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[1] Natural geothermal convection abounds within the Taupo Volcanic Zone (TVZ) of
New Zealand’s Central North Island. In many locations the highly porous eruptive
products that blanket the landscape have been altered by the throughput of hydrothermal
fluids and the consequent deposition of silica. We detail a numerical model that
considers the evolution of a geothermal plume in the presence of silica deposition/
dissolution that controls an evolving permeability distribution. Precipitation of silica
occurs according to a gradient reaction regime, in which the dissolved silica
concentration is controlled by the temperature dependent silica solubility. Over a period
of 120 kyr, continuous geothermal circulation leads to the development of a low
permeability cap-zone, approximately 200 m thick, above the main geothermal upflow
zone. The cap-zone encourages lateral flow of rising fluids, increasing the area across
which geothermal expression is observed. It also has an insulating effect on fluids
below the cap, causing increases in temperature, enthalpy, and the reservoir potential of
the field. A second model is constructed to consider the specific scenario of fault
rupture through the impermeable cap-zone. Coseismic increases in permeability along
the fault plane produce vigorous, renewed flow through the center of the geothermal
field, temporarily reducing lateral flows. However, resealing of near surface
permeability is rapid, and the restoration of lateral flows and recovery of the geothermal
reservoir occurs within �10 kyr. These effects are discussed in the context of two TVZ
geothermal fields: the extinct Ohakuri field, and Te Kopia, which is situated on a major
active normal fault.
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and fault rupture on natural geothermal systems, J. Geophys. Res., 117, B05207, doi:10.1029/2012JB009218.

1. Introduction

[2] Precipitation of SiO2 as quartz into fractures and open
pore spaces plays an important role in the development of
veining [e.g., Sharp, 1960; Fisher and Brantley, 1992; Bons,
2001], cementation [e.g., Robinson and Gluyas, 1992;
Walderhaug, 1994] and epithermal mineralization [White
and Hedenquist, 1990; Simmons and Browne, 2000]. It
also reduces the intrinsic permeability of rock, retarding its
ability to conduct fluid and thereby exercising a negative
feedback on the precipitation rate [Andre and Rajaram,
2005]. Such processes have previously been considered

analytically [e.g., Lowell et al., 1993] and in numerical
models for the evolution of limestone karst systems [e.g.,
Andre and Rajaram, 2005; Chaudhuri et al., 2009] and
fracture apertures and networks [e.g., Chaudhuri et al.,
2008]. Chaudhuri et al. [2012] modeled silica deposition in
a gradient reaction regime and demonstrated rapid decrease
in the transmissivity of a fracture network as the mean frac-
ture aperture is reduced toward a critical value.
[3] Precipitation of silica within a fracture or pore space

occurs when a reduction in fluid temperature causes silica
solubility to drop below the local concentration of dissolved
silica. The manner in which the precipitation or dissolution
reactions proceed depends on reaction rate and fluid velocity
[Phillips, 1991]. For slow reaction rates and high fluid
velocities, disequilibrium of mineralizing chemical species
may be widespread, and the reaction regime is classified as
kinetic. Any numerical modeling must account for chemical
transport and the relevant reaction kinetics [e.g., Martin and
Lowell, 2000; O’Brien et al., 2003; Szymczak and Ladd,
2004]. Where disequilibrium is minimized silica concentra-
tion can be assumed equal to the local solubility. This occurs
at lower fluid velocities, where there is sufficient time for
reactions to adjust mineral concentrations to their equilibrium
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values. Such conditions define a gradient reaction regime, in
which the reaction rate is proportional to the gradient in
mineral solubility, which in turn depends on some control-
ling parameter, e.g., temperature. Modeling the latter regime
requires less computational resources [e.g., Chaudhuri et al.,
2008, 2012], although does not account for the effects of
boiling in the near surface [Cline et al., 1992].
[4] In this work we detail a numerical model that con-

siders the heat and mass transfer of a single geothermal field
with dimensions and heat characteristics similar to those of
the Taupo Volcanic Zone (TVZ), New Zealand. The TVZ is
a productive volcanic arc that hosts convective upflow of
high temperature fluids (>250�C) at more than 20 distinct
locations [Bibby et al., 1995]. Geothermal circulation is
thought to be driven by extensive magmatic intrusion in the
lower and mid-crust, which supplies heat to the upper crust
at a depth of 6–8 km [Bryan et al., 1999]. This depth is
commonly interpreted as the brittle-ductile transition and
delineates the lower limit of the convective system [Bibby et
al., 1995]. Fluid circulation is assisted by an abundance of
normal fault structures, accommodating 5–15 mmyr�1 of
tectonic extension [Wallace et al., 2004], and which are
presumed [e.g., Grindley and Browne, 1976] to make a sig-
nificant contribution to the fracture permeability of basement
rocks. Permeable pathways in the near surface (<2 km depth)
are supplied by connected pore space within high porosity,
quaternary volcanic deposits, disrupted by faulting and
fracturing [Sibson, 1996; Rowland and Sibson, 2004].
[5] The abundance of quartz silicification reported within

the TVZ [Simmons and Browne, 2000; Wood et al., 2001;
Arehart et al., 2002; Bignall et al., 2004; Rowland and
Sibson, 2004; Hocking et al., 2010] attests to the impor-
tance hydrothermal alteration in geothermal fields. Alter-
ation can be broadly divided into two styles [Simmons and
Browne, 2000]: replacement, in which precursor solid rock
is converted to the alteration mineral, and direct deposition
of minerals into open pore spaces or veins. The latter process
reduces permeability and retards fluid flow, but also imparts
improved tensile strength to the mineral assemblage. Silici-
fication therefore influences structural evolution in the near
surface of geothermal fields by encouraging fluid over-
pressuring, hydrofracturing and the reactivation of existing
structures [Grindley and Browne, 1976; Henneberger and
Browne, 1988; Sibson, 1990]. Such petrophysical changes
are evident at the extinct Ohakuri geothermal system, where
discrete quartz veins intersect a wider region of adularia
[Henneberger and Browne, 1988]. This implies distributed
flow through unaltered porous deposits progressing to inter-
mittent fracturing, perhaps modulated by overpressurization,
and mineralization.
[6] The aim of the numerical models presented here is to

investigate the feedback effects that silica deposition exer-
cises on circulation and subsequent permeability modifi-
cation. We discuss the formation of a low permeability
cap-zone at the surface of a geothermal field, and the impli-
cations this has for surficial expression and sub-surface flow.
Results are discussed in the context the Ohakuri and Te
Kopia geothermal fields of the TVZ, both of which exhibit
variety in the intensity and spatial extent of hydrothermal
alteration. Te Kopia geothermal field is situated near the
southern termination of the Paeroa Fault, which bounds the
eastern margin of the Taupo Fault Belt. Geothermal

expression also presents further north on the Paeroa Fault at
the Waikite hot springs and at Orakeikorako geothermal field
where the fault splays at its southern termination. Geothermal
activity correlates with surface and inferred basement fault-
ing elsewhere in the TVZ [e.g., Wood, 1992; Wood et al.,
2001], presumably operating in regions of episodically
renewed permeability [e.g., Rojstaczer et al., 1995; Sibson,
1990; Micklethwaite and Cox, 2004]. We consider the sce-
nario that fault rupture perturbs a well-developed, low
porosity cap-zone, and investigate subsequent permeability
sealing at the enhanced mass flow rates accompanying the
renewed permeability.

