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ABSTRACT

Most thermal models of subduction zones assume no advection of heat by fluid flow
because slow flow through underthrusting sediment, the décollement, and wedge likely
transports only a minor amount of heat. We model coupled fluid and heat transport in a
subduction zone and show that hydrothermal circulation in subducting basaltic basement rocks
can greatly influence subduction zone temperatures. Fractured basaltic basement has
permeability several orders of magnitude higher than a typical décollement, allowing fluid
circulation to redistribute and extract heat from a subduction zone. We simulate systems with
upper basaltic basement permeability ranging from 10" to 10™'° m*. Additionally, we
incorporate the effect of permeability reduction within the basaltic basement as it is subducted.
The models with fluid transport show suppressed temperatures along the subducting slab relative
to models with no fluid transport. In models where faulted ocean crust exposes high permeability
basement to the ocean floor, cooling from ocean bottom water results in highly suppressed heat
flow relative to conductive models. With continuous sediment cover, heat is extracted from
under the margin wedge to the trench. An important consequence is that hydrothermally cooled
ocean crust also acts to slow thermally controlled diagenetic reaction progress within subducting
sediment. A sensitivity analysis indicates that hydrothermal circulation is most important for

subduction zones with slow convergence rates and high taper angles.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

1.1 INTRODUCTION

Subduction zone plate boundary faults are the primary location of large (>M 8) and
tsunamigenic earthquakes. The updip limit of subduction zone seismicity controls the rupture
area of earthquakes (Hyndman et al., 1997) and affects tsunami generation (Satake and Tanioka,
1999). Subduction zone temperatures control the alteration and state of material passing through
the system and the generation and expulsion of volatiles (e.g., Peacock, 1990) affecting material
strength and frictional properties along the plate boundary fault. The updip limit of seismicity
coincides with temperatures of ~100-150 °C on the plate boundary fault estimated from thermal
models. Diagenetic and metamorphic reactions in this temperature range likely trigger the
transition to seismogenic faulting (e.g., Hyndman et al., 1997; Moore and Saffer, 2001).
Therefore, knowledge of subduction zone temperatures is important for understanding processes
controlling the spatial limits of seismicity and characterizing subduction zone fluid flow systems.

Subduction geometry, convergence rate, frictional heating, and the thermal state
of crust entering a subduction zone have been recognized as primary controls on subduction zone
temperature (e.g., Dumitru, 1991). For convergence rates >1 cm/yr, subducting ocean crust acts
as a heat sink, cooling the overriding plate (Cloos, 1985). Forearc thermal conductivity,
radiogenic heating, and fluid flow through the margin wedge or along the plate boundary fault
(i.e., décollement) play smaller roles in affecting subduction zone temperature (Dumitru, 1991;
Peacock, 1987; Wang et al., 1993). In the underthrust section, the volume of fluid produced by
sediment compaction and metamorphic reactions is not sufficient to pervasively alter subduction
zone temperatures as it is driven out of the system (e.g., Peacock, 1987). Temperatures along

1solated
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preferential fluid flow paths may be altered from conductive values, but the overall thermal
effect of fluid flow either up through the margin wedge or out of the system along the
décollement is minor (Peacock, 1987). While fluid flow through the margin wedge or along the
décollement may be insufficient to significantly alter subduction zone temperatures,
hydrothermal circulation within the subducting crust has the potential to redistribute heat and
enhance the underthrust crust’s ability to act as a heat sink.

Fluid circulating within ocean crust can move significant quantities of heat and therefore
alter temperatures from their background conductive values. For example, open hydrothermal
circulation (i.e. a system with easy exchange of fluid between the ocean and a high permeability
basaltic aquifer) extracts ~70% of the lithospheric heat from 20 Ma crust offshore Costa Rica
(Fisher et al., 2003) and ~85% of the lithospheric heat from 1 Ma crust on the Juan de Fuca
Ridge flank (Davis et al., 1999). Based on global heat flow anomalies, open circulation systems
are present in crust up to ~65 Ma in age (Stein et al., 1995). In systems with continuous low-
permeability sediment cover, closed hydrothermal circulation in the basement aquifer below the
sediment redistributes heat, but little or no heat is directly advected through the seafloor. Such
closed hydrothermal systems can be maintained even in crust >100 Ma (Fisher and Von Herzen,
2005).

Extraction of heat from under the margin wedge by fluid circulation in the basement
aquifer of ocean crust and the transport of that heat seaward of the deformation front should
lower subduction zone temperatures. In areas with open circulation systems seaward of the
trench, heat extracted from under the wedge may be advected directly to the ocean at basement
outcrops. On the Cascadia and Middle America margins (the two margins with extensive

seafloor heat flux data on open circulation systems seaward of the trench), observed heat flux
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values on the incoming plate are scattered, reflecting local recharge and discharge systems (e.g.,
Fisher et al., 2003). If the circulation system seaward of the trench is closed, heat extracted from
under the wedge will warm the incoming crust, resulting in anomalously high trench seafloor
heat flux. Hydrothermal circulation within the subducting basement aquifer has been proposed as
a mechanism to generate just such a high heat flux anomaly in Nankai Trough (Yamano et al.,
1992), a young warm subduction system with closed circulation seaward of the trench. However,
this idea has not been pursued in previous subduction zone thermal models. A few studies have
accounted for the hydrothermal cooling of crust by open circulation prior to subduction, but most
researchers have assumed that fluid circulation within ocean crust stops at the trench (Harris and
Wang, 2002; Langseth and Silver, 1996) or arbitrarily maintains reduced temperatures in the
shallow subduction zone (Spinelli and Saffer, 2004). Here, we move beyond previous
subduction zone thermal models by examining the effects of hydrothermal circulation in
subducting ocean crust. First, we contrast results from a simulation using the previous
assumption that hydrothermal circulation in the ocean crust “shuts off” at the trench to a
simulation in which we allow coupled fluid and heat circulation to persist in the subducting crust.
In addition, we consider hydrothermal circulation in a closed circulation system (i.e. with no
high permeability connections between the basement aquifer and the seafloor). In addition, we
examine the influence of varying subduction zone geometry and convergence rate on the thermal

effects of fluid circulation.
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1.2 OCEAN CRUST STRUCTURE AND PROPERTIES

New ocean crust is produced along a 53,000 km long submarine mountain belt encircling
the planet. This mountain belt consists of offset spreading segments which are interconnected
through transform faults (Figure 1.1). These spreading segments allow for mantle material to
flow upwards and fill an extensional zone. The upward flowing mantle undergoes
decompressional melting and magma can be extruded to the sea-floor through a system of dikes,
forming the upper extrusive layers of the ocean crust. Magma also crystallizes at depth forming
the lower layers of the ocean crust. Although all ocean crust has the same general structure,
there is some variation physical properties and topography depending on the rate at which the
ocean crust is being formed along with the composition of melt producing the crust. Ocean crust
structure is constrained by seismic observations, direct observations where normal faults expose
the ocean crust at the sea-floor, crustal drilling, potential field studies, gravity studies, dredging,

and the study of ophiolites (Davis, 2004).
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Ocean crust formed at mid-ocean ridges (MORs) can be divided into four layers based on

physical properties; these layers are sometimes divided further into sublayers. The layer

boundaries are not always well constrained. They may be based on direct observations of

lithology or observations of changes in the physical properties of the rocks. Starting from the top

of the ocean crust these layers consists of: sediment, extrusive pillow lavas and sheet flows, a

sheeted dike complex, gabbros, and peridotites. Thicknesses of these layers vary depending on

site location with typical values listed in Figure 1.2 (Brown and Musset, 1993).

Lithology

Deep-Sea Sediment

Basaltic Pillow
Lavas

Sheeted dike
complex

Gabbro

Layered Gabbro

Layered peridotite

Unlayered tectonite
peridotite

Ocea Typical
Crust:I Ophiolite Normal Ocean Crust
Layers Thickness (km)| P wave
ave. | vel. (km/s)
1 ~0.3 0.5 1.7 -2.0
2A & 2B 0.5 0.5 2.0-5.6
2C 10-15| 15 6.7
3A
2-5 4.7 71
3B
4 upto7 8.1

Figure 1.2: Cartoon illustrating four main layers of the oceanic crust (Modified after Brown and

Musset, 1993).
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1.2.1 Upper Basement Aquifer

The upper basement aquifer is a layer of extrusive basaltic rocks that consists of sheet
flows interlain with pillow basalts which form as lava is extruded at the sea-floor through a
system of dikes. The interaction of this newly formed hot rock with cool ocean bottom water is
important for developing the interconnected network of pores and cracks that is characteristic of
this layer. The rapid cooling and contraction of this rock leads to a highly fractured upper
basement aquifer (Spencer, 1990). The emplacement of pillow basalts also helps generate an
interconnected fracture network. Pillow basalts form as lava is extruded at the seafloor as
spherical to elliptical mounds. The contacts between individual mounds form interconnected
voids, analogous to pore spaces between sand grains packed together, but on a larger scale. In
addition to open cracks and pore space, faulting also helps create and maintain well connected
conduits through the upper basement. New ocean crust forms in extensional environments.
Normal faults form parallel or sub-parallel to the mid-ocean ridge axis as ocean crust moves
away from the spreading center. The result is a well connected network of pores and cracks on
both a small and large scale. The characteristic high porosity and permeability of this layer is
capable of hosting hydrothermal circulation and proves important for cooling ocean crust where
there is communication with the seafloor and redistributing heat in regions where the upper
basement is sealed off from the seafloor.

While permeability of the upper basement aquifer (layer 2A & 2B) is high, permeability
of both the overlying sediment (layer 1) and underlying sheeted dike complex (layer 2C) is much
lower, allowing the upper basement aquifer to be treated as a confined system where sediment is

sufficiently thick to seal off communication with the seafloor. A variety of techniques have been
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used to estimate the permeability of the upper basement aquifer with results varying over several
orders of magnitude depending on the scale of the experiment.

