science, vol. 263,
no. 6, pp. 494–511, 1965.
[37] J. V. Walther and H. C. Helgeson, “Calculation of the thermodynamic properties of aqueous silica and the solubility of quartz
and its polymorphs at high pressures and temperatures,” American Journal of Science, vol. 277, no. 10, pp. 1315–1351, 1977.
[38] R. O. Fournier and R. W. Potter II, “An equation correlating
the solubility of quartz in water from 25° to 900°C at pressures
up to 10,000 bars,” Geochimica et Cosmochimica Acta, vol. 46,
no. 10, pp. 1969–1973, 1982.
[39] R. O. Fournier, R. J. Rosenbauer, and J. L. Bischoﬀ, “The solubility of quartz in aqueous sodium chloride solution at 350°C
and 180 to 500 bars,” Geochimica et Cosmochimica Acta,
vol. 46, no. 10, pp. 1975–1978, 1982.
[40] C. E. Manning, “The solubility of quartz in H2O in the lower
crust and upper mantle,” Geochimica et Cosmochimica Acta,
vol. 58, no. 22, pp. 4831–4839, 1994.
[41] I. Gunnarsson and S. Arnórsson, “Amorphous silica solubility
and the thermodynamic properties of H4SiO°4 in the range of
0° to 350°C at Psat,” Geochimica et Cosmochimica Acta,
vol. 64, no. 13, pp. 2295–2307, 2000.
[42] R. C. Newton and C. E. Manning, “Quartz solubility in H2ONaCl and H2O-CO2 solutions at deep crust-upper mantle
pressures and temperatures: 2–15 kbar and 500–900°C,” Geochimica et Cosmochimica Acta, vol. 64, no. 17, pp. 2993–
3005, 2000.
[43] N. N. Akinﬁev and L. W. Diamond, “A simple predictive
model of quartz solubility in water–salt–CO2 systems at temperatures up to 1000 °C and pressures up to 1000 MPa,” Geochimica et Cosmochimica Acta, vol. 73, no. 6, pp. 1597–1608,
2009.
[44] J. D. Rimstidt and H. L. Barnes, “The kinetics of silica-water
reactions,” Geochimica et Cosmochimica Acta, vol. 44, no. 11,
pp. 1683–1699, 1980.
[45] I. Gunnarsson and S. Arnórsson, “Impact of silica scaling on
the eﬃciency of heat extraction from high-temperature geothermal ﬂuids,” Geothermics, vol. 34, no. 3, pp. 320–329, 2005.
[46] S. R. Gislason and E. H. Oelkers, “Mechanism, rates, and consequences of basaltic glass dissolution: II. An experimental
study of the dissolution rates of basaltic glass as a function of
pH and temperature,” Geochimica et Cosmochimica Acta,
vol. 67, no. 20, pp. 3817–3832, 2003.
[47] M. J. Heap, B. M. Kennedy, N. Pernin et al., “Mechanical
behaviour and failure modes in the Whakaari (White Island
volcano) Hydrothermal System, New Zealand,” Journal of
Volcanology and Geothermal Research, vol. 295, pp. 26–42,
2015.
[48] M. J. Heap, B. M. Kennedy, J. I. Farquharson et al., “A multidisciplinary approach to quantify the permeability of the Whakaari/White Island volcanic hydrothermal system (Taupo
Volcanic Zone, New Zealand),” Journal of Volcanology and
Geothermal Research, vol. 332, pp. 88–108, 2017.
[49] G. J. Weir and S. P. White, “Surface deposition from ﬂuid ﬂow
in a porous medium,” Transport in Porous Media, vol. 25,
no. 1, pp. 79–96, 1996.
[50] S. E. Ingebritsen, W. E. Sanford, and C. E. Neuzil, Groundwater in Geologic Processes, Cambridge University Press, New
York, NY, USA, Second edition, 2006.
[51] M. Violay, B. Gibert, D. Mainprice, and J. P. Burg, “Brittle versus ductile deformation as the main control of the deep ﬂuid