2. Numerical Model

[7] Numerical modeling of crustal scale geothermal cir-
culation is carried out using the Finite Element Heat and
Mass transfer (FEHM) code [Zyvoloski, 2007]. FEHM
solves conservation of mass and energy equations for Darcy
flow through a porous medium and has previously been used
to model convection by Stauffer et al. [1997]. We have
selected a computational domain that is 15 � 15 � 8 km
along the (x, y, z) directions, which is regarded as sufficient
to capture the central geothermal upflow zone and sur-
rounding regions of recharge. Four meshes are used to par-
tition the model domain for the various models: mesh 1,
shown in Figure 1a, is a uniformly spaced grid with a node
spacing of 200 m in each direction; mesh 2, shown in
Figure 1b, is a structured grid with a higher density of nodes
in the central upflow zone and near the surface; mesh 3,
shown in Figure 1c, is the same as mesh 2 but double the
resolution, i.e., half the nodal spacing; and mesh 4, shown in
Figures 1d–1f, is a structured grid with the highest resolution
at the near surface and within a central fault plane. Mesh 3 is
used for the majority of simulations while meshes 1 and 2
are used to evaluate the extent that mesh non-uniformity and
coarseness affects model results. Mesh 4, which contains the
high density of nodes along a central fault plane, is used for
modeling fault rupture through an evolved impermeable cap-
zone (see section 5).
[8] A Gaussian temperature distribution, with maximum

value 340�C, is applied at the center of the base of the model
to ensure upflow localizes in the center of the domain
(Figure 2c). The maximum temperature corresponds
approximately to the brittle-ductile transition temperature for
quartzofeldspathic rock and its depth is consistent with
seismogenic depths of 6–8 km within the TVZ [Bryan et al.,
1999]. No flow boundary conditions are maintained at the
base and sides of the model and atmospheric temperature
and pressure conditions are applied at the surface.
[9] Distributions of permeability and porosity exert an

important control on the style and extent of silica deposition
that develops. Distributions modeled here are inferred from
the geological structure of the TVZ, which is characterized
by high porosity volcanic strata, overlying older, faulted
meta-sedimentary greywacke. Frequent and voluminous
volcanism within the TVZ [Wilson et al., 1995] has evolved
a 2 km thick layer of low density, moderately porous surfi-
cial strata. Horizontal fluid flow is assisted by a multitude of
contacts between various deposits or rhyolitic intrusions. In
contrast, vertical permeability is enhanced by extensive
vertical and sub-vertical fracturing and faulting, which has
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evolved in response to high extensional strain rates [Wallace
et al., 2004]. Deeper than 2 km, permeability of the largely
homogeneous greywacke is probably controlled by fractures
and faults, or possibly dike intrusion [Lewis, 1960; Curewitz

and Karson, 1998]. Porosity at these depths is comparatively
low and probably dependent upon fracture density. The
effects of fracture closure and pore space compaction with
increasing depth and confining pressure are approximated by

Figure 2. Imposed (a) permeability and (b) porosity properties with depth. (c) Temperature (�C) bound-
ary condition imposed at the base of model.

Figure 1. Model meshes used in simulations. (a) Mesh 1, uniform nodal spacing (200 m). (b) Mesh 2,
coarse, higher resolution near the surface and center of the domain. (c) Mesh 3, same as mesh 2 but half
the nodal spacing. (d–f) Mesh 4, high resolution near surface and center of the domain. Highest resolution
along a narrow fault plane centered at x = 7.5 km. Arrows indicate extent over which each nodal spacing
applies. Note that the unmarked fault width is 150 m and this has been partitioned into 10 slices.
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an exponential reduction in permeability with depth [Saar
and Manga, 2004]. Bounding values for permeability and
porosity used in the majority of simulations are shown in
Figures 2a and 2b.
[10] The effects of spatial heterogeneity in the permeabil-

ity and porosity distributions is investigated by overlaying a
spatially correlated fluctuation field on these distributions.
This perturbation to the homogeneous distribution approx-
imates the effect of a random fracture distribution associated
with a crust at criticality [Heffer, 2007; Leary and Al-Kindy,
2002].
[11] Concentrations of dissolved ions, particularly salts

that present in abundance, can affect the style and character
of convection through modification of the fluid density.
Denser fluids require a greater temperature perturbation to
overcome ambient hydrostatic pressure conditions and ini-
tiate convective overturning. In mid-ocean ridge hydrother-
mal systems, this is an important consideration as parent
fluids are oceanic in origin and approximately 3% salt by
weight [e.g., Lewis and Lowell, 2009]. For the TVZ systems
considered here, chemical compositions vary widely
[Giggenbach, 1995] however maximum salt concentrations
are on the order of 0.3% by weight, i.e., an order of mag-
nitude less than seawater. Dissolved ion density effects are
thus unlikely to represent a first order control on the systems
under investigation here and this effect is neglected.

2.1. Implementation of Silica Mineralization

[12] As a first approximation to the dynamics of silica
deposition, we assume all fluids within the system are at
their saturation point with respect to dissolved silica, i.e., the
system can be described by a gradient reaction regime. In
this regime fluid transport is sufficiently slow that mineral
concentrations are governed by temperature dependent
reactions. The equilibrium assumption will be disturbed in
regions where rapid fluid flow is promoted, which may
include high permeability conduits associated with fault
rupture, or the drilling of geothermal production wells.
Pressure drops associated with these high permeability
conduits promote boiling and further silica deposition
[Simmons and Browne, 2000]. In regions where fluid trans-
port outstrips the reaction rate, regions of fluid supersatura-
tion will develop downstream. The silica deposition rate
estimated under the gradient reaction assumption will then
overestimate the true reaction rate.
[13] Consistent with the gradient reaction assumption, a

packet of fluid moving through a temperature gradient must
either dissolve or precipitate silica to maintain an equilib-
rium concentration. The rate of deposition, or dissolution, at
a particular location then depends principally on (i) the
magnitude of the temperature gradient at that location, and
(ii) the fluid throughput.

[14] Consider a fluid flux, M, through a volume element
of dimensions, dx, dy and dz, porosity, f, and temperature
gradient, rT = dT/dz. Fluids flowing perpendicular to the
temperature gradient follow isotherms, and thus do not
contribute to quartz dissolution or precipitation. Therefore,
we are interested in the amount of fluid flow parallel to the
temperature gradient:

1

rTj jM � rT : ð1Þ

Subsequent fluid references are to this component.
[15] As fluid traverses the volume element it changes

temperature by some small increment, DT, and conse-
quently, its silica solubility, mq, changes by an amount

Dmq ¼ dmq

dT
DT : ð2Þ

Silica solubility is defined as the maximum amount of dis-
solved silica, nq, per mass of pure water and its functional
dependence on temperature is described by Fournier and
Potter [1982]. For temperatures ranging from 25 and
900�C and specific volume, V, ranging from 1 to 10 silica
solubility is given by

log mq

� � ¼ Aþ B log Vð Þ þ C log Vð Þð Þ2; ð3Þ

where the coefficients A, B and C are given in Table 1 as
functions of temperature. The first derivative of silica
solubility with respect to temperature is obtained from
equation (3).
[16] As the volume element is oriented such that rT is

directed along the z direction, the magnitude of the temper-
ature change as the fluid traverses the cell is given by |rT|dz.
The mass of fluid transported (per unit time) is given by
M � rTdxdy/|rT|, and thus an amount of silica is dissolved,
or precipitated, at a rate given by

D _nq ¼ M � rT
dmq

dT
dxdydz: ð4Þ

The volume of this precipitated or dissolved silica is used to
calculate the change in porosity over some time period, t:

Df ¼
Z t0þt

t0

M tð Þ � rT tð Þ dmq

dT

Mmol
q

rq
dt; ð5Þ

whereMq
mol is the molar mass and rq is the density of quartz.