At the smallest scale, laboratory measurements of permeability are made on core samples
recovered from drilling. Permeabilities from core samples are generally very small (10™® to 10
m?) and not representative of the large scale properties of the aquifer. These measurements may
provide a minimum estimate for ocean crust permeability (Becker and Davis, 2004).

In situ determinations of permeability are made from Deep Sea Drilling Project (DSDP)
and Ocean Drilling Program (ODP) boreholes, but are limited in number due to the high cost of
drilling. Permeability measurements have been made with packer tests, in which an instrument
is inserted into a borehole and isolated from the ocean floor by inflating a rubber seal with
seawater. Water from the seafloor is then injected into the borehole as a single pulse for a slug
test or at a continuous rate for an injection test and the pressure response is recorded.
Measurements of how the aquifer responds are made directly in the borehole. Permeability
measurements from this method range from 10™° to 10""7 m* (Figure 1.3, with site locations
shown in Figure 1.4) (Becker and Davis, 2004). The data shows high permeabilities at shallow
depths, which represents properties of the pillow basalts and sheet flows, and a sharp drop of to

low permeabilities at greater depths, indicating the transition to sheeted dikes.
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Figure 1.3: Summary of bulk permeabilities for ocean crust determined with packer experiments

(note difference in scales for the two plots). Box width indicates uncertainty in permeability

estimation and height indicates depth interval over which the packer experiment was conducted.
Question mark indicates reinterpretation of data to a higher bulk permeability (Davis and Becker,

2004).
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Figure 1.4: Locations of ODP sites used for measuring bulk permeabilities of ocean crust for data
summarized in Figure 2.3 (Davis and Becker, 2004).
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Another method used for estimating permeability involves using borehole and sediment
temperature profiles. With a seal isolating the borehole from the seafloor, a differential pressure
between the two is measured. The borehole is opened to the ocean floor and water is allowed to
flow into or out of the hole depending on the natural pressure conditions of the aquifer. An
instrument measures both the temperature profile of the sediment surrounding the casing and the
down hole temperature profile. By calculating the heat flux into the borehole through
conduction and advection, flow rates into the hole can be estimated. The measured pressure
differential is used to estimate the permeability of the aquifer supporting fluid flow into or out of
the borehole (Becker et al., 1983). Based on these measurements, permeability in the upper crust

ranges from 10” to 10"° m? (Figure 1.5) (Becker and Davis, 2004).
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Permeabilities can also be estimated on a much larger scale using a CORK installation in
a borehole. These instruments provide a seal at the top of the casing and are used for long term
monitoring of in situ pressure and temperature. One method for estimating permeabilities
involves monitoring pressure response in the formation due to tidal loading. The difference in
elastic properties of the fluid in the pore spaces versus that of the surrounding rock matrix results
in pressure differentials across the seafloor interface. These pressure differentials lead to
diffusive fluid flow. Permeabilities are determined by observing how the system responds to
changes in pressure due to this diffusive fluid flow (Wang and Davis, 1996).

Another method for estimating permeability uses observations of pressure changes
induced from tectonic strain events. If an earthquake occurs close enough to a CORK station
there is an observable pressure transient. This spike in pressure decays with time in a similar
manner to the response observed from seafloor tidal loading (Davis et al., 2001).

The advantage of using CORK observations for permeability measurements is the length
scale over which the estimates apply. Davis et al. (2000) used tidal loading observations to
estimate a permeability of 10" m* for material extending ~14 km from the observation point, the
closest region with exposed basement connecting the seafloor to the upper basement aquifer.
Tectonic strain events give permeability estimates over even larger scales; Davis et al. (2001)
estimated permeabilities as high as 10 m® over tens of kilometers using this method. Estimates
of high permeabilities (10" — 10 m?) over regional scales are also derived using numerical
models of fluid and heat transport constrained by temperature observations (e.g., Davis et al,
1997, Wang et al., 1997).

Permeability values for the ocean crust vary over many orders of magnitude depending

on the method used for making the estimation. The reason for this variation is due to the length

19



scale at which the permeability is measured. Smaller scales only represent local conditions of
the aquifer and do not capture the regional scale interconnectedness of the system through cracks
and fissures. Therefore, estimates of permeability at larger scales are more representative of the
system. The large differences in permeability from small to large scales suggest that cracks and
fissures play an important role in governing how fluid flows through the upper basement aquifer.
This general concept of scale dependence on estimates of permeability in ocean crust is

summarized by Fisher (1998) (Figure 1.6).
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1.2.2 Sediment Layer

Sediment that accumulates on top of the basement aquifer of ocean crust typically has
low permeability (~10"° — 10™"” m?) that decreases with decreasing porosity (i.e. increasing
burial depth) (Spinelli et al., 2004). Thus, only a thin layer of sediment is required to greatly
reduce fluid communication between the basement aquifer and ocean. For young ocean crust
where sediment cover is generally thin to and patchy, hydrothermal circulation in the basement

aquifer is “open”, with fluid readily circulating between the ocean crust and ocean. As the plate
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ages, more sediment accumulates and there is a transition from an open system to a closed
system, where there is no significant communication of fluid flow between the ocean crust and
the seafloor except in isolated areas where topographic highs may expose the upper basement
aquifer at the seafloor. These differing systems prove important for controlling how fluid

advects heat through the system.

1.2.3 Sheeted Dike Complex and Lower Ocean Crust Properties

Below the layer of sheet flows and pillow basalts is a sheeted dike complex. This
extrusive layer is formed as magma is periodically injected into the extensional regime and
emplaced in thin vertical sheets. These thin vertical sheets cool and move away from the
spreading center, making room for the next sheet to form. At the bottom of this layer there is a
transition to the intrusive lower crust.

Permeabilities of the sheeted dike complex and lower ocean crust are estimated from
seismic studies, ophiolites, and a limited number of packer experiments. An important feature of
the transition from the upper basement aquifer to the sheeted dike complex is an abrupt transition
to much lower porosities and permeabilities. This change in properties shows up best in seismic
studies. P-wave and s-wave velocities are directly dependant on the properties of the rock with
higher velocities being associated with lower porosities and permeabilities (Sleep and Barth,
1997; Swift et al., 1999). Permeability in the sheeted dike complex ranges from ~10"> to 10"
m” (Becker, 1989, Becker, 1996). These low permeabilities result in little fluid interaction of the
upper basement aquifer with the underlying sheeted dike complex.

1.2.4 Ocean Crust Properties With Age

In addition to scale dependence, ocean crust properties vary with age. The properties of

ocean crust change as the crust ages due to hydrothermal alteration, precipitation of minerals,
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and the collapse of large-scale voids (Holmes and Johnson, 1993). Evidence of this crustal aging
comes from both seismic refraction studies (e.g. Houtz, 1976; Carlson, 1998; Grevemeyer et al.,
1999) and studies of ophiolites (Gillis and Sapp, 1997). Seismic studies indicate that most of
these changes occur within in the first several million years, with little change in properties
thereafter (Houtz, 1976; Carlson, 1998; Grevemeyer et al., 1999).

Although permeability likely decreases as the crust ages, there is likely maintenance of
connected fluid flow pathways and moderately high permeability in old ocean crust. Fisher and
Herzen (2005) simulated coupled fluid and heat transport in 106 Ma seafloor of the Maderia
Abyssal Plain in the North Atlantic Ocean and found that permeabilities on the order of 10> m*
to 10™'" m* were required to match heat flux observations. These high permeabilities indicate the

importance of hydrothermal circulation even in very old crust.

1.3 SUBDUCITON ZONES

1.3.1 Overview

Subduction zones occur where ocean crust is recycled back into the mantle along
convergent margins. In a subduction zone, relatively cold ocean lithosphere of the subducting
plate is forced below either continental or oceanic crust of the overriding plate. Features
associated with a subduction zone include: the trench, wedge, forearc, magmatic arc and back-

arc (Figure 1.7).
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There is a significant amount of variability in subduction zones throughout the world.
Convergence rates typically range from about 2 cm/yr to 12 cm/yr, although exceptions, such as
the To Tonga trench, can be as high as 24 cm/yr (Ruff and Kanamori, 1980). Some subduction
zones form accretionary wedges, where sediment is scrapped off from the subducting plate and
added to the overriding wedge, while other subduction zones form non-accretionary wedges,
where all of the sediment is subducted with the plate. The age of subducting crust ranges from
zero, if a spreading ridges is being subducted, up to 170 Ma (Stern, 2002). The age of the
subducting crust is an important control on the angle of subduction. Old, more dense crust will
dip at steep angles while young, more buoyant crust will dip at shallow angles (Stern, 2002).
Taper angle, which is the dip of the subducting plate plus the dip of the overriding wedge
material, can range from less than 3° to greater than 17° (Saffer and Bekins, 2002). All of these
factors play an important role in processes that occur in subduction zones (i.e. size and location

of earthquakes, diagenetic and metamorphic reactions, fluid and rock interactions).
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1.3.2 Limits of Seismicity

Earthquakes are a common feature associated with subduction zones. The frequency and
magnitude of earthquakes varies between subduction zones. Some regions have frequent, low
magnitude earthquakes (i.e. island arcs of the southwest Pacific) (Pacheco and Sykes, 1992)
while others have infrequent, high magnitude earthquakes (i.e. Cascadia, Chile, N. Sumatra)
(Platker, 1969, Abe and Kanamori, 1980.). These variations likely result from differences in the
mechanical coupling along the décollement (the interface of the subducting ocean crust and the
overriding tectonic plate). Rocks undergoing shear stress along a fault may exhibit either stick-
slip behavior or stable sliding behavior. Under stick-slip conditions, stress will build up until a
critical value is reached at which failure will occur along the fault resulting in a significant
displacement (i.e. an earthquake). In contrast, stable sliding behavior allows for movement
along the fault without the build up and release of stresses in instantaneous events, but rather
over continuous sliding periods (i.e. creep), and earthquakes are not produced.

