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ABSTRACT

Temperature plays a dominant role in many subduction zone processes, including arc
magma generation and the distribution of earthquakes. In this thesis, observational
constraints on forearc and back;rc thermal structure are integrated with numerical models
to better understand the thermal consequences of subduction. Forearc thermal models,
applied as an example to the Mexico subduction zone, indicate that the forearc is cool, as
expected due to the cool subducting slab. The brittle part of this subduction fault extends
to depths >30 km where, even though very weak, the fault may generate small but non-
negligible frictional heating. The rupture extent of Mexican megathrust earthquakes is
consistent with proposed seismogenic limits of 100 and 350°C. A remarkable feature of
subduction zones is that, although the subducting plate cools the over-riding crust and
produces low temperatures in the forearc, the arc and backarc regions are consistently
extremely hot, as indicated by arc volcanism, surface heat flow, seismic velocities, T,
and other observations. At the Cascadia subduction zone, backarc temperatures are
~1200°C at 50-60 km depth with little variation for 500 km east to the craton. Thermal
constraints from other subduction zone backarcs, including those that have had no recent
extension, show that they are similarly hot for 100’s-1000’s of km behind the arc. Local
sources of heat (e.g., radiogenic heat production, frictional heating) appear to be small,
and mantle flow is invoked to carry heat into the backarc. Thermal-mechanical
numerical models for slab-driven corner flow give flow that is strongly focussed into the
wedge corner below the arc but low mantle temperatures further into the backarc,
inconsistent with observations. It is concluded that slab-driven flow is insufficient to
satisfy the heat budget at a subduction zone. Geodetic and geological constraints indicate
extremely low mantle viscosities in several backarcs (<10" Pa s), suggesting that thermal
buoyancy may be the primary driving force for flow. High temperatures and hydration of
the mantle wedge by the subducting slab may reduce the viscosity, allowing vigourous

thermal convection that rapidly carries heat upward from depth into the subduction zone.
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CHAPTER 1

Introduction

1.1 Metivation for Study

Subduction zones are among the most dynamic tectonic settings on Earth. At a
subduction zone, cool oceanic lithosphere descends into the warm interior of the Earth.
This process results in intensive volcanism and destructive earthquakes that occur within
both the subducting and over-riding plates, as well as extremely large earthquakes along
the interface between the two (called megathrust earthquakes). Subduction zones are also
key sites of material and chemical exchange between the Earth’s surface and interior.

The subduction process has a strong effect on the thermal regime of the adjacent
continent or arc, and in turn, temperature has an important role in numerous processes
associated with subduction. The generation of volcanic magma is controlled by
temperature. Temperature also provides one of the main controls on the maximum depth
of earthquakes within the subducting and over-riding plates, and on the rupture zone of
megathrust earthquakes. Temperature- and pressure-dependent metamorphic reactions
within the subducting plate can trigger earthquakes within this plate and also release
water to the overlying mantle. The influx of water changes the chemical and rheological
properties of the mantle and is an important process in arc magma generation. The
thermal structure of the over-riding plate governs how it will deform in response to plate
boundary forces. This has implications for orogenesis and the long-term evolution of the
plate boundary. This thesis study deals with the thermal structure of subduction zones
and the geophysical consequences of the thermal regime.

Figure 1.1 is a schematic cross-section of a subduction zone illustrating the main
features. Subduction zones contain a volcanic arc, a narrow band of active volcanoes that
are found on the over-riding plate. The volcanic arc divides the subduction zone into two

main parts: the forearc (which is cold) and the backarc (which is hot). In this study, the
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Figure 1.1. Schematic diagram of the key components of a subduction zone (bottom) and
the typical surface heat flow profile over a subduction zone (top).

term backarc refers to any part of the subduction zone behind the volcanic arc (away
from the trench) that is affected by the subduction process. The mantle wedge is defined
as the mantle that overlies the subducting plate; it can be divided into the forearc mantle
wedge and the backarc mantle wedge. In some subduction zones, the landward limit of
the backarc is a craton, stable continental crust that has not been deformed by tectonic
processes since the Archean. In other subduction zones, the limit of the backarc is not as

well-defined.

1.2 Thermal Studies of Subduction Zones

The earliest surface heat flow measurements at subduction zones in the western
Pacific indicated the forearc and backarc exhibit markedly different heat flow [e.g.,
Vacquier et al., 1966; Oxburgh and Turcotte, 1968, 1970; McKenzie and Sclater, 1968].
Whereas values of surface heat flow over the trench and forearc are generally 30-50
mW/mZ, backarc heat flow is 60-100 mW/m? for 100’s of kilometres behind the volcanic

arc (e.g., Figure 1.1). For comparison, surface heat flow over cratonic regions is



CHAPTER 1: Introduction 3

typically 40-42 mW/m? [e.g., Jaupart and Mareschal, 1999], and surface heat flow over
old (>70 Ma) oceanic crust is ~50 mW/m’ [e.g., Stein and Stein, 1992 and references
therein]. Many of the early heat flow measurements are from backarcs that are now
known to have undergone recent extension and spreading. However, a number of studies
have shown that the heat flow profile for areas with little or no recent backarc extension
is similar [e.g., Ziagos et al., 1985; Lewis et al., 1992; Springer and Forster, 1998].