[17] This formulation is implemented in FEHM through
an iterative update of the porosity and permeability dis-
tributions. An initial simulation of 300 kyr of fluid circula-
tion is performed to establish a benchmark circulation state.
Geothermal circulation is then simulated for a nominal time
period of 500 yr, within which temperature and mass flux
distributions are output at ten evenly spaced time periods.
For each time step a porosity change, dfi, is calculated using
equation (5), and porosity changes for the ten time steps
summed to yield a total porosity change, df, for the
simulation.
[18] Modification of the pore space available to conduct

fluids implies a consequent change to permeability. Fluid
flow through high porosity volcanic deposits in the upper

Table 1. Coefficients Used in Silica Solubility Equation (3) as
Functions of Temperaturea

Coefficient Functional Dependence on Temperature, T (K)

A � 4.66206 + 0.0034063T + 2179.7T�1 �
1.1292 � 106T�2 + 1.3543 � 108T�3

B � 0.0014180T � 806.97T�1

C 3.9465 � 10�4T

aData from Fournier and Potter [1982].
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2 km of the TVZ is probably dominated by connected
pore pathways. Under these circumstances Zhang et al.
[1994] suggests that permeability, k, varies with the cube
of porosity, i.e., k ∝ f3, provided the porosity is above
some critical value, fc. Below this value a loss of con-
nectivity causes rapid reductions in permeability. The cube
law porosity-permeability relationship has previously been
used for modeling gradient reactions in limestone karst
systems [Chaudhuri et al., 2008, 2009].
[19] An alternative relationship, derived from studies of

well core from the Brae oilfield [Leary, 2003], an Upper
Jurassic reservoir adjacent to a zone of normal faulting in the
South Viking Graben [Stow et al., 1982], and considerations
of a crust at the limit of mechanical ‘criticality’ [Leary and
Al-Kindy, 2002; Heffer, 2007], suggest that porosity is cor-
related to the logarithm of permeability. This model is more
appropriate for low porosity basement rock where perme-
ability is dominated by fracturing rather than connected pore
space.
[20] The two porosity-permeability relationships used are

k ¼ A1f3;

f ¼ B1 log kð Þ þ B2:
ð6Þ

Coefficients A1, A2, B1 and B2 are calculated from bounding
values of porosity and permeability assigned at the upper
and lower boundaries of each geological unit. These values
have in turn been inferred from past numerical modeling
studies of the TVZ [Kissling and Weir, 2005; Mannington
et al., 2004] and by matching thermal properties of the
modeled plume to its TVZ counterparts. Bounding values
for porosity and permeability are given in Table 2 and
profiles with depth are shown in Figures 2a and 2b. The
critical porosity for the cube-law relationship is 4% (fol-
lowing Zhang et al. [1994]) below which permeability drops
rapidly. In the upper layer of volcanics we have assigned a
minimum achievable permeability of �16 corresponding to
a porosity of 2%. This is probably higher than the exten-
sively silicified and sealed rock that would eventually be
produced by a sufficient period of alteration. However,
geothermal fields in the TVZ are juxtaposed on an exten-
sional tectonic setting in which background fracturing and
faulting enhance and maintain permeability. Further, sealing
of fluid pathways can lead to transient overpressures and
subsequent hydraulic fracturing, which also places a lower
limit on attainable permeability. This behavior could be
modeled in greater detail by the implementation of a coupled
stress calculation that increased permeability in regions
where the pore pressure increased above some failure crite-
rion (e.g., Mohr-Coulomb yield). This has not been under-
taken here.
[21] A functional description of the relationship between k

and f permits us to evolve the permeability distribution in
response to silica deposition into open pore space. In

equation (5) we calculate the change in porosity due to flow
of silica saturated fluid through a volume element over a
given time period. Equation (6) then relates the change in
porosity, df, to a change in permeability:

k ¼ A1 fþ dfð Þ3;
k ¼ 10 fþdf�B2ð Þ=B1 :

ð7Þ

[22] At the conclusion of an FEHM simulation, an altered
permeability distribution is calculated using equations (5)
and (7), and temperature and mass flux fields output dur-
ing previous time steps. The following simulation uses the
new permeability distribution and the final temperature and
pressure values from the previous simulation. This iterative
update scheme approximates the evolution of permeability,
and thus geothermal flow, in response to simplified silica
processes.
[23] Under a gradient reaction regime, the extent of depo-

sition or dissolution is critically dependent on the magnitude
of the temperature gradient (see equation (5)). Resolving
these gradients on a discretized grid is therefore particularly
important. First order differencing is used to approximaterT
between adjacent nodes, e.g., dT/dx ≈ (Ti+1 � Ti)/dx. For
coarse grid spacings, i.e., large dx, it is difficult to resolve
very small and very large gradients. An improvement in
accuracy is gained through the use of higher resolution grids
in regions where large temperature gradients are expected.
[24] Temperature profiles from drill holes at the Wairakei

geothermal field, New Zealand, indicate that the largest ver-
tical geothermal gradients (approximately 1–2 Km�1) are
obtained within several hundred meters of the surface
[O’Sullivan et al., 2009]. In this region, buoyant fluids, rising
approximately adiabatically, come into contact with cooler
meteoric waters, leading to the formation of a boundary
layer. To capture thermal processes in this region we have
chosen meshes with increased resolution (Figure 1) within 1–
2 km of the surface. A similar boundary layer forms at the
base of the crust where cold, recharging surface waters
encounter the magmatic intrusions that supply the heat to
drive geothermal convection. Mass flux in this boundary
region is in the opposite direction to that at the top of the
model, and consequently quartz dissolution may play a sig-
nificant role in permeability modification at these depths.
However, as the mesh is coarser at the base of the model, our
investigation is limited to the near surface.

3. Description of Circulation

[25] A single geothermal plume is evolved in the model
domain by applying the basal temperature boundary condi-
tion for a period of 300 kyr (Figure 3). Initially, the model
domain is a homogeneous 20�C and mass fluxes are every-
where zero. Fluids in the center of the domain become
buoyant and rise as they are heated. Convection occurs in
systems where the Rayleigh number, Ra, exceeds a critical
value (Racrit = 4p2). The Rayleigh number for a porous
medium is given by Nield and Bejan [1998]:

Ra ¼ rf gbDTLk

ma
; ð8Þ

where rf is the density of the fluid, g is the acceleration due
to gravity, b is the coefficient of thermal expansion of the

Table 2. Bounding Values of Porosity, f, and Permeability, k,
Used in Simulations

z (km) f (%) k (log(m2))

0 20 �12.9
2 6 �14.5
8 2 �14.7
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fluid, DT is the temperature difference between the top
and bottom of the system, L is the vertical dimension of
the system, k is permeability, m is fluid viscosity and a is
the coefficient of thermal diffusivity. For typical values of
rf = 900 kgm�3, g = 9.8 ms�2, b = 10�3 K�1, DT =
350�C, L = 8 km, k = 10�14 m2, m = 3 � 10�4Pa s�1 and
a = 10�6 m2s�1, the Rayleigh number is � 800 and well-
exceeds the threshold for free convection.
[26] The upflow zone is situated at the center of the model,

i.e., {x, y} = [7.5, 7.5] km, due to the Gaussian temperature
boundary condition applied at the base of the model
(Figure 2c). Constrained by the 200�C isotherm, the plume
is approximately 5 km wide at the base of the model and
narrows as it approaches the surface, particularly within the
high porosity volcanics layer (z < 2 km). This is consistent
with a decreasing permeability with depth, which requires a
greater plume cross-section to host rising fluids [Bibby et al.,
1995]. The maximum temperature at the surface of the
model is approximately 200�C, which is somewhat cooler
than fluids exiting from TVZ geothermal fields (≈250�C).
Greater accuracy in modeling surface temperatures might be
achieved through tighter controls on the permeability-depth
relationship, however for the deposition behavior demon-
strated here these models serve as an acceptable approxi-
mation to reality.
[27] Vectors of mass flux direction indicate mass recharge

occurs at all depths along the plume. At significant distances
from the upflow zone, cold down-welling fluids suppress the
geothermal temperature gradient, such that temperatures as
low as 100�C are encountered at depths of 6 km. This is
consistent with the findings of Weir [2009] which also
yielded cool temperatures for deep fluids. They show that
the downflow temperature profile depends on downflow
fluid velocity and thermal diffusivity. In these models,
downflow fluid velocities are consistent with rainfall
recharge rates from the TVZ [Kissling, 2004].
[28] The geothermal field boundary at the surface is con-

strained by a 1 Wm�2 vertical heat flux contour. This value
exceeds the average continental heat flux (0.05–0.07 Wm�2

[Chapman, 1986]) and the anomalously high heat flux of
the TVZ (≈0.8 Wm�2 [Hochstein, 1995]). Based on this
demarcation, the geothermal field, prior to permeability

modification, has a heat output of 120 MW and an area
1.4 km2.