Subduction thrust faults can be divided into three zones based on seismic behavior: (1)
the updip aseismic zone (which may not always be present), (2) the seismogenic zone, and (3)
the downdip aseismic zone (Figure 1.8) (Oleskevich et al. 1999). Methods for estimating the
updip and downdip extent of the sesimogenic zone involve a combination of observations from
seismic data, thermal modeling, and dislocation modeling of deformation data. These limits may
not be well constrained in regions where few earthquakes have been observed. There is also a
certain amount of ambiguity in defining what constitutes these limits due to continuum of
earthquakes detectable down to very small magnitudes. There is not a well defined cutoff for

what constitutes aseismic versus seismic behavior. In addition, locating the occurrence of these
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earthquakes is not always straightforward and may be left to interpretation. Despite this, seismic

data is often used to estimate the extent of the seismogenic zone.

Aseismic .
stable sliding Aseismic ‘
Seismogenic serpentinite Volcanic

Figure 1.8: Cartoon showing the
updip and downdip limits of
seismicity and currently accepted
temperature ranges associated with
those limits (Oleskevich et al. 1999).

Limits to seismogenic zone

In well studied regions such as Nankai, off southwest Japan, plots of the rupture area of
large earthquakes along with microseismicity can be compared with thermal models of the
subduction zone in order to estimate the temperatures at which the updip and downdip limits of
seismicity occur. Existing thermal models constrain these limits to occur in the temperature
ranges of 100 to 150°C and 350 to 450°C respectively. Based on these modeled temperature
ranges, thermally controlled processes occurring in the subducting rocks have been sought as
mechanisms to explain the observed seismic and aseismic transitions within subduction zones
(e.g., Hyndman et al., 1995; Moore and Saffer, 2001).

The updip limit of seismicity is thought to be controlled by diagenetic reaction processes
occurring in the subducting sediment. Within the 100 to 150°C temperature range thought to
coincide with the updip limit of seismicity a number of reactions take place which could affect

fault strength and behavior. Smectite, a common clay mineral found in subducting sediment,
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transforms to illite; this transition results in a release of fluid and potentially a change in
frictional properties (Saffer and Marone, 2003). Also in this temperature range, hydrocarbon
generation peaks, which may affect fluid pressure and effective stress on the plate boundary
fault. At slightly lower temperatures (~50-100 °C) opal is transformed to quartz. This transition
results in a release of fluid and may affect mechanical properties as quartz cements form.

The downdip limit of seismicity, which occurs in the 350 to 450°C range, is thought to be
controlled by the transition from velocity-weakening to velocity-strengthening behavior of rocks
as they are subducted and heated (Tse and Rice, 1986). In velocity-weakening material, friction
decreases with slip, allowing unstable sliding. In velocity-strengthening material, friction
increases with slip; earthquakes cannot be generated in such material.

The thermal state of the ocean crust entering a subduction zone will affect the length and
location of the seismogenic zone. The length of the seismogenic zone constrains the maximum
earthquake rupture width (and therefore magnitude). Seismogenic zone location is important
since earthquakes that occur near the seafloor (i.e. furthest seaward) have the greatest potential

for tsunami generation, while the proximity to land controls ground shaking in coastal areas.

1.3.3 Thermal Models

Thermal models of subduction zones are needed in order to better understand processes
occurring there. Due to the high cost and difficulty of drilling deep into a subduction zone, in
situ measurements are rare (and only very near the trench, to date (Shipboard Scientific Party,
1997)). Thermal models constrained by surface heat flux data are valuable for better
understanding the thermal structure of subduction zones. Models are most often constructed as
2D cross sections perpendicular to the subduction zone and designed with geometries and

parameters of well studied subduction zones. For example, Hyndman and Wang (1995) modeled
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temperatures of the Nankai Trough, off southwest Japan for two transects in order to estimate
temperatures in the seismogenic zone. Their preferred model results are constrained by

extensive heat flux data and results are shown for a range of estimated of crustal ages. Results

under-predict heat flux at the margin and over-predict it at distances farther into the subduction

zone (Figure 1.9). They acknowledge that neither their models nor previous models are able to

fully explain the observed heat flux data and attribute the discrepancy either to some unknown

upper prism process that results in nearly isothermal conditions for 60 km landward of the trench

or to measurement uncertainties.
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Figure 1.9: Heat flux data at Nankai compared to heat flux from thermal models with varying

plate age (Hyndman and Wang, 1995). Heat flux data is higher than predicted by thermal

models near the trench and lower than predicted at distances >30 km.
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Hyndman and Wang (1993) modeled subduction zone temperatures for the Cascadian
subduction zone, offshore of Oregon and Vancouver Island. The Cascadia subduction zone is an
exceptionally hot margin with seismic behavior starting at the trench. They recognize the
importance of using thermal models of subduction zone along this margin as a tool for
constraining the landward limit of seismicity since there is no historical record of megathrust
earthquakes occurring there. In their models, they use the effect of heat produced by friction
along the décollement as the variable to fit modeled heat flux to observations of heat flux along
the margin since the other parameters were well constrained for this region. Hyndman and Wang
(1993) also vary convergence rate and plate age in order to perform a sensitivity analysis on their
preferred thermal model. Their preferred model, which assumes negligible frictional heating, is
a reasonable match to heat flux observations along this margin although large scatter in the data

leave room for interpretation (Figure 1.10).
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Figure 1.10: Comparison of thermal model along the Cascadia margin with heat flux
observations. Results agree best with the model that has negligible frictional heating along the
décollement although the large scatter in data leaves room for interpretation.
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Spinelli et al. (2006) modeled subduction zone temperatures off Nicoya Peninsula, Costa
Rica where the there is an offset in seismicity from subducting crust formed at the Cocos-Nazca
Spreading Center and the East Pacific Rise. Their model accounts for the cooling effects of
hydrothermal circulation in the well-ventilated East Pacific Rise ocean crust by arbitrarily
keeping that crust cool for 10 km into the subduction zone. The Cocos-Nazca Spreading Center
crust, with more continuous sediment cover, is not cooled by open hydrothermal circulation
(Fisher et al., 2003). Spinelli et al. (2006) examine fluid pressures along the décollement that
result from thermally driven diagenetic reaction progress in subducted sediment. Based on their
model, they suggest that the observed offset of the updip limit of seismicity may partially be
controlled by differences in the location of peak fluid generation in the subducting sediment.

Although other thermal models exist for these well studied subduction zones along with
other less studied margins (e.g. Wang et al., 1995; Negredo et al., 2004), none of them model
hydrothermal circulation in subducted ocean crust. The few models that account for the cooling
effects of hydrothermal circulation do so by either cooling ocean crust prior to subduction (e.g.
Harris and Wang, 2002; Langseth and Silver, 1996) or by maintaining reduced temperatures in
the shallow subduction zone (Spinelli and Saffer, 2004). These thermal models are often used to
make inferences about subduction zone processes and are therefore a valuable tool for
understanding subduction zones. This study looks to expand on previous models by examining

the effects of hydrothermal circulation in subducted ocean crust.

1.3.4 Hydrothermal Circulation Continuing in Subducted Crust

Measurements of permeabilities in ocean crust have shown that high permeability exists

in ocean crust prior to subduction, but little is known about permeability trends in ocean crust
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once it is subducted. Depth dependant permeability curves for continental crust show that
permeability decreases more than three orders of magnitude from the surface to ~10 km depth
(i.e. the base of the brittle crust) due to chemical and mechanical sealing of fractures (Manning
and Ingebritsen, 1999). Several differences between continental crust and subducting ocean
crust suggest that permeability should be better maintained in subducting ocean crust.
Subducting crust is much colder than continental crust at equivalent depth. In addition,
subducting crust spends less time at elevated temperatures than continental crust at depth. The
relatively cool and short thermal history for subducting crust compared to continental crust
should minimize the chemical sealing of fractures. Bend-related normal faulting of ocean crust
approaching and entering a subduction zone results from tensional stress in the upper part of the
plate (Ludwig et al., 1966; Ranero et al., 2003). The opening of fractures throughout the bending
plate should counter the mechanical effects of increasing confining pressure resulting from the
load of the overlying margin wedge.

Although permeability measurements of sedimentary rocks are much more numerous,
there are a few actual permeability measurements of gabbros and basalts with increasing
effective stress. Several experiments on core samples of these rocks have been examined in the
lab to determine effective stress, or depth, dependant permeability trends (Morrow et al., 1994;
Christensen and Ramananantoandro, 1988; Karato, 1983; Trimmer et al, 1980). These
experiments generally show a log-linear relationship between permeability and increasing
effective stress up to pressures of 60 MPa. However, permeabilities of these core samples are
not representative of permeabilities found in basalts of the upper basement aquifer. While the

permeability of the ocean crust aquifer likely decreases as it is subducted beneath the overriding
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plate, high permeability (and therefore hydrothermal circulation) is likely maintained for some

distance into the subduction zone.