Geoﬂuids

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

circulation in oceanic crust,” Geophysical Research Letters,
vol. 42, no. 8, pp. 2767–2773, 2015.
C. E. Manning and S. E. Ingebritsen, “Permeability of the
continental crust: implications of geothermal data and
metamorphic systems,” Reviews of Geophysics, vol. 37,
no. 1, pp. 127–150, 1999.
D. Coumou, T. Driesner, S. Geiger, C. Heinrich, and
S. Matthai, “The dynamics of mid-ocean ridge hydrothermal
systems: splitting plumes and ﬂuctuating vent temperatures,”
Earth and Planetary Science Letters, vol. 245, no. 1-2,
pp. 218–231, 2006.
R. B. Hanson and M. D. Barton, “Thermal development of
low-pressure metamorphic belts: results from twodimensional numerical models,” Journal of Geophysical
Research: Solid Earth, vol. 94, no. B8, pp. 10363–10377, 1989.
J. L. Cant, P. A. Siratovich, J. W. Cole, M. C. Villeneuve, and
B. M. Kennedy, “Matrix permeability of reservoir rocks, Ngatamariki geothermal ﬁeld, Taupo Volcanic Zone, New Zealand,” Geothermal Energy, vol. 6, no. 1, 2018.
R. Itoi, M. Maekawa, M. Fukuda et al., “Experimental study on
the silica deposition in a porous medium,” Transactions - Geothermal Resources Council, vol. 8, pp. 301–304, 1984.
P. A. Siratovich, M. C. Villeneuve, J. W. Cole, B. M. Kennedy,
and F. Bégué, “Saturated heating and quenching of three
crustal rocks and implications for thermal stimulation of permeability in geothermal reservoirs,” International Journal of
Rock Mechanics and Mining Sciences, vol. 80, pp. 265–280,
2015.
S. Arnórsson, A. Stefansson, and J. Ö. Bjarnason, “Fluid-ﬂuid
interactions in geothermal systems,” Reviews in Mineralogy
and Geochemistry, vol. 65, no. 1, pp. 259–312, 2007.
P. Lecumberri-Sanchez, M. Steele-MacInnis, P. Weis,
T. Driesner, and R. J. Bodnar, “Salt precipitation in
magmatic-hydrothermal systems associated with upper crustal
plutons,” Geology, vol. 43, no. 12, pp. 1063–1066, 2015.
S. Scott, T. Driesner, and P. Weis, “Boiling and condensation
of saline geothermal ﬂuids above magmatic intrusions,” Geophysical Research Letters, vol. 44, no. 4, pp. 1696–1705, 2017.
N. Watanabe, T. Numakura, K. Sakaguchi et al., “Potentially exploitable supercritical geothermal resources in the
ductile crust,” Nature Geoscience, vol. 10, no. 2, pp. 140–
144, 2017.
D. K. Bird, C. E. Manning, and N. M. Rose, “Hydrothermal
alteration of tertiary layered Gabbros, East Greenland,”
American Journal of Science, vol. 288, no. 5, pp. 405–457,
1988.
J. M. Ferry, “Hydrothermal alteration of tertiary igneous rocks
from the Isle of Skye, Northwest Scotland,” Contributions to
Mineralogy and Petrology, vol. 91, no. 3, pp. 264–282, 1985.
G. O. Fridleifsson, “Mineralogical evolution of a hydrothermal
system,” Transactions - Geothermal Resources Council, vol. 7,
pp. 147–152, 1983.
C. E. Manning and D. K. Bird, “Porosity evolution and ﬂuid
ﬂow in the basalts of the Skaergaard magma-hydrothermal
system, East Greenland,” American Journal of Science,
vol. 291, no. 3, pp. 201–257, 1991.
C. E. Manning and D. K. Bird, “Hydrothermal clinopyroxenes
of the Skaergaard intrusion,” Contributions to Mineralogy and
Petrology, vol. 92, no. 4, pp. 437–447, 1986.
C. J. Richardson, J. R. Cann, H. G. Richards, and J. G. Cowan,
“Metal-depleted root zones of the Troodos ore-forming

Geoﬂuids
hydrothermal systems, Cyprus,” Earth and Planetary Science
Letters, vol. 84, no. 2-3, pp. 243–253, 1987.
[68] G. Gruen, C. A. Heinrich, and K. Schroeder, “The Bingham
canyon porphyry Cu-Mo-Au deposit. II. Vein geometry and
ore shell formation by pressure-driven rock extension,” Economic Geology, vol. 105, no. 1, pp. 69–90, 2010.
[69] R. B. Hanson, “Eﬀects of ﬂuid production on ﬂuid ﬂow during
regional and contact metamorphism,” Journal of Metamorphic
Geology, vol. 10, no. 1, pp. 87–97, 1992.

19

Chemistry
Hindawi
www.hindawi.com

Geophysics
International Journal of

Advances in

Scientifica
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com
www.hindawi.com

Volume 2018
2013

Advances in

Public Health
Hindawi
www.hindawi.com

Volume 2018

Journal of

Environmental and
Public Health

Advances in

Meteorology
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Submit your manuscripts at
www.hindawi.com
Applied &
Environmental
Soil Science
Hindawi
www.hindawi.com

Journal of

Geological Research
Hindawi
www.hindawi.com

Volume 2018

International Journal of

International Journal of

Ecology

Agronomy

International Journal of

International Journal of

Volume 2018

International Journal of

Biodiversity
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Agriculture
Volume 2018

International Journal of

Archaea
Volume 2018

Advances in

Microbiology

Forestry Research
Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Hindawi
www.hindawi.com

Journal of

Analytical Chemistry

Chemistry

Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Journal of

Marine Biology
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