4. Model Results

[29] Both temperature gradients and mass flux attain their
largest magnitude in the near surface where contact with the
atmosphere forms a thermal boundary layer and permeabil-
ity is at its maximum value. Consequently, silica deposition
and reduction of permeability proceeds most rapidly in the
upper layers of the model. After 120 kyr of simulated alter-
ation (t = 420 kyr) a region of low permeability has formed
at the surface above the upflow zone (Figure 4). The geo-
thermal field is demonstrating ‘self-sealing’ behavior [e.g.,
Facca and Tonani, 1967; Hochstein and Browne, 2000;
Dobson et al., 2003], i.e., hydrothermal alteration of the
surface strata has produced a low permeability cap-zone. Due
to the symmetry of the model domain and permeability dis-
tribution, the cap-zone is circular with a diameter of 1–2 km.
In profile (Figure 4a) it increases in thickness with proximity
to the axis of upflow, attaining a maximum dimension of
�200 m.
[30] A smaller reduction in porosity and permeability

occurs along the axis of upflow at depths of 500 to 200 m. At
these depths temperature gradients and mass flux rates are
considerably less than at the surface, and therefore alteration
proceeds at a reduced rate. Nevertheless, porosity reductions
of 2–5%, and consequent drops in permeability of up to half
an order of magnitude, reduce the permeability-depth gra-
dient in this region. The vertical temperature gradient
decreases in response as less entrainment of cold recharge
occurs, resulting in increased temperatures (more than 10�C
at 500 m).
[31] The formation of a near-surface, low permeability

cap-zone is consistent with results of Martin and Lowell

Figure 3. Temperature contours for a vertical slice through
the center of the upflow zone (y = 7.5 km) after 300 kyr of
simulation time (immediately prior to permeability modifi-
cation). Vectors of mass flux direction have been superim-
posed. Note that mass flux magnitude is not represented by
the arrow length.

Figure 4. (a) Permeability distribution (log(m2)) after
120 kyr of silica deposition at the surface. Profiles of
(b) porosity and (c) permeability with depth along the top
2 km of the plume axis at t = 300 kyr (dashed: see
Figures 2a and 2b) and 420 kyr (solid).
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[2000] for transport and precipitation of silica in planar
fractures under equilibrium conditions. Their analysis was
also extended to address the effects of quartz precipitation
controlled by first-order reaction kinetics. At higher mass
flow rates, crack closure was slower than under equilibrium
conditions as fluids are transported too rapidly for appre-
ciable deposition on crack walls to occur. Furthermore, in
addition to developing a near-surface low permeability
region, a secondary low permeability zone is formed beneath
as the flow is reduced and cooling pushes the maximum
precipitation isotherm to greater depths.
[32] The lowest rates of permeability reduction occur in

the deep basement rock and are no more than a fraction of an
order of magnitude. Slow alteration rates at these depths is
due to: (i) the modest temperature gradient associated with
the relatively low permeability-depth gradient, (ii) low mass
flux rates associated with low permeability, and (iii) a tight
permissible permeability range (see Table 2).

4.1. Redistribution of Heat Flow

[33] Development of an impermeable cap-zone above hot
fluids rising within the plume has a considerable effect on
the heat flow characteristics of the geothermal field. The
reduction in mass flux within the original field boundary
causes an immediate reduction in heat output. However, the
supply of buoyant fluids from depth is largely unchanged by

self-sealing, which implies that ascending fluids, blocked
from rising any further, must be deflected laterally. As heat
transport is largely advective, this results in an increase in
lateral heat flow beneath the cap-zone (Figure 5a).
[34] Prior to the development of a cap-zone, lateral heat

flow was small and typically directed toward the upflow
axis, representing entrainment of cold, but nevertheless heat
bearing, recharge. However, by t = 420 kyr heat and mass
flow, deflected by the surface cap-zone, is directed away
from the plume to a depth of 500 m. The largest lateral
flows of �100 Wm�2 occur at 300 m depth, although this
varies in response to the increasing lid thickness. In com-
parison, maximum surface heat fluxes of 400 Wm�2,
observed above the upflow zone prior to self-sealing, are
reduced several orders of magnitude by the impermeable
cap-rock (Figure 5b). Deflection of hot fluids to the edge of
the cap-zone causes the vertical heat flux, and presumably
surface thermal expression, to migrate radially away from
the original plume center. The intensity of the heat flux at
the field boundary also decreases as a limited heat output is
spread around an increasing larger field circumference
(Figure 5c). Further, the areal growth rate of the geothermal
field, parameterized by its radius, rmax, decreases with time
as increasingly larger volumes quartz must be deposited
into the porous rock by a fixed source (silica saturated
upflow).

Figure 5. (a) Lateral heat flux with depth at a radial distance of 500 m from the plume axis at t = 300 kyr
(dashed) and 420 kyr (solid). Note that negative values represent heat directed away from the plume axis.
(b) Vertical heat flux at the surface measured along a radial profile beginning at the center of the plume
(see inset). (c) Vertical heat output, Qz, integrated along the radial profile in Figure 5b over time. (d) Posi-
tion of maximum vertical heat flux along the radial profile in Figure 5b, which is a proxy for field radius,
rmax. The stepped profile is due to mesh discretization.
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[35] Chaudhuri et al. [2012] found that silica precipitation
in a fracture network led to the formation of elongated
obstacles perpendicular to the mean flow direction. Growth
occurs preferentially at the lateral edges of these objects due
to the alignment of mass flux and temperature gradient
streamlines. The formation of a low permeability cap-zone at
the surface above the upflow zone is the macroscopic
equivalent to this smaller scale phenomenon.

4.2. Evolution of Field Properties

[36] Figure 6 tracks the evolution of several field proper-
ties as self-sealing proceeds over a 120 kyr period. Cap-zone
formation has an immediate short term effect of reducing
heat output of the field by insulating hot upflow from the
atmosphere. Over a period of several thousand years heat
output drops rapidly from 120 to 80 MW and is sustained at
this value for the duration of the simulation. However, heat

flux through the original field boundary declines substan-
tially as rising fluids are deflected to the (growing) field
margin by a maturing cap-zone. Vertical heat flow below the
cap exhibits an anomalous and sustained increase prior to a
steady decline as silica deposition at depth thickens the cap-
zone. This spike is caused by the reversal of lateral rechar-
ging inflows that had previously exerted a degree of
quenching on hot upflow in the near surface. Enhanced lat-
eral outflow induced by the cap-zone negates the effects of
these inflows, and the reduction in mixing permits more
efficient operation of the plume at near surface depths.
[37] Geothermal field area, delineated here by the 1 Wm�2

vertical heat flux contour but in practice by either resistivity
contours or the extent of surface thermal manifestations,
increases at a constant rate. Over a period of 120 yr field area
increases by more than a factor of three, at a nearly constant
rate of ≈2.8 km2 per 100 kyr (Figure 6b). In the same period
surface heat output is approximately constant, and thus the
effect of the cap-zone is to spread a given heat flux across a
wider area (or more accurately, to distribute it to a longer
boundary).
[38] The negative feedback that silica deposition exerts on

subsequent mass flow and further permeability reduction is
evident in Figure 6c. At 50 m depth permeability reduction
is initially rapid but decreases with time as the low perme-
ability region hosts a reduced mass flow rate. This feedback
is also evident at 100 m depth, although is less conspicuous
due to the overall lower rate of alteration.
[39] The temporal behavior of temperature at various

depths (Figure 6d) within the plume reflects changes in the
relative importance of advective heat transport versus con-
ductive atmospheric cooling. Surface temperatures are ini-
tially set by the passage of heated fluids through open pore
space as they rise to the surface. The immediate effect of the
onset of self-sealing at the surface is an increase in temper-
ature as lateral deflection shuts down the inflow of cool
recharge. However, continued silica deposition reduces
permeability to a point at which hot upflow can no longer
maintain high temperatures, and atmospheric cooling begins
to prevail. Surface temperatures drop by up to 50�C,
although deeper in the cap-zone temperature changes are
smaller.