1.3.5 Diagenetic and Metamorphic Reaction Progress

As sediments are subducted in subduction zones, diagenetic and metamorphic mineral
transitions occur due to increasing temperatures and pressures. Using this idea, Kagami (1985)
first suggested that smectite metamorphism is linked to the seismic front observed in the Nankai
Trough as a way to explain observed seismic patterns in this region. This idea has since been
tested by others and had become largely accepted by the scientific community as a primary
mechanism controlling the updip limit of seismicity (Vrolijk, 1990; Hyndman and Wang, 1993).
The thermal history of subducting sediment is the main constraint that governs where the
smectite-illite transition occurs and this well documented transition takes place around 100-
150°C (e.g. Hyndman et al., 1997; Moore and Saffer, 2001), which coincides with the currently
accepted temperature range associated the updip limit of seismicity in well studied regions.
Experimental results suggest that smectite is weaker and will deform more easily than illite under
low confining pressures (Shimamoto and Logan, 1981). It is thought that the weak hydrous
crystal structure of smectite leads to aseismic slip behavior in subduction zones, as opposed to
the stronger nonhydrous illite crystal structure which will behave seismically. However, this
early idea is refuted by recent examination of the frictional properties of smectite- and illite-rich
gouge. Saffer and Marone (2003) conducted a series of experiments to test the hypothesis that
the smectite to illite transition in gouge material, similar to that found in subduction zones,
results in a transition from velocity-strengthening to velocity weakening behavior. They found

that, although the transition from smectite to illite results in an increase in frictional strength, it is
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not accompanied by a shift from velocity-strengthening to velocity-weakening behavior. They
instead suggest a combination of mechanisms that may control the shift from aseismic to seismic
behavior including: shear localization and shear strain, porosity reduction and gouge
consolidation, increasing effective stress, and a suite of other mineral transitions occurring within
subducted sediment (e.g. opal to quartz transition; carbonate, clay and zeolite cementation;
pressure solution and quartz cementation; and hydrocarbon maturation, (Moore and Saffer,
2001)). With much overlap among these transitions, it is likely a combination of these reactions
that have an influence on the updip limit of seismicity. Knowledge of subduction zone
temperatures is crucial to determining which of these processes may be the dominate control on

the seismic behavior observed in subduction zones.
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CHAPTER 2: EXPERIMENTAL PROCEDURE

2.1 MODEL SET-UP

In order to assess the potential thermal effects of fluid circulation in subducting ocean
crust, I model coupled fluid and heat transport in a subduction zone. Models are constructed as a
2D cross-section of a subduction zone perpendicular to the trench. The geometry of the Middle
America subduction zone is used as a base case from which to compare a suite of simulations
with varying convergence rates and geometries. Different simulations are not meant to model
specific subduction zones but rather to allow analysis of how the system responds to changes in
basic subduction zone properties. The results from this study may be used to make inferences
about subduction zones in a more general sense and to help guide future work.

In the modeled cross-sections, the ocean crust is divided into three parallel layers
consisting of a 100 to 400 m thick layer of sediment, 600 m of upper basement and >2500 m of
lower basement. The horizontal and vertical node spacing is described in Table 2.1 (the vertical
node spacing decreases as the wedge approaches the ocean crust and tapers out). The total
number of nodes for each model is >31,027; the model domain dimensions are >39 km long and
10 km high. The finite element grids for the simulations are created using Los Alamos Grid

Toolbox (LaGriT; Gable et al., 1996).

Node Spacing (m)

vertical horizontal
Wedge 30 50
Sediment 67 50
Upper Basement
0-100m 50 50
100-600 m 67 100
Lower Basement 463 200

Table 2.1: Node spacing for models.
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The sides of the model are no-flow boundaries. The temperature along the seafloor is
held constant at 2°C and pressures are hydrostatic with a maximum depth at the trench of 4.4 km.
The bottom boundary has no fluid flow and a constant heat flux. The basal heat flux (105
mW/m?) is calculated from a standard lithospheric cooling model (e.g. Harris and Chapman,
2004) for 20 Ma ocean crust entering the subduction zone (Figure 2.1). This is the typical age
for crust entering the Middle America subduction zone off northern Costa Rica (Barckhausen et
al., 2001).

The simulations start with ocean crust that has not been subducted (i.e. no margin wedge
in place) and are allowed to run until temperatures reach a quasi steady-state (temperatures may
still be fluctuating but the average value is not changing). Subduction of the ocean crust is
simulated by incrementally adding sections of the margin wedge on top of the ocean crust. The
margin wedge sections are added in steps with approximately 1 km of ocean crust being
subducted with each step. The time allowed to pass between the addition of each wedge section
determines the convergence rate. At the end of the simulation, the seaward boundary is >10 km
from the trench and > 27 km of ocean crust has been subducted. All of the sediment on the
incoming plate is subducted simulating a non-accretionary wedge. The initial time step for each
simulation is 0.25 hours and a time-step multiplier between 1.2 and 1.5 is used to increase each
time step. The simulation runs for 11,780 years with the addition of each 1 km of wedge
material

Simulations are initially run for a case with no fluid flow. Temperatures for this
conductive case are used as a benchmark from which to compare to simulations with fluid flow.
The simulations with fluid flow start with temperatures from the conductive case prior to

subduction and hydrostatic fluid pressures. Buoyancy driven fluid flow begins and convection
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develops in the upper basement aquifer. Fluid flow is allowed to continue as ocean crust is

subducted.

Figure 2.1: Cartoon illustrating
models with (a) faults exposing
high permeability basement and
(b) continuous sediment cover.

Modeled sediment and rock properties are summarized in Table 2.2. Sediment porosity
and permeability decrease with depth consistent with trends for hemipelagic sediment (Spinelli et
al., 2004). Sediment grain thermal conductivity is 2.60 W/m °C. The upper 600 m of basaltic
basement is a high permeability aquifer which represents pillow basalts and sheet flows. The
thickness of this unit is constrained by thermal observations and models for the Cocos plate
offshore Costa Rica (Hutnak et al., 2007). Porosity of the basement rock decreases
incrementally with depth from 0.15 to 0.05. Permeability in the upper basement aquifer is held

constant and simulations are run for a range of permeabilities from 10™ to 10"° m*. In



additional simulations, permeability decreases with increasing effective stress as the ocean plate
is subducted. This simulates a decrease in permeability associated with the closing of fractures
and pore space that is likely to occur in subducting crust. In these simulations, permeability
decreases from 107 m® prior to subduction to ~10"* m* under the thickest modeled margin
wedge. The decrease in permeability follows a trend parallel to that for laboratory experiments
on fractured gabbro (Trimmer et al., 1980), and is of similar magnitude as the average trend for
continental rocks (Manning and Ingebritsen, 1999). Quantitative constraints on changes in
subducting crust permeability with increasing burial depth are not yet available. The decrease in
permeability with depth used here likely represents a maximum permeability reduction for
subducting crust. We also examined a case where hydrothermal circulation is “shut off” at the
trench. This allows comparison to previous subduction zone thermal models that make this
simplifying assumption. In this case, permeability of basement aquifer material prior to
subduction (i.e. seaward of the trench) is 10 m?*; permeability of subducted crust (i.e. landward
of the trench) is drastically reduced (10" m?), so no thermally significant fluid circulation
occurs in the subducted ocean crust.

Below the upper basement aquifer, the complex of sheeted dikes and gabbros is modeled
as low permeability unit that does not host vigorous hydrothermal circulation. Porosity for this
unit decreases with depth from 0.02 to 0.01 and permeability is held constant at 10" m* (Becker,
1996). The thickness of this low permeability unit is >2500 m over the entire model domain.
The grain thermal conductivity for the basement rock is 2.05 W/m °C. Fluid viscosity and
density are functions of pressure and temperature (Parry et al., 2000). Fluid thermal conductivity

1s 0.62 W/m °C.
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Material Porosity Permeability’
(1113)
Wedge 0.15 107%°
Sediment 0.01 7% 1.1x 1078 &%
Basement
0-100m 0.15 10" to 107°
100 — 300 m 0.1 10" 10 10
300 — 600 m 0.05 10" to 107

600 — 1000 m 0.02 1077
1000 — 3000 m 0.01 10"

7is depth below seafloor (km).

Te is the natural exponential and e 1s void ratio.

Table 2.2: Model material properties.

Simulations are run for an open circulation case with normal faults exposing the upper
basement aquifer on the incoming plate to the ocean floor. The model mimics the geometry of
the Middle America subduction zone off the Nicoya Peninsula. The dip along the décollement is
6° and the slope of the margin wedge is 5.4°. The faults are modeled as 200 m vertical offsets
that are spaced evenly every 3 km across the modeled domain, typical for faulted crust entering
the Nicaragua subduction zone (Ranero et al., 2003). The sediment layer is 100 m thick,
allowing for 100 m of the upper basement aquifer to be exposed to the ocean floor along each
fault. This effectively simulates an open circulation system where cool ocean bottom water
recharges the upper basement aquifer and heated hydrothermal fluids are expelled at the seafloor.
The convergence rate for this model is 8.5 cm/yr.

A second series of simulations is run with the same geometry but for ocean crust that
does not contain faults exposing the upper basement aquifer. Instead, a continuous layer of
sediment covers the ocean crust. The sediment layer is 400 m thick; the thick low permeability

sediment hydrologically isolates the basement aquifer from the overlying ocean (i.e. closed
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circulation in the basement aquifer). Using this geometry, simulations are run with convergence
rates of 2 cm/yr, 8.5 cm/yr and 12 cm/yr. The intermediate convergence rate (8.5 cm/yr) is a rate
for the northern Costa Rica margin (DeMets, 2001). The end-member convergence rates are for
typical fast (e.g. Chile) and slow (e.g. Scotia, Lesser Antilles) convergent subduction zones
(Stern, 2002).

A third series of simulations is run for a system with a much lower wedge taper than the
other models. The dip along the décollement is 2.0° and the slope of the margin wedge is 1.5°.
This low wedge taper end-member is representative of subduction zones such as the Lesser
Antillies and Burma (Stern, 2002). The sediment consists of a 400 m thick continuous blanket of

sediment and the convergence rate is 8.5 cm/yr.