The heat flow profile implies a dramatic change in thermal structure between the
forearc and backarc. Whereas the forearc regions are inferred to be very cool, the arc and
backarc appear to be extremely hot. This is supported by on-going arc volcanism at
nearly all subduction zones; the generation of magma requires high temperatures. Other
evidence for high backarc temperatures comes from seismic studies that show low
velocities and high attenuation in the backarc mantle wedge at many subduction zones
[e.g., Wiens and Smith, 2003 and references therein].

The occurrence of high heat flow and inferred high mantle wedge temperatures in
the arc and backarc regions of subduction zones is extraordinary. Subduction of a cool
oceanic plate should result in a cooling of the overlying material, as observed in the low
heat flow over the forearc. The paradoxical observation of high heat flow, high
temperatures and active volcanism in the backarc in spite of a cool subducting plate has
remained an outstanding problem since the inception of plate tectonic theory over 40

years ago.

Early Models

Early ideas about the origin of backarc heat focussed on local sources of heat to
generate high backarc temperatures and high surface heat flow. The first studies assumed
a priori that arc magma was produced by melting of the subducting plate at depths of
100-150 km. Local sources of heat examined were: adiabatic heating of the slab as it
descends, radiogenic heating in the subducting crust and mantle wedge, and exothermic
metamorphic phase transitions in the subducting plate. All were concluded to increase

the temperature of the subducting plate by less than 50°C and could not explain high
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backarc heat flow [Oxburgh and Turcotte, 1968; McKenzie and Sclater, 1968; Hasabe et
al., 1970; Oxburgh and Turcotte, 1970; Minear and Toksoz, 1970; Toksoz et al., 1971].

Most of these studies appealed to shear heating along the top of the subducting
plate as the mechanism for generating high temperatures. Heating due to frictional
sliding was first considered, where the amount of heat generated depends on the sliding
velocity and shear stress. Using a subduction velocity of 5 cm/yr and a shear stress of 10
MPa, compatible with estimates of stress drop in Wadati-Benioff earthquakes (which are
now known to occur within the slab, not on top of it), McKenzie and Sclater [1968]
showed that it was possible to generate enough heat to melt the subducting plate. One
problem with this simple model is that it predicts unrealistically high slab temperatures at
depths greater than 100 km. In addition, at high temperatures (close to rock melting
temperatures), rocks are expected to deform viscously, rather than through brittle sliding
so there should be little frictional heating [e.g., Oxburgh and Turcotte, 1968].

Viscous dissipation was then investigated as a heat source. Relative motion
between the subducting plate and overlying mantle was assumed to be accommodated by
viscous deformation in a narrow shear zone above the subducting plate. The amount of
heat generated by dissipation in the layer increases with increasing layer viscosity,
increasing subduction velocity, and decreasing layer thickness. For a layer that is a few
kilometres thick and typical subduction velocities (5-10 cm/y), a viscosity of 10%°-10*' Pa
s is required within the layer to generate enough heat for slab melting [Oxburgh and
Turcotte, 1968; Minear and Toksoz, 1970; Hasebe et al., 1970; Toksoz et al., 1971].
Although high slab temperatures can be obtained, the surface heat flow profile predicted
by these models shows a narrow maximum between the trench and volcanic arc and a
decrease in heat flow into the backarc [e.g., McKenzie and Sclater, 1968]. This is
inconsistent with observations. In addition, Andrews and Sleep [1974] and Yuen et al.
[1978] argue the viscosity within the layer should decrease with increasing temperature;
with this feedback, a large amount of heat should not be generated.

Local heat sources were soon abandoned as the primary cause of high backarc
temperatures. The alternate hypothesis is that the entire mantle wedge is viscous, and

flow in the wedge can carry heat into the subduction zone. McKenzie [1969] suggested



CHAPTER 1: Introduction 5

that flow in the wedge is induced by viscous coupling between the subducting plate and
overlying mantle wedge. In this case, the lowermost part of the mantle wedge adjacent to
the slab is carried downward with the subducting slab, resulting in the flow of material
from the backarc toward the wedge corner at shallow depths. This flow pattern is called
“comer flow”. Andrews and Sleep [1974] developed the first numerical models to study
the thermal effects of corner flow. Using a temperature-dependent viscosity for the
wedge, they showed that this flow pattern could significantly elevate the temperature of
the mantle wedge and subducting slab near the volcanic arc. Modelling studies by
Toksoz and Hsui [1978), Bodri and Bodri [1978), Hsui and Toksoz [1979], and Hsui et al.

[1983] reached similar conclusions.

Recent Models

Slab-induced flow in the mantle wedge is now considered by many to be the
dominant mechanism for carrying heat into the mantle wedge. Many recent thermal
modelling studies have focussed on the mantle wedge near the volcanic arc (the wedge
corner), to reconcile the thermal models with the high temperatures required for arc
magma generation and to investigate the effects of induced flow on the thermal structure
of the subducting slab [e.g., Honda, 1985; Davies and Stevenson, 1992; Furukawa,
1993a, b; Peacock, 1996, Iwamori, 1997; Kincaid and Sacks, 1997, Peacock and Wang,
1999; Conder et al., 2002; van Keken et al., 2002; Kelemen et al., 2003; Currie et al.,
2004b). Contrary to the earliest ideas, geochemical studies of arc magmas have shown
that the subducting plate does not melt at most subduction zones [e.g., Gill, 1981; see
also Chapter 3). Instead, most arc magmas are concluded to be generated by partial
melting of the mantle wedge, induced by the infiltration of water and volatiles from the
underlying subducting plate as it dehydrates. With the careful choice of model boundary