4.3. Spatial Patterns of Permeability Change

[40] In these models processes of deposition or dissolution
are dependent on the movement of silica saturated fluids
through a temperature gradient. The local rate of change of
porosity depends on the magnitude of both the mass flux
vector, M, and temperature gradient, rT, however this is
modulated by the value of the angle, q, between the two.
When M and rT are close to orthogonal, fluid flux is
approximately isothermal and minimal deposition or disso-
lution will occur. If M and rT are parallel but point in
opposite directions, then fluid temperature is decreasing and
precipitation will occur. Where M and rT are parallel and
point in the same direction, fluid temperature is increasing
and dissolution occurs.
[41] Figure 7a plots contours of the angle between M and

rT for a vertical slice through the center of the plume at
t = 420 kyr. These contours delineate regions in which either
precipitation, dissolution or no reaction is favored in the
context of the plume structure. Along the axis of the upflow

Figure 6. Evolution of geothermal field characteristics dur-
ing 120 kyr of silica deposition. Profiles are taken for three
different depths: 50 (circles), 100 (triangles) and 200 m
(squares). (a) Heat output through the original field bound-
ary, as defined by the 1 Wm�2 vertical heat flux contour at
t = 300 kyr. The black dashed line indicates the total field
output. (b) Geothermal field area delineated by the evolving
1 Wm�2 vertical heat flux contour. (c) Arithmetic mean per-
meability within the original field boundary. (d) Tempera-
ture at the upflow axis, i.e., x = y = 7.5 km.
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zone, both M and rT are near vertical, favoring precipita-
tion within the center of the plume (see Figure 4a). However,
the porosity/permeability reduction rate here is modest due
to the low temperature gradient relative to the surface. The
largest gradients occur where hot upwelling fluids encounter
the cold atmosphere in the upper layers of the model. At
these depths both M and rT are vertical, and due to their
large magnitudes silica precipitation proceeds rapidly,
resulting in the formation of a low permeability cap.
[42] Moving horizontally from the plume axis, rT

rapidly switches from vertical downward to horizontal (see
Figure 7b), followed by a slow rotation to vertical upward.
In this region fluid temperatures decrease slowly from their
maximum value at the center of the plume, to their minimum
value in the down-welling recharge zone. In contrast, mass
flux responds much more rapidly, switching from vertically
upward within the plume, to vertically downward outside the
plume over a relatively short distance (<1 km). This results
in a ≈2 km wide zone around the center of the plume, in
which M and rT are nearly orthogonal. Despite the appre-
ciable temperature gradients and mass flux that prevail in
these regions, fluid flow is approximately isothermal and
silica deposition is limited. These regions represent excellent

conduits for the transport of minerals whose solubility
characteristics depend strongly on temperature.
[43] In the downflow regions, i.e., x < 5 km and x > 10 km,

the angle between M and rT is small and dissolution is
favored. However, little increase in porosity or permeability
occurs in these regions due to; (i) the low rate of mass flux
compared to upwelling, which is assisted by the buoyancy of
low density fluid; and (ii) the comparatively low geothermal
gradient, maintained by cold down-welling fluids that sup-
press the background, conductive gradient [Weir, 2009]. In
locations where down-welling fluids encounter the mag-
matic heat sources inferred to drive geothermal convection, a
boundary layer with high temperature gradients would be
expected to form. Under these conditions appreciable levels
of silica dissolution at the base of the convective system
would be expected. However, the model mesh used here is
too coarse to resolve such gradients and this effect is thus not
represented.
[44] A toroidal region encircling the plume axis, in which

0 < q < 45�, is observed (see Figures 7a and 7c) in the
downflow zone. This pattern arises due to the relatively slow
rotation of M with proximity to the plume axis (see
Figure 7b) compared with rT, in the x < 5 km region.

Figure 7. (a) Angle, q, (in degrees) between temperature gradient and mass flux for a vertical slice
through the center of the plume (y = 7.5 km). (b) Profiles along dashed line in Figure 7a showing the angle
between temperature gradient (solid) and mass flux (dashed), and the vertical axis. (c) Angle between tem-
perature gradient and mass flux for a horizontal slice at 3 km depth. Once again the dashed line indicates
the position of the profiles in Figure 7b.
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However, as both M and rT are small in the downflow
region, this effect is not printed on the larger pattern of
permeability modification (Figure 4a).

4.4. Effect of a Heterogeneous Permeability Field

[45] In practice, constraints on mesh resolution and
geophysical observation prevent the full heterogeneity of

crustal porosity and permeability fields from being fully
represented. However, its qualitative influence on the
homogeneous solution (Figure 4) can be investigated by
considering the effects of arbitrary heterogeneity in these
distributions. Figure 8a shows a permeability distribution
constructed by superimposing a spatially correlated Gaussian
fluctuation field on the homogeneous distribution given in
Figure 2a. The noise is spatially correlated and follows a
power law scaling with scaling exponent of 1.3. The fluc-
tuations have mean of zero and a standard deviation of 0.25
orders of magnitude and a corresponding heterogeneous
porosity distribution is calculated from equation (6).
[46] Permeability changes generated after 120 kyr of silica

deposition (Figure 8b) are qualitatively similar to those for
the homogeneous permeability distribution (Figure 4a). A
low permeability cap-zone is rapidly formed at the surface,
and has similar lateral and vertical dimensions to the homo-
geneous simulation. Below the cap-zone, a lesser reduction
in permeability is observed, again consistent in shape and
dimension to the homogeneous model, and it is here that the
effects of heterogeneity are apparent. The distribution of
silica deposition is lumpy, and localizes in particular regions
while remaining conspicuously absent from others. Silica
dissolution occurs in several localized regions within the
upflow zone, but more commonly on its flanks and beneath
the cap-zone. Regions of deposition and dissolution do not
appear to correlate to fluctuations in the permeability field,
which might be expected if mass flow were the controlling
factor on the rate of permeability modification.
[47] The presence of strong permeability contrasts distorts

the flow field, and thus temperature distribution (Figure 8c),
relative to the homogeneous model. Consequently, the angle
between mass flux and temperature gradient, a key param-
eter modulating the intensity of silica deposition, can no
longer be described in simple terms (section 4.3 and
Figure 7). Figure 8d shows that permeability distortion of
the temperature and flow fields imparts a similar lumpiness
to the M � rT term in equation (5). Local maxima in this
distribution correspond to regions of enhanced deposition in
Figure 8b, attesting to the considerable influence this
parameter exerts on field evolution. Furthermore, regions of
quartz dissolution identified in Figure 8b correlate to regions
of q < 90�.
[48] The crustal heterogeneity described here imparts only

a second order effect on surficial geothermal expression.
Figures 8e–8f show that silica deposition and consequent
lateral deflection of rising fluids forms a circular cap-zone of
similar dimensions to the homogeneous solution, however
upwelling of fluids around the cap is more sporadic. Further
control on surface expression would be expected for more
distinctive permeability features, for example the large
magnitudes and sharp contrasts associated with faults.