2.2 DESCRIPTION OF FEHM

I use FEHM, a finite element heat and mass transfer code developed by the Hydrology,
Geochemistry & Geology Group (EES-6) at Los Alamos National Laboratory, to simulate
coupled fluid and heat transport in a subduction zone. Complete documentation for the code is
available online: http://eesl.lanl.gov/EESS/fehm/. In this study, the code is used to simulate
flow and energy transport for heat and mass transfer with pressure and temperature dependent
properties, relative permeabilities and capillary pressures. Fluid properties are a function of

pressure and temperatures and are obtained from a look-up table.
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The conservation of mass equation used by FEHM is:

(M
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where k is permeability, R is relative permeability, p is viscosity, P is pressure, g is acceleration
due to gravity, n is the concentration of the noncondensible gas expressed as a fraction of the
total mass, p is density, q is a source or sink term (applies to constant pressure boundary
condition), subscripts v and / refer to vapor and liquid phases respectively and Ay, is mass per

unit volume expressed as:

(2) 4, =¢(S,p,(1-n,)+S,0,(1-7,))

where ¢ is porosity and S is saturation. Major assumption are slow fluid velocities, thermal

equilibrium between fluid and rock locally, an immovable rock phase and negligible viscous

heating. Equations (1) and (2) can be combined and simplified for single phase liquid flow:
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Under the same simplifications, the conservation of energy equation used by FEHM is:
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where h is the specific heat enthalpy of water, K is the effective thermal conductivity, T is the
temperature, q. is the energy contributed from sources and sinks and A. is the energy per unit

volume expressed as:

) A =0-9)puv, +d(pv))

where v is specific internal energies and the subscript 7 is for the rock matrix.

Equations (3) and (4) are the governing equations for heat and mass transport used in this
application of FEHM.

The primary numerical method used by FEHM is the Finite Element Method as described
by Zienkiewicz et. al (1977) and the system of equations is solved by the Newton-Raphson

iterative procedure as described by Zyvoloski et. al (1999). Output consists of pressures,
temperatures, and velocity vectors of fluid flow at each node.

2.3 CALCULATIONS

2.3.1 Décollement Temperatures and Heat Flux

Modeled temperatures along the décollement are extracted directly from FEHM output
files. The décollement is defined as the interface between the top of the sediment along the
subducting plate and the overriding wedge material. These temperatures are used to easily
compare the effects of hydrothermal circulation on subduction zone temperatures for many
models. In addition, décollement temperatures are widely cited from subduction zone thermal
models due to the importance of associating these temperatures with observations of seismic
behavior.

Another important tool for looking at subduction zones is heat flux data. For our models,

heat flux is calculated along the top of the wedge material and is defined as:
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where qgr is heat flux, K is thermal conductivity and AT/Az is the vertical temperature gradient.
Heat flux data at subduction zones is much more extensive than observations of décollement

temperatures.

2.3.2 Diagenetic Reaction Progress

The thermal history of subducting sediment controls diagenetic reaction progress.
Therefore, alteration of subduction zone temperatures through hydrothermal circulation plays an
important role in governing these processes. We use the thermal history of subducting sediments
in our simulations to estimate diagenetic reaction progress. Opal to quartz reaction progress in
each element of the subducting sediment is calculated based on the sediment temperature in the
element and the amount of time the sediment spends at that temperature. The thermal history of
the sediment is combined with kinetics for the opal-A to opal-CT and opal-CT to quartz
reactions (Mizutani, 1970) to model the proportions of the three silica phases in the sediment.
Reaction progress is measured as the percent of the initial fraction of each mineral that is still
present. The laboratory derived kinetic expressions for the smectite-to-illite and opal-to-quartz
reactions used are:

dA
7 —=-kA
D ==k

where dA/dt is the rate of opal-A conversion to quartz, A is the mole fraction of opal-A present,

and k; is a temperature-dependent rate constant:

E
(8) ko =aq eXP(R—})
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where a; is the frequency factor (23700 yr™), E, is activation energy (16 kcal/mole), R is the
universal gas constant and T is temperatures. Similarly, the rate of opal-CT conversion to quartz
is:

e
9 T=—-kC
) 7 2

where dC/dt is the rate of opal-CT conversion to quartz, C is the mole fraction of opal-CT

present and k» is a temperature-dependent rate constant. The smectite-illite conversion is:

where S is mole fraction of smectite, A is frequency factor (25481 yr''), E, is activation energy

(28 kcal/mole), K is potassium concentration (M) in pore water.

2.3.3 Dimensionless Numbers

The Nusselt number was calculated in order to examine the importance of advective

versus conductive heat transport in the system. The Nusselt number is defined as:

prwqu + Km i
x AT
AL

(11)  Nu=

where cy, is specific heat capacity, py is density of the fluid, gy, is heat flux, T is temperature, Ky,

is thermal conductivity of porous medium and AT/AL is the temperature gradient. The advective
heat transport is calculated across the middle of the upper basement aquifer. The conductive heat
transport is calculated as the heat flux into the bottom of the aquifer. This measure approximates

the heat that would be transported by conduction in the aquifer, in the absence of the advection
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of heat by fluid flow. Thus, the Nusselt number compares the relative importance of advective
and conductive heat transport in the aquifer.
In addition, the Rayleigh number was also calculated in order to examine the importance

of buoyant forces driving fluid flow. The Rayleigh number is defined as:

(12)  Ra=28KLP.4
uxkK

where a is thermal expansively, py is fluid density, g is gravitational acceleration, k is
permeability, L is aquifer thickness, q is heat flux into the base of the aquifer, p,, is dynamic
viscosity, K is thermal diffusivity of the aquifer, and K is the porous medium thermal
conductivity. In addition to calculating the Rayleigh number for the entire aquifer, it is also
calculated as a function of distance along the aquifer. This is done by calculating individual
Rayleigh numbers along vertical 1D paths across the aquifer. Although this calculation does not
follow the conventional approach for examining the Rayleigh number, it does provide useful

information about changes in the buoyant driving forces of fluid flow in our simulations.
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Chapter 3: EXPERIMENTAL RESULTS

3.1 COMPARISON TO ACCEPTED THERMAL MODEL

Results from our thermal model were compared to a thermal model previously used to
examine the Nankai margin and other subduction zones (Wang et al., 1995). The model of
Wang et al., 1995 does not include the thermal effects of fluid circulation. Results from the two
models are compared for the same geometry with no fluid flow (Figure 3.1). Temperatures are
very similar for both models with small differences along the landward boundary (Figure 3.2).

This difference arises from differences in how the advection of ocean lithosphere beneath the

overriding plate is implemented.
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Figure 3.1: Comparison of thermal models of a subduction zone from (a) FEHM and (b) an
established thermal model.

44



100 —

Figure 3.2: Décollement
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3.2 OPEN CIRCULATION

To examine the thermal effects of fluid circulation in subducting crust, we focus on: 1)
temperatures along the plate boundary fault, and 2) surface heat flux on the margin wedge.
Results from a model with no fluid circulation (i.e. a conductive model) are used as a reference
to evaluate the effect of hydrothermal circulation in simulations with coupled fluid and heat

transport.

3.2.1 Décollement Temperatures and Flow Patterns

The model with faults exposing high permeability basement at the seafloor has a taper
angle of 11.4°, 100 m of sediment on each fault block, and a convergence rate of 8.5 cm/yr. For
the simulation where hydrothermal circulation shuts off at the trench, cooled ocean crust enters
the subduction zone, but heat is not redistributed in the subducted crust. Temperatures along the
décollement are slightly lower than in the conductive model near the trench and are cooler by

about 14 to 16 °C for distances >10 km landward of the trench (Figure 3.3). If permeability of
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the subducted crust is not arbitrarily reduced, hydrothermal circulation continues in the basement
aquifer under the margin wedge. Circulation patterns at low permeabilities (107> — 10™'* m?)
result in small convection cells from 600 m up to 2100 m in width (aspect ratio of 1 to 3.5). In
crust seaward of the trench, a single-pass flow system develops with cool ocean bottom water
recharging the system through some faults and leaving the system through others. As ocean crust
is subducted, faults exposing the upper basement aquifer are sealed off and fluid paths are
disrupted. Fluid velocities decrease significantly just landward of the trench and gradually
increase with distance into the subduction zone as the ocean crust is warmed (Figure 3.4).
Individual convection cells do not develop until 9 km into the subduction zone for the lowest
permeability. The maximum fluid velocity of 0.36 m/yr occurs 26.5 km landward of the trench
and there is minimal lateral heat transport through the system. High fluid velocities are also
found seaward of the trench where water is entering or leaving the system along basement
outcrops at the seafloor. Décollement temperatures are slightly lower than the conductive model
and a sinusoidal pattern of high and low temperatures associated with regions of upwelling and
downwelling is observed. For high permeabilities (10™"" — 107 m?) a single large convection
cell develops underneath the subducted ocean crust. Fluid velocities are not significantly
affected with the sealing off of exposed basement along faults that are subducted (Figure 3.5).
The pattern of fluid velocities is fairly uniform landward of the trench. Maximum fluid
velocities increase where fault offsets occur and water accelerates through the smaller openings
connecting the individual sections of the upper basement aquifer. The maximum fluid velocity
occurs 5.9 km landward of the trench and is ~19.5 m/yr. Advective heat transport is significant
and the large-scale convection acts to redistribute heat, cooling ocean crust deep within the

subduction zone and warming it close to the trench. Temperatures are reduced relative to the
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conductive simulation everywhere along the décollement. At the furthest extent of the model (30

km landward of the trench) temperatures are reduced by 62°C relative to the simulation with no

fluid flow; temperatures at the landward edge of the model are ~46 °C lower than in the case

with circulation shutting off at the trench. For the simulation where permeability decreases with

increasing effective stress, one large convection cell develops that extends 3 km seaward of the

trench and 6 km landward of the trench (Figure 3.6). Convection cells decrease in size with

distance into the subduction zone. The maximum fluid velocity prior to subduction is 14.7 m/yr

and it decreases to 0.37 m/yr at the landward end of the model.

Figure 3.3: Temperatures along
the décollement for open
circulation system.
Temperatures are nearly
isothermal for the highest
permeability simulation.
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Figure 3.4: Disruption of fluid circulation for a permeability of 10"~ m”~ as (a) a fault exposing

the upper basement aquifer is subducted and (b) sealed off.
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Figure 3.5: Fast recovery of fluid circulation for a permeability of 10"° m” as (a) a fault exposing
the upper basement aquifer is subducted and (b) sealed off.
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Figure 3.6: Thermal structure and circulation patterns for simulations with a permeability of (a)
10" m?, (b) as a function of increasing effective stress and (c) 10™° m”.
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3.2.2 Heat Flux

As with décollement temperature, heat flux for the conductive simulations is used as a
benchmark to evaluate the effect of hydrothermal circulation in simulations with fluid flow. For
all simulations heat flux is highest at the trench and decreases with distance landward of the
trench. For simulations with faults exposing high permeability basement at the seafloor, heat
flux is significantly altered from the conductive simulation for all permeabilities (Figure 3.7).
Heat flux is suppressed by ~ 30 to 75 mW/m? at the trench in all cases. For low permeabilities,
heat flux remains suppressed by > 20 mW/m” for 3 km landward of the trench, after which
differences in heat flux become small. Heat flux remains suppressed by >20 mW/m” than in the
conductive case for ~ 8§ km landward of the trench for the highest permeability, for permeability
decreasing with depth and for permeability shutting off at the trench. Heat flux anomalies of <20
mW/m* would likely be difficult to identify in transects of seafloor heat flux observations due to

the typical amount of scatter in these measurements.
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3.2.3 Diagenetic Reaction Progress

Alteration of subduction zone temperatures through hydrothermal circulation plays an
important role in governing the rate and location of diagenetic reaction progress. The peak in
opal-to-quartz reaction progress is shifted farther landward in hydrothermally cooled ocean crust
(Figure 3.8). The nearly isothermal temperatures in the subducted sediment allow for > 97% of
the opal to remain at the furthest extent of the model versus 39% for the simulation with no fluid

flow.
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3.2.4 Nusselt Number

The Nusselt number is calculated to examine the relationship between advective and
conductive heat transport in the upper basement aquifer. For low permeabilities the advective
heat transport is only slightly more important than the conductive heat transport and Nusselt
numbers are between 1.3 to 1.5. Advective heat transport becomes important at high
permeabilities and dominates the movement of heat through the system at the highest
permeability with a Nusselt number of ~74. The Nusselt number is highest for the simulation
where permeability is a function of effective stress at ~85 (Table 3.1). This is due to high fluid

velocities moving warm water near the trench.

permeability Nu Ra
101° m? 74 4.00E+05
101 m? 10 4.93E+04
1012 m? 1.4 5.63E+03
1013 m? 1.4 6.69E+02

k=f(depth) 85 1.51E+05

Table 3.1: Nusselt number and Rayleigh number for simulations with open circulation.

3.2.5 Rayleigh Number

The Rayleigh number is used to examine buoyant forces driving convection in the
simulations. Rayleigh numbers for all simulations are high, indicating that buoyant forces will
drive vigorous convection. The Rayleigh number increases with increasing permeability from
669 at the lowest permeability to 4.00x10° at the highest permeability. The Rayleigh number is

1.51x10’ for the simulation where permeability changes with effective stress (Table 3.2).
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The Rayleigh number is also examined as a function of distance along the aquifer. For
simulations where permeability is held constant in the upper basement aquifer, the Rayleigh
number has a positive trend with distance (Figure 3.9). The larger temperatures gradients deeper
in the subduction zone help to enhance convection. For the simulation where permeability is a
function of effective stress, the Rayleigh number increases up to the trench but then drops off

quickly thereafter. Permeability becomes the most important control on the system for this case.
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Figure 3.9: Trends in the Rayleigh number for the closed circulation case.
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3.3 CLOSED CIRCULATION

3.3.1 Decollement Temperatures and Flow Patterns

The closed circulation model has a taper angle of 11.4°, continuous sediment cover that is
400 m thick and a convergence rate of 8.5 cm/yr. For the simulation where hydrothermal
circulation shuts off at the trench, temperatures along the décollement are similar to the
conductive model near the trench and are cooler by about 10-15°C for distances >10 km
landward of the trench (Figure 3.10). Circulation patterns at low permeabilities (10 - 10™'* m?)
result in small convection cells in the upper basement aquifer that range from 320 m up to 1320
m wide. Convection cells have an aspect ratio between 0.5 and 1.5 and cell width increases with
distance into subduction zone. Fluid velocities increase with distance landward of the trench.
The maximum fluid velocity of ~0.45 m/yr occurs 28.9 km landward of the trench and there is
minimal lateral heat transport through the system. Décollement temperatures are slightly lower
than the conductive model and sluggish convection results in a sinusoidal pattern of high and low
temperatures associated with upwelling and downwelling limbs (Figure 3.10). For high
permeabilities (10™"° to 10" m?) a single large convection cell develops in the subducted ocean
crust. The maximum fluid velocity of ~24.2 m/yr occurs 6.7 km landward of the trench and
advective heat transport is significant. The large-scale convection acts to redistribute heat
laterally, cooling ocean crust deep within the subduction zone and warming it close to the trench.
Temperatures are elevated relative to the conductive model within 8.4 km of the trench;
landward of this temperatures are reduced. At the furthest extent of the model (30 km landward
of the trench) temperatures are reduced by 41°C relative to the conductive model (Figure 3.10).
For the simulation where permeability decreases with effective stress, maximum fluid velocity

prior to subduction is 9.2 m/yr. Fluid velocities decrease with distance into the subduction zone
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and are 0.43 m/yr at 30 km landward of the trench. One large convection cell develops that

extends ~26 km landward of the trench. Temperatures along the décollement are slightly

elevated close to the trench and become reduced by ~ 5 km landward of the trench.

Temperatures are ~ 16°C cooler at 30 km landward of the trench (Figure 3.10).
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Figure 3.10: (a) Temperatures along the décollement for closed circulation case. At high
permeabilities temperatures are elevated near the trench and become suppressed with distance
into the subduction zone. (b) Comparison of temperature difference along the décollement for

open and closed circulation cases (k = 10" m?).
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Figure 3.11: Thermal structure and circulation patterns for simulations with a permeability of (a)
10" m?, (b) as a function of increasing effective stress and (c) 10™° m”.
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3.3.2 Heat Flux

For the model with continuous sediment cover, differences in heat flux from the

conductive model are only significant at the highest permeability (10"° m?®). Heat flux is 52

mW/m” greater at the trench and differences decrease with distance landward of the trench,

nearly reaching conductive values by 5.25 km landward of the trench (Figure 3.12). Heat flux is

elevated in the closed circulation simulations due to the redistribution of heat while heat flux is

suppressed in the open circulation models since heat is advected out of the system at the seafloor.
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Figure 3.12: (a) Heat flux for closed circulation simulation showing elevated heat flux at the
trench. (b) Heat flux anomaly (relative to case with no fluid flow) resulting from open and

closed circulation simulations (k = 10™'% m?).
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3.3.3 Diagenetic Reaction Progress

For the base geometry and convergence rate, progressively more opal remains in the
sediment at 30 km into the subduction zone with increasing permeability (Figure 3.13). At the
highest permeability, less opal remains in the sediment than the conductive case for the first 13
km where hydrothermal circulation acts to warm the ocean crust. At distances >13 km landward
of the trench, hydrothermal circulation acts to cool the crust and the percent opal reaming is
more than that of the conductive case. By 30 km landward of the trench, 57% opal remains in

the sediment for the highest permeability relative to only 5.5% for the conductive simulation.
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3.3.4 Nusselt Number

The Nusselt number is higher for the closed circulation simulation than for the open
circulation system. Even at the lowest permeability, the advective heat transport is more

important than the conductive heat transport with a Nusselt number of 4.6. At high

permeabilities, advective heat transport dominates the movement of heat through the system and

the Nusselt number is > 72. The Nusselt number is highest for the simulation where
permeability is a function of effective stress at 397 (Table 3.2). Warmer temperatures in
combination with high fluid velocities near the trench result in significant advective heat

transport.

permeability Nu Ra
10710 m? 323 9.02E+05
101 m? 72 8.21E+04
1012 m? 17 8.24E+03
1013 m? 4.6 9.08E+02

k=f(depth) 397 3.29E+05

Table 3.2: Nusselt number and Rayleigh number for simulations with closed circulation.