4.5. Mesh Sensitivity

[49] Node spacing, particularly in the surface boundary
layer, is essential to the accurate resolution of temperature
gradients. We investigate the effect of mesh uniformity and
coarseness through the use of two alternative meshes: (i) a
non-uniform mesh similar to that used in previous simula-
tions but with nodal distances doubled (i.e., half the resolu-
tion: see Figure 1b), and (ii) a uniform mesh in which the
nodal spacing is 200 m in each direction. Thus for the three

Figure 8. (a) Heterogeneous permeability (log(m2)) distri-
bution prior to alteration. (b) Change in permeability, (c)
temperature distribution, and (d) angle between mass flux
and temperature gradient, i.e., q = cos�1(M � rT/(|M|| rT|)),
after 120 kyr of silica deposition. Hatched region in Figure 8b
indicates regions of permeability increase, i.e., silica dissolu-
tion. Vertical heat flux at the surface at t = 420 kyr for (e) the
heterogeneous, and (f) the homogeneous permeability
distributions.
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meshes considered here, vertical resolution in the top 2 km
for the original and two alternative meshes is 50, 100 and
200 m respectively. Maximum temperature gradients,
encountered in the top surface layer, scale according to the
node spacing and are for the three meshes, �1.70, �0.86
and �0.44 Km�1. The first two are consistent with maxi-
mum vertical gradients encountered in the near surface of
TVZ fields (e.g., Wairakei: 1–2 Km�1 [O’Sullivan et al.,
2009], Ngatamariki: 0.9 Km�1 [Burnell and Kissling,
2009]).
[50] Nodal spacing and the ability to resolve large tem-

perature gradients in the near surface influences the rate at
which a cap-zone develops. This in turn effects field evolu-
tion to a depth of 1 km, due largely to the insulating effect of
the cap. Figure 9 plots the evolution of the upper layer of the
model during 120 kyr of permeability modification for the
three meshes. For finer resolution meshes silica deposition
and sealing of the geothermal system proceeds more rapidly,

and ultimately results in lower permeability cap-zones.
Consequently, heat output through the field is decreases for
finer meshes, despite the development of similar sized fields.

5. Fault Modulated Silica Sealing

[51] Thus far we have considered generic and largely
artificial scenarios of geothermal circulation in a silica con-
trolled permeability field. In practice, permeability in the
Taupo Volcanic Zone evolves in response to a variety of
forcings, including tectonic extension, hydraulic fracturing,
and magmatic and volcanic processes. The effects of low
level tectonic and hydraulic fracturing have been incorpo-
rated in an ad hoc way by imposing a lower permeability
limit for hydrothermally altered rock. In this section we
extend the simulation to consider the geothermal self-sealing
perturbed by surface rupture of an active fault.
[52] Episodic reactivation of fault structures modifies the

permeability by reshearing existing fractures or creating new
ones, thereby supplying additional pathways for fluid
transport. Further, in the event that a mature, impermeable
fault gouge has formed, fault rupture can provide temporary
cross fault hydrological connections. Rupture of over-
pressured reservoirs at depth in the crust may also increase
mass flow to the surface [Sibson, 1990]. In this model we
consider rupture along a vertically oriented fault plane,
whose primary effect is to disturb the impermeable cap-zone
formed at the surface. While faults within the TVZ are typ-
ically inclined at angles of 50–70� [Beanland et al., 1990;
Villamor and Berryman, 2001], their dip steepens markedly
at near surface depths. Thus description of a vertical fault
rupture through the near surface cap-zone is an acceptable
approximation. At depth the discrepancy between the mod-
eled vertical fault and a more realistic inclined fault is
increased; however, as the greatest permeability changes are
limited to shallow depths, the error introduced by this
approximation should not greatly influence the results.
[53] A geothermal plume is evolved for the mesh shown in

Figures 1d–1f. This mesh permits very fine resolution of the
near surface region where silica sealing occurs, and along
the fault plane where coseismic permeability modification is
applied. At t = 300 kyr silica deposition begins throughout
the model and after a period of 120 kyr an impermeable cap-
zone is formed (see section 4). The geothermal field attains a
maximum area at the surface of 5.5 km2 and the total field
heat output is constant at 75 MW. At this time heat flux
through the cap-zone is primarily conductive, with advection
of fluid through a sparse distribution of fractures accounting
for only 20% of the total heat transfer (Figure 10). The ratio
of conductive to advective heat flux is limited by the mini-
mum obtainable permeability, which is set to 10�16 m2. For
increasing permeability beneath the cap advection becomes
the dominant heat transfer component, and conduction is
negligible at 200 m depth.
[54] At t = 420 kyr a step change in permeability along the

fault plane is introduced representing rupture from depth to
the surface. Permeability on the fault plane is reset to pre-
alteration values (see Figure 11) while permeability outside
the fault plane is unchanged. The permeability update period
is reduced two orders of magnitude to 50 yr for twenty
simulations. This allows resolution of high rates of silica

Figure 9. Evolution of geothermal field characteristics dur-
ing 120 kyr of silica deposition for three different meshes:
mesh 1, a uniform grid (squares: Figure 1a); mesh 2, a
non-uniform, low resolution grid (triangles: Figure 1b);
and mesh 3, a non-uniform, high resolution grid (circles:
Figure 1c). Quantities presented are for the uppermost
crustal layer and are derived in the same manner as those
in Figures 6a–6c.
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deposition at the renewed mass flow rate and the short term
effects on permeability. This is then increased to 500 yr for
another twenty simulations to observe medium term effects.

5.1. Plume Response to Rupture

[55] The opening of a fissure through the impermeable
cap-zone has the immediate effect of increasing heat output
through the central regions of the geothermal field (see
Figure 12). Prior to fault rupture hot fluids beneath the cap
had taken extended lateral routes to reach the surface,

incurring substantial decreases in temperature. Following the
earthquake, the same fluids rising along the axis of the
plume have a direct conduit to the surface. The immediate
thermal response of the system is an increase in output from
75 MW to 125 MW and an increase in maximum surface
temperatures of 100�C to nearly 150�C.
[56] The largest permeability changes occur at the surface

where an increase of three orders of magnitude (10�16 to
10�13 m2) permits a similar sized increase in the mass flow
rate. Further, the resumption of advection dominated heat
flux, over previously conduction dominated, restores sharper
temperature gradients and higher temperatures in the near
surface. Rapid silica deposition is favored in the newly cre-
ated, high-permeability fissure opened through the center of
the geothermal field and, consequently, the greatest rates of
reduction of porosity and permeability are encountered here.
The localization of silica deposition in a region of high
permeability is consistent with findings of Martin and
Lowell [2000] that showed that, under equilibrium condi-
tions, the rate of precipitation was greater in regions of high
permeability, providing the temperature gradient is not
compromised by high flow rates. It is notable however, that
this homogenizing effect on permeability is not observed in
simulations of a heterogeneous crust (Figure 8) where the
variation in permeability is less. Under these circumstances,
precipitation rate exhibited a stronger dependence on the
temperature gradient and its alignment with mass flux.
[57] Figure 12c shows that near surface fluid pathways are

steadily sealed over the following 10 kyr, while at depth the
response is slower. The spike in field heat output is short-
lived, declining rapidly to its pre-rupture value after only 1–
2 kyr. Resealing of the fault also restores the lateral heat and
mass flows beneath the cap, diverting hydrothermal fluids to
the field boundaries where further horizontal growth of the
cap-zone resumes. The post-seismic sealing of the fault zone
demonstrated here represents a minimum-time self-sealing

Figure 10. Proportion of vertical heat flux transmitted by
conduction (t = 300 kyr, dashed line), and following the for-
mation of a cap-zone (t = 420 kyr, solid line). Profiles are
taken at x = y = 7.5 km, i.e., vertical profiles through the cen-
ter of the model domain. Heat transfer is dominated by
advection prior to the formation of the surface cap-zone
and by conduction afterward.

Figure 11. Permeability (log(m2)) along the fault plane (a) prior to, and (b) following fault rupture.
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response; Martin and Lowell [2000] showed that when
reaction kinetics are accounted for, silica deposition occurs
at a slower rate than that predicted by equilibrium con-
siderations in high permeability regions, e.g., a recently
opened fault.