3.3.5 Rayleigh Number

Rayleigh numbers are higher for the closed circulation simulations than for the open
circulation systems. The Rayleigh number increases with increasing permeability from 908 at
the lowest permeability to 9.02x10° at the highest permeability. The Rayleigh number is

3.29x10’ for the simulation where permeability changes with effective stress (Table 3.2).
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Trends of the Rayleigh number with distance are similar to those for the closed
circulation simulations. For simulations where permeability is held constant in the upper
basement aquifer, the Rayleigh number has a positive trend with distance (Figure 3.14). For the
simulation where permeability is a function of effective stress, the Rayleigh number increases up
to the trench but then drops off quickly thereafter as permeability decreases. Observed trends of
the Rayleigh number with distance are controlled by temperature gradients for simulations with a
constant permeability in the upper basement aquifer and by permeability for the simulation

where permeability if a function of depth.
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Figure 3.14: Trends in the Rayleigh number for the closed circulation case.
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3.3.6 Wedge Taper and Convergence Rate

TAPER ANGLE

The influence of the wedge taper angle on subduction zone hydrothermal circulation is
examined by adjusting the taper angle of the closed circulation case from 11.4° to 3°; in both
cases the sediment is 400 m thick, convergence rate is 8.5 cm/yr, and permeability ranges from
10" m* to 10" m*. Convection patterns for the low taper angle are similar to the base model,
with many small convection cells developing in the upper basement aquifer and maximum fluid
velocity slightly lower at 0.39 m/yr (versus 0.45 m/yr for the base model). For high
permeabilities (10" — 107" m?) one large convection cell develops, although a single cell the
entire width of the subducted sediment only develops at the highest permeability. The maximum
fluid velocity for the low taper angle case is 13.9 m/yr, a little more than half that of the base
model (24.1 m/yr). Temperatures along the décollement show the same general pattern of the
base model for high and low permeabilities but deviations from the conductive model are much
less pronounced (Figure 3.15). For low permeabilities (10™° — 107> m?), temperature differences
are small and hydrothermal circulation does not play an important role for altering subduction
zone temperatures. For the highest permeability, large variations from the conductive
décollement temperatures only occur at the furthest extend of the model where hydrothermal

circulation reduces temperatures by 10°C.
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Figure 3.15: (a) Temperatures along the décollement for closed circulation system with a low
taper angle and (b) comparison of temperature difference between high and low taper angles (k =
10" m?).

Differences in heat flux from the simulation with no fluid flow become less pronounced
at lower taper angles (Figure 3.16). For a taper angle of 3°, differences in heat flux are not likely

to be detectable for permeabilities < 107" m?,

Figure 3.16: Heat flux for high and 104

low taper angles for closed circulation
system (k = 10" m?).
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Diagenetic reaction progress is affected very little through hydrothermal circulation for a
low taper angle. At 30 km into the subduction zone there is little difference in opal-to-quartz
reaction progress at a low taper angle versus that for a high taper angle for the same permeability

(k = 10" m?) (Figure 3.17).
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CONVERGENCE RATE

The influence of convergence rates on the thermal effects of subduction zone
hydrothermal circulation is examined by adjusting the convergence rate of the closed circulation
case from 8.5 cm/yr to two end member convergence rates of 2 cm/yr and 12 cm/yr. Model
geometries are the same for all cases (400 m of sediment cover, 11.4° taper angle) and the
permeability is 10" m*. One large convection cell develops in the subducted crust; it increases
in size with a decrease in convergence rate (28 km wide for the fastest convergence rate up to the

entire model domain for the slowest convergence rate). Maximum fluid velocities increase from
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temperature (°C)

4.1 m/yr for the fastest convergence rate up to 7.9 m/yr for the slowest convergence rate.
Temperatures are significantly higher for the slowest convergence than for the faster
convergence rates. For the conductive simulations, décollement temperatures at the furthest
extent of the model (30 km into the subduction zone) are 100 °C for a convergence rate of 12
cm/yr, 115 °C at 8.5 cm/yr and 204 °C at 2 cm/yr. In the simulations that allow for fluid flow,
décollement temperatures are reduced everywhere landward of the trench for the fastest
convergence rate (Figure 3.18). For the two slower convergence rates, décollement temperatures
are elevated relative to the conductive models for distances less than 8 km from the trench (up to
11.5 °C for a convergence rate of 2 cm/yr) and become reduced farther landward. At 30 km into
the subduction zone and for a convergence rate of 2 cm/yr, décollement temperatures are 89 °C

lower than the conductive simulation.
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Figure 3.18: (a) Temperatures along the décollement for slow and fast convergence rates for
close circulation simulations and (b) difference in temperature along the décollement from

simulation with no fluid flow (k = 10" m?).
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For the simulations with varying convergence rates (base model with a permeability of
10" m?) significant differences in heat flux is only observed at the slowest convergence rate of 2
cm/yr. For this simulation heat flux is elevated by >90 mW/m® at the trench. Heat flux values
reach that of the conductive simulation by 8.9 km landward of the trench and are notably

suppressed at distances greater than 20 km landward of the trench (>15 mW/m?) (Figure 3.19).
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For the simulations with varying convergence rates, less opal remains in the sediment for
slower convergence rates. At a convergence rate of 2 cm/yr, all of the opal has been converted to
quartz for the conductive simulation by 18 km landward of the trench. For the simulation with
hydrothermal circulation <1% opal remains at 30 km land ward of the trench. At 12 cm/yr,
~24% of the opal remains in the sediment for the conductive case at 30 km landward of the

trench, while 46% remains for the simulation with hydrothermal circulation (Figure 3.20).
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Figure 3.20: Opal-A diagenetic
reaction progress for closed
circulation simulation with varying
convergence rates.
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Chapter 4: DISCUSSION

4.1 HYDROTHERMAL CIRCULATION SHUTTING OFF AT THE
TRENCH

Previous efforts to account for the effects of hydrothermal circulation on subduction zone
temperatures have either assumed that such circulation “shuts off” at the trench or arbitrarily
maintained cooler temperatures in subducted crust. Since it is likely that ocean crust is capable
of maintaining high permeabilities for some distance into the subduction zone, these assumptions
are an oversimplification that do not fully account for the alteration of subduction zone
temperatures through hydrothermal circulation. In the case of open circulation, arbitrarily
shutting off hydrothermal circulation at the trench results in only slightly cooled ocean crust
relative to the case with no fluid flow and temperatures follow a similar trend with distance into
the subduction zone. In contrast, much more heat can be extracted if hydrothermal circulation is
allowed to continue landward of the trench. High permeabilities result in much cooler
temperatures with nearly isothermal conditions along the décollement for 30 km into the

subduction zone.

4.2 SUBDUCTION ZONE PARAMETERS

The thermal effects of fluid circulation in subducting crust will differ whether the system
is open or closed and vary in magnitude based on subduction zone taper angle and convergence
rate. Hydrothermal circulation is most important for the thermal state of subduction zones with
slower convergence rates, open circulation systems and higher taper angles (listed in order of

importance).
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Convergence rate been recognized as a primary control on subduction zone temperatures
(Molnar and England, 1995) and is of first order importance for determining the effects of
hydrothermal circulation on subduction zone temperatures. Slow convergence results in a
relatively warm subduction zone. The overall higher temperatures in a system with slow
convergence support more vigorous hydrothermal circulation. The high fluid flow velocities and
high fluid temperatures result in the advection of large quantities of heat through the system. In
contrast, a fast convergence rate results in cooler temperatures and less vigorous fluid
circulation, and therefore hydrothermal circulation does not greatly affect temperatures. An
important consequence is that hydrothermal circulation acts to moderate the effects of
convergence rate as a control on subduction zone temperatures.

The basic impact of fluid circulation on the thermal state of a subduction zone depends
strongly on whether the system hosts open or closed fluid circulation. Heat is redistributed in
closed systems; in open systems, warm fluid is advected out to the ocean, which acts as an
infinite heat sink, and cool ocean bottom water recharges the system. Two different thermal
regimes are observed at high permeabilities. Closed systems are warmer at the trench and cooler
farther into the subduction zone. Open systems are cooler everywhere along the subducting slab
and by a greater magnitude than for closed systems. The differences between these two systems
will determine whether heat flux at the trench will be higher (closed system) or lower (open
system) than predicted by thermal models that do not account for the thermal effects of fluid
circulation in subducted ocean crust.

Differences in taper angle have a fairly modest influence on the impact of hydrothermal
circulation on subduction zone temperatures. Although a higher taper angle results in warmer

ocean crust at shallower depths, similar to slower convergence rates, the temperature difference
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is small in comparison. Alteration of subduction zone temperatures is still important at a high
taper angle, but the taper angle is less important for controlling these differences. At a low taper
angle, the lower temperatures and slower fluid velocities make advective heat transport much
less efficient. Only at the highest permeability and for distances >20 km into the subduction

zone are temperatures noticeably different.

4.3 EFFECTS OF HYDROTHERMAL CIRCULATION ON HEAT FLUX

Surface heat flux data currently provides the best constraint on the extent and vigor of
hydrothermal circulation in subduction zones. Our simulations predict that the magnitude of heat
flux anomalies range from very large to virtually unobservable depending on the permeability of
ocean crust, convergence rate, and taper angle.

For subduction zones with an open fluid flow system, heat flux is reduced at the trench.
Our simulations predict that a heat flux deficit will be observable over the entire range of
modeled permeabilities (10" to 10"° m?). The heat flux deficit is similar for all simulations
where the permeability is held constant in the subducted crust. At low permeabilities, there is
minimal lateral heat transport and therefore temperatures at the trench are influenced more by the
cool ocean water that enters the system through exposed faults which are in close proximity to
the trench than the warm water of the upper basement deep within the subduction zone.
Although fluid velocities are low and lateral transport is minimal, the cool water is still able to
effectively cool ocean crust near the trench. At high permeabilities, there is significant heat
transport between cool ocean bottom water at the seafloor and warm water deep within the
subduction zone. The combined affect of an increase in cool water entering the system close to

the trench along with an increase in warmer water leaving at the trench results in a similar
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temperature gradient for both high and low permeabilities. For this reason, the heat flux deficit
at the trench is similar for high and low permeabilities.

In contrast to simulations with a constant permeability, a larger heat flux deficit occurs
for the simulations where permeability decreases with effective stress and where permeability
shuts off at the trench. These systems have a high permeability seaward of the trench that either
decreases or shuts off landward of the trench. The result is efficient transport of cool water at
high fluid velocities from exposed basement along the ocean floor up to the trench, but little or
no lateral transport of heat from deep within the subduction zone. For this reason, a larger heat
flux deficit is observed at the trench for these simulations.

For closed circulation systems with a convergence rate of 8.5 cm/yr, a heat flux anomaly
will likely only be easily observed for ocean crust with a permeability of around 10™° m* or
higher. Heat flux anomalies less than ~15 mW/m” would likely be difficult to identify, given the
typical scatter common in shallow heat flux probe observations. An anomaly will be less
pronounced for a low taper angle. For a slower convergence rate of 2 cm/yr, aquifer
permeability several orders of magnitude smaller is likely to produce a measurable heat flux
anomaly. Subduction zones where the permeability is less than 10™'? m* or the convergence rate
is much slower than 8.5 cm/yr are not likely to produce a measurable heat flux anomaly.

Heat flux surveys offshore of the Nicoya Peninsula, Costa Rica margin show this contrast
in heat flux for open and closed systems. Here, subducted ocean crust consists of seafloor
generated from the East Pacific Rise (EPR) to the north, and the Cocos-Nazca Spreading (CNS)
center to the south. Seafloor generated at the EPR consists of seamounts and basement outcrops
which are capable of hosting open circulation. In contrast, seafloor generated at the CNS is

covered by a continuous blanket of sediment and is therefore a closed system (Fisher et al, 2003).
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Heat flux to the north is much lower than expected for a model with no fluid flow, indicating the
cooling effects of hydrothermal circulation. Heat flux to the south is elevated near the trench,
suggesting the redistribution of heat through vigorous hydrothermal circulation (Grevemeyer,
2008) . These observed heat flux anomalies combined with our general modeling results,
suggest that ocean crust entering the Middle America subduction zone is capable of maintaining
high permeability for great distances landward of the trench allowing for hydrothermal

circulation to significantly alter subduction zone temperatures.

4.4 IMPLICAITONS FOR CONTROLS ON THE UPDIP LIMIT OF
SEISMICITY

Previous thermal models of subduction zones suggest that the transition from aseismic to
coseismic slip along the updip limit of seismicity occurs near 100 — 150 °C and may result from
a combination of diagenetic/metamorphic reactions that alter material properties and/or affect
fluid pressures (Moore and Saffer, 2001). Results from our thermal models indicate that for
kinetically controlled reactions in subducting material, much of the reaction progress will occur
farther landward than suggest by subduction zone thermal models that do not account for
hydrothermal circulation in subducting crust. With improved thermal models of subduction
zones, the mechanism(s) controlling the transition from stable-sliding to stick-slip behavior along
the décollement may need to be revisited. The cooler seismogenic zone temperatures resulting
from hydrothermal circulation suggest that lower temperature reactions (e.g., opal-to-quartz)
may play a more prominent role in controlling the updip limit of seismicity than higher

temperature reactions (e.g., smectite-to-illite).
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Chapter 5: CONCLUSIONS

Hydrothermal circulation plays an important role in cooling and redistributing heat in
subduction zones. Significant differences in décollement temperatures exist between models that
do not allow for hydrothermal circulation to persist in subducted ocean crust and those that do.
For this reason, thermal models of subduction zones should account for hydrothermal circulation
in subducted ocean crust in order to accurately model subduction zone temperatures.

The thermal effect of fluid circulation in subducting crust is sensitive to variations in
convergence rate. Open versus closed circulation systems and taper angle are of second and
third order importance, respectively.

Hydrothermal circulation effectively cools ocean crust in open circulation systems and
redistributes heat in closed systems; cooling ocean crust deep within the subduction zone and
warming it close to the trench. Observations of heat flux anomalies, such as those found at the
Middle America subduction zone, can be explained through the alteration of subduction zone
temperatures by hydrothermal circulation.

Mechanisms controlling the updip limit of seismicity in subduction zones are largely
thought to be temperature controlled. Our thermal models of subduction zones suggest that the
seismically or geodetically defined updip limit of megathrust seismicity will coincide with cooler
temperatures than previous thermal models have suggested. These new insights require that

thermally driven mechanisms thought to control the updip limit of seismicity be revisited.
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Chapter 6: SUSBSEQUENT AND PROPOSED FUTURE WORK

This work has shown the importance of hydrothermal circulation on subduction zone
temperatures. There are several key issues that need to be examined based on this work: 1)
determining better constraints on the permeability trends in subducted ocean crust, 2) expanding
on the sensitivity analysis of the effect of hydrothermal circulation on subduction zone
temperatures, 3) revisiting thermal models of subduction zones where hydrothermal circulation
will play an important role on subduction zone temperatures, and 4) re-examining potential
controls on the limits of seismicity in subduction zones by expanding on the models used in this

study.

6.1 PERMEABILITY IN SUBDUCTED CRUST

Although it is recognized that the permeability of the upper extrusive portion of ocean
crust is quite high, little is known about permeability trends in ocean crust once it subducted.
Our thermal models of subduction zones allow for two sceneries of permeability in subducted
ocean crust: 1) permeability is held constant in the upper basement landward of the trench, and
2) permeability decreases with an increase in effective stress parallel to that for laboratory
experiments on fractured gabbro. Differences in these simulations indicate that the systems are
quite sensitive to the permeability of the upper basement aquifer; therefore, it is important to
have better constraints on permeability trends in subduction zones. A combination of techniques
may be used in order to better constrain actual permeability trends in subducted ocean crust.
Numerical modeling constrained by heat flow measurements is a fairly inexpensive method that

can be applied to well-studied regions. This would involve building a model that accurately
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replicates a subduction zone where extensive heat flux data is available and properties of the
ocean crust and wedge along with thermal history of the plate entering the subduction zone are
well known. A range of permeabilities for ocean crust prior to subduction could be used in
combination with different trends of permeability decreasing with increasing effective stress in
order to find the best match between observed heat flux data and heat flux data from the
simulations. One downside would be that there may be a combination of simulations that match
the data well. Another method would involve taking in sifu measurements of permeability in
boreholes. Unfortunately the high cost and difficulty of making these measurements makes this
an unlikely option. In addition, boreholes would be limited to the shallower region of the
subduction zone and there are likely to be scale dependant limitations on permeability
measurements. Despite this, a project for just such measurements would provide very valuable
information which could be applied to any subduction zone through numerical models. Other
methods that are less expensive, and therefore more feasible, include geochemical analysis of
fluids in the upper basement close to the trench, geophysical measurements of subducted crust
such as p-wave and s-wave velocities, and laboratory experiments on basalt. All of these
methods have limitations, but used in combination, would give a better understanding of

permeability trends in subducted ocean crust.

6.2 EXPANDING ON SENSITIVITY ANALYSIS OF SUBDUCTION
ZONES

The sensitivity analysis provided from this work has shown the relative importance of the
effects of hydrothermal circulation on subduction zone temperatures for varying taper angles and
geometries. Although most subduction zones will fall within the range of taper angles and

geometries from this study, many will be in between the end member values chosen. In addition,
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subduction zones that are exceptions to the norm will fall outside the ranges examined in this

study. For this reason, a more comprehensive analysis on the sensitivity analysis of the effects
of hydrothermal circulation on subduction zone temperatures would provide a useful references
for determining in which subduction zones hydrothermal circulation will be most important and

which subduction zone where hydrothermal circulation is not likely to be important.

6.3 RE-VISIT THERMAL MODELS AND CONTROLS ON THE UPDIP
LIMIT OF SEISMICITY

Important processes that occur in subduction zones, such as diagenetic and metamorphic
reaction progress and slab dehydration, are largely thermally driven. What is known about these
processes is largely based on thermal models of subduction zones that do not allow for
hydrothermal circulation to continue in subducted crust. Because we have shown that
hydrothermal circulation can be key component in certain situations on controlling subduction
zone temperatures, many of these models need to be revisited. New thermal models that allow
for hydrothermal circulation to continue in subducted crust should be applied to subduction
zones where hydrothermal circulation will be most important on effecting subduction zone
temperatures. Expanding the domain of our models and adding more complex process, such as
fluid expulsion from sources, tracking geochemical signatures in expelled fluids and possibly
allowing for temporally variable fluid pathways along the décollement and up through the
margin wedge for certain subduction zone models, will provide further insights into the thermal
structure of subduction zones and shed new light on the possible controls on the limits of

seismicity in subduction zones.
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APPENDIX

SEAWARD BOUNDARY CONDITION

The sensitivity of left side boundary was analyzed for our simulation with continuous
sediment cover. At the end of our simulations the left side boundary is 10 km from the trench.
A new model was examined for the case where the left side boundary is 20 km from the trench at
the end of the simulations. The convergence rate is 8.5 cm/yr, the taper angle is 11.4° and the
permeability is held constant in the upper basement aquifer at 10" m*. Temperature along the
décollement are very similar for both cases indicating that the results are not sensitive to the left

side boundary for distances 10 km or greater from the trench (Figure Al).
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Figure Al: Sensitivity
analysis on seaward
boundary.
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WEDGE SECTION INCREMENT SIZE

A sensitivity analysis was performed on the length of ocean crust that gets subducted
with the addition of each wedge section. Our models use a wedge increment size that allows for
approximately 1 km of ocean crust to get subducted with the addition of each wedge section.
This increment size was increased to approximately 2 km and the simulation was re-run for the
case with continuous sediment cover and a convergence rate of 8.5 cm/yr and taper angle of
11.4°. Permeability in the upper basement aquifer is held constant at 10" m*>. Décollement
temperatures are compared after 18 km of crust has been subducted. Temperatures are very
similar for both cases indicating that the step size has a small effect on the results of the
simulation (Figure A2). The Maximum temperature difference occurs 1 km landward of the
trench and is 3.8 degrees. Decreasing the step size results in larger temperature differences and
therefore our models will slightly underestimate the effects of hydrothermal circulation on

subduction zone temperatures.
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Figure A2: Sensitivity
analysis for wedge increment
size.
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