5.2. Heat Flow in the Subsurface

[58] Heat and mass flow evolve in the subsurface in
response to the formation, growth and rupture of the
impermeable cap-zone. Figure 13 illustrates the asymmetry
introduced to these flows by permeability modification
along a discrete plane. We consider the time varying heat
flux across four transects: two are horizontal, oriented along
and across the strike of the fault, intersect the center of the

plume and capture vertical heat flow at the surface; the other
two are vertical, offset 500 m across and along strike from
the plume center, and capture lateral heat flows (directed
away from the plume axis: Figure 13a).
[59] For the first 120 kyr heat flow evolves in response to

self-sealing behavior and a growing cap-zone. As described
in section 4, surface heat flux, which is initially maximum
above the center of the upflow zone, is steadily displaced to
the lateral boundaries of the field by the growing lid.
Intensity also decreases as a limited heat flux is spread
along a longer circumference. Lateral heat flows in the sub-
surface develop and intensify after � 20 kyr in response to
cap-zone growth. Lateral flows are also steadily displaced
to greater depths by thickening of the cap-zone’s vertical
dimension. Due to mesh discretization along strike heat
flow is measured 60 m closer to the plume axis than its
across strike counterpart, which accounts for its slightly
higher magnitude.
[60] Asymmetry in the heat flow profiles is introduced by

permeability enhancement along a preferred plane, i.e.,
coseismic fault permeability. At t = 420 kyr we observe
considerable surface heat output along strike of the fault
plane as a permeable fissure is opened through the cap-zone.
Vigorous heat flux occurs along a � 1 km stretch of the
fault, which is significantly wider than the same heat flux
prior to cap-zone formation (Figure 13b: t = 300 kyr). Two
factors contribute to this effect: (i) channeling of a radially
symmetric plume below the cap, through an elongated fis-
sure, and (ii) widening of the sub-cap-zone plume structure
(see Figure 6b) by cap-zone insulation and the reversal of
cold inflow in the near surface. Across strike heat flow
(Figure 13d) is significant only at the fault trace and is oth-
erwise suppressed by the developed cap-zone. Heat flux at
the margins of the cap, which originates from the deflection
of rising fluids, is also reduced as fault rupture provides a
more direct pathway to the surface.
[61] Figures 13c and 13e show that lateral sub-surface heat

and mass flows are severely inhibited by fault rupture, but
also that the redirection of fluids through the fault is rela-
tively short-lived. Silica deposition at the surface fault trace,
where the largest temperature gradients and mass flux rates
are encountered, ensures resealing and a return to the pre-
rupture flow configuration. Permeability reduction occurs
first in the center of the cap-zone and grows outward along
the fault trace, causing rapid displacement of outflow to the
field boundaries. Silica deposition rates decrease with depth,
and thus while the fault is sealed at the surface significant
along strike lateral flows remain at shallow depths. Dimen-
sionally, the cap-zone resembles a circular plug with a
channel carved into its lower surface by fault rupture. For
this reason across strike heat flow rapidly returns to its pre-
rupture state as the across strike permeability distribution is
mostly unaffected by the earthquake. However, an along
strike low permeability channel immediately beneath the
surface provides a favorable conduit for lateral fluid flow.
Thus geothermal expression at the margins of the cap-zone
is enhanced where it intersects the fault trace (Figure 14).

5.3. Reservoir Evolution

[62] Cap-zone insulation and enhanced heat and mass flow
along a recently rupture fault both play important roles in the
development of the geothermal field as an energy bearing

Figure 12. Change in four geothermal field parameters in
response to, and following fault rupture. (a) Solid lines show
heat output through the original field area at the surface (cir-
cles) and at 100 (triangles) and 200 m (squares) depth. The
dashed line indicates the total heat output of the field,
accounting for the evolving field area. (b) Field area, as con-
strained by the 1 Wm�2 vertical heat flux contour, at the
three depths. (c) Arithmetic mean permeability within the
original field area for the three depths. (d) Temperature at
the upflow axis, i.e., x = y = 7.5 km.
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resource. The size of the geothermal reservoir is defined here
using the stored heat method [Grant and Bixley, 2011]:

E ¼
Z

rC T � T0ð ÞdV ; ð9Þ

where E is the energy of the reservoir, rC is the specific heat
of the wetted rock (taken as 2.5� 106 Jm�3K�1), and T0 is a
reference temperature representing the end point of the
thermodynamic cycle (taken as atmospheric 20�C). The

integral in equation (9) is performed over the top 2 km of the
model domain, i.e., the porous surface volcanic layers. In the
TVZ production typically occurs in these geological units,
rather than the low porosity and relatively less accessible
basement (due to its depth). This calculation could be
extended to greater depth, however as our interest is in res-
ervoir changes this arbitrary demarcation is sufficient.
[63] Figure 15 shows changes in the reservoir energy

content during the 120 kyr of cap-zone formation, and the
10 kyr period following fault rupture. Formation and lateral

Figure 13. Summary of vertical and lateral heat flows evolving during the simulation. (a) Profile posi-
tions (solid) from which Figures 13b–13e are constructed, relative to the fault plane and plume axis
(dashed). Arrows indicate positive heat flow direction. (b) Along strike vertical heat flow (x = 7.5 km,
z = 0). (c) Along strike lateral heat flow (x = 7.5 km, y = 7 km). (d) Across strike vertical heat flow
(y = 7.5 km, z = 0). (e) Across strike lateral heat flow (x = 7 km, y = 7.5 km). Note the discontinuities
in Figures 13b–13e corresponding to fault rupture at t = 420 kyr.
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extension of an impermeable cap-zone has an insulating
effect on the plume below. Temperature increases during this
period increase the heat content in the reservoir by approxi-
mately 20%, although the increase shows signs of slowing.
Effectively, self-sealing of the geothermal system has
improved the energy potential of the resource. Disruption of
the insulating cap-zone during fault rupture, and the vigorous
heat and mass flows that follow, causes a small but rapid
decline in reservoir heat content. After the loss of 100 PJ over
a �500 yr period the decline is arrested by silica deposition
resealing the cap-zone at the surface. Steady recovery of the
pre-rupture reservoir occurs over the following 10 kyr.

6. Discussion

[64] Modification of the subsurface permeability structure
by hydrothermal silica deposition is a common feature of
many geothermal fields [e.g., Steiner, 1953; Henneberger
and Browne, 1988; Wood et al., 2001; Bignall et al., 2004;
Stimac et al., 2008]. Within the TVZ Henneberger and
Browne [1988] report widespread alteration and silicifica-
tion of the initially porous (>45%) Ohakuri ignimbrite at the
extinct Ohakuri geothermal system. Quartz deposition
occurs to depths of at least 150 m, which is consistent with
the thickness of the low permeability cap-zone developed in
numerical simulations. Evolution of the mechanical proper-
ties of the surface strata as a consequence of their reduced

porosity and permeability is also observed. Punctuation of
the altered rock by veining suggests a transition from diffuse
flow through a permeable network, to episodic hydro-
fracturing of an impermeable, altered unit, followed by high
mass flow rates and fracture sealing. Permeability modifi-
cation by the latter process is not modeled here, although the
imposition of a minimum obtainable cap-zone permeability
is included as an approximation to the component of fracture
permeability sustained by hydrofracturing.
[65] At Ohaaki-Broadlands geothermal field weak clay

alteration occurs to depths of 700 m at the periphery of the
field, and at shallow depths (< 200 m) above the upflow
zone, with smectite grading to illite and then quartz with
increasing temperature. Higher rank alteration products, e.g.,
K-feldspar and albite, are more abundant at depth than at the
surface. Simmons and Browne [2000] propose this relation-
ship can be used to delineate upflow zones based on thermal
control of species synthesis, i.e., smectite occurring at
<150�, illite at >200�C, providing other factors, such as
overprinting, reaction time or mineral assemblage, can be
controlled. At Ohakuri, high rank alteration products occur
at the surface, with a quartz adularia mixture grading to
mordenite and eventually weak clays at the periphery of the
alteration zone. This may indicate a relationship between
alteration rank and longevity, in which surface smectite or
illite phases are steadily silicified to mordenite or adularia.
Decreasing alteration rank toward the field periphery, in
addition to correlating with lower alteration temperatures, is
also consistent with an expanding field boundary. As the
central region of silica deposition increases in dimension and
impermeability, increased lateral flow of high temperature
fluid would hasten the conversion of smectite to illite and
illite to higher rank products at the edge of the cap-zone.
Alternatively, an abundance of high rank silicification at the
surface of Ohakuri may be due to the erosion of low tem-
perature, low rank surface clays following the cessation of
geothermal activity.
[66] Simmons and Browne [2000] note an absence of

mineral deposition and sealing of permeability on the mar-
gins of the main upflow zone at Ohaaki-Broadlands. This
implies buoyancy forces are the main control on the position
of the upflow zone, at least in the near surface from which
observations of alteration are derived. An absence of depo-
sition from the plume margin is consistent with regions of

Figure 15. Stored reservoir energy (in petajoules) at depths less than 2 km. (a) Reservoir energy
increases between 300 and 420 kyr in response to the formation of a low permeability cap-zone. (b) Res-
ervoir energy begins to decrease from 420 kyr as the coseismic permeability reduction permits escape of
hot fluids.

Figure 14. Surface heat flux at t = 430 kyr, i.e., after
resealing of the fault rupture.
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isothermal flow identified in Figure 7, where temperature
gradients are predominantly horizontal and mass flow
vertical.
[67] Henneberger and Browne [1988] propose that geo-

thermal activity at Ohakuri was not ended by self-sealing of
pore space and fractures in the near surface, but rather by
changes in the deep plumbing or cooling of a heat source.
This assertion is consistent with model results that suggest
the development of a low permeability cap does not signif-
icantly reduce vertical heat flow, even in the absence of
mechanisms that maintain or enhance permeability, e.g.,
fault reactivation, hydrofracturing. Rather, the cap-zone
redirects a larger component of the rising fluids laterally,
such that geothermal manifestations may be expected across
a broader area. Evidence for the migration of activity at
Ohakuri, first north and then east, is consistent with such an
evolutionary scenario. The implication is that heat output
through the surface is controlled by magmatic heat input
processes at the base of the brittle crust. Providing fluids are
being heated at depth, they will find some path to the
surface.
[68] The formation of thick, low porosity surface cap-

zones has implications for exploration of blind geothermal
systems. For example, Figures 8e and 8f show that, in the
absence of recent faulting, geothermal expression is diverted
to the field margin where surface permeability remains. High
levels of permeability heterogeneity are also likely to imprint
on the heat flow, perhaps limiting these surface features to
sporadic hot spring outflow at the margins, rather than a
well-defined thermal rim. Sufficient cap-zone thickness and
impermeability permits conductive atmospheric cooling
(Figure 10) in the center of the field, masking the high
temperature resource beneath. Old sinters preserved at the
surface may be worth targeting for.
[69] Te Kopia geothermal field, also within the TVZ,

yields further insight into the nature silicic alteration of per-
meability, in part due to its fortunate location on the active
Paeroa Fault [Bignall and Browne, 1994; Bignall et al.,
2004]. Geothermal activity has occurred here for up to
120 kyr, which suggests that simulations presented here
address the correct evolutionary time period. Changes in
field activity are complicated by episodic normal rupture
of the Paeroa Fault, subsequent uplift of the footwall and
lowering of the water table in this fault block. Cessation of
geothermal activity from parts of the footwall may then be
due to both a reduction in permeability and the draining
of fluids.
[70] Fault slip and exposure of the fault scarp has the

propitious consequence of exposing rocks altered at depth. A
textural investigation of quartz crystals [Bignall et al., 2004]
indicates that in some locations deposition, followed by
fracturing and partial dissolution, has occurred. In contrast to
Ohakuri, quartz fracturing is attributed to rupture of the
active Paeroa fault, although hydrofracturing due to fluid
sealing may also contribute. Quartz crystals were grown at
temperatures of approximately 215�C, which is consistent
with temperatures of rising fluids in the modeled geothermal
systems. The growth of these crystals at depths of at least
350 m, is deeper than the cap-zone formed in the model, but
not beyond the zone of less intense precipitation that occurs
in the high porosity strata below. Fracture and partial dis-
solution of quartz crystals implies the evolution of the mass

flow and permeability regime. Figure 8d shows that hetero-
geneity in the permeability field, which is undoubtedly
present in the faulted volcanic strata of the TVZ, can pro-
duce localized pockets in which fluid flows up a temperature
gradient, favoring quartz dissolution (Figure 8b). Episodic
reactivation of a pervasive fracture network by rupture of the
Paeroa Fault would serve to maintain, enhance or reconfig-
ure this heterogeneity, thereby modulating local deposition,
fracturing and dissolution.
[71] Geothermal expression at the margins of the Te Kopia

field is correlated to the inferred position of the Paeroa Fault
and associated smaller structures. Satellite regions of altered
ground occur in the north and south of the field and are up to
several hundred meters distant from the central region of
alteration, hot spring activity and hydrothermal eruption
cratering. Transport of fluids along the fault in the subsur-
face is likely to play an important role in the circulation and
evolution of this field. The most recent rupture on the
northern sector of the Paeroa Fault occurred �400 yr ago
[Berryman et al., 2008], however it is not clear if the rupture
traveled as far as Te Kopia. Villamor and Berryman [2001]
use fault offset of the Paeroa ignimbrite to estimate a verti-
cal slip rate near Te Kopia of 1.5 � 0.2 mmyr�1. For char-
acteristic single event displacements of 2–3 m, this slip rate
implies rupture recurrence on the order of 1–2 kyr. This is
consistent with recurrence intervals of 1–10 kyr deduced for
the northern Paeroa Fault [Berryman et al., 2008]. The cur-
rent configuration of geothermal activity at Te Kopia has
therefore evolved during multiple rupture events. Renewed
flow along the strike of the fault may represent the norm,
rather than a transient feature preceding reestablishment of a
long-lived, flow suppressing cap-zone. Simulations of cap-
zone evolution in the presence of recurrent fault rupture and
permeability heterogeneity may yield further insight into the
geothermal circulation of the region.

7. Conclusion

[72] Alteration of the near surface permeability structure
by precipitation of silica into open pore spaces has an
appreciable effect on the evolution of geothermal fields over
geological timescales. A numerical model considering pre-
cipitation from a silica saturated fluid in a gradient reaction
regime indicates the principle effect is the development of a
low permeability cap-zone in the near surface. This cap-zone
forms directly above the upflow zone, where surface tem-
perature gradients are greatest, and grows to a thickness of
several hundred meters over a period of 120 kyr. The cir-
cular cap-zone also grows horizontally in response to
increasing lateral flows as rising geothermal fluids are
deflected by the cap. These flows imply a steady outward
migration of geothermal activity but also thermal dilution
when spread across a greater area. Development of a cap-
zone has an insulating effect on the fluids below, causing
increases in fluid temperature, enthalpy, and ultimately the
potential of the geothermal reservoir below.
[73] The evolution of geothermal fields over geological

timescales depends not only on hydrothermal alteration of
the near surface permeability structure, but also on changes
to the deeper plumbing systems, an evolving chemical
composition of fluids, changes to the deep heat sources, and
mechanical alteration of permeability, e.g., hydrofracturing

DEMPSEY ET AL.: SILICA DEPOSITION IN GEOTHERMAL SYSTEMS B05207B05207

16 of 18



or fault reactivation. In addition, topographic pressure gra-
dients and rainfall recharge may play important roles in
establishing cold lateral surface flows, which might promote
or inhibit silica precipitation upon mixing depending on
relative efficacy of cooling and dilution. As at least several
of these factors are probably influencing the evolution of any
given geothermal field, the consideration of a single factor in
isolation begs a cautious interpretation. For instance, at
Ohakuri there is evidence for silica deposition promoting
fluid sealing and consequent hydrofracturing. In contrast,
fault reactivation at Te Kopia has led to local adjustments of
the water table, which has consequences for the extent of
geothermal activity. Fault rupture also introduces transient
changes to the lateral and vertical flow regimes, and favors
along strike migration of geothermal expression. Hydro-
thermal mineralization may play a role in driving fault rup-
ture, by sealing sections of the relatively weak fault plane,
leading to transient fluid overpressures that lower the normal
stress and promote reactivation. Coseismic permeability
increases associated with fault reactivation promote high
mass flow rates, an increased rate of mineral precipitation,
particularly at the surface, leading to further hydrofracturing.
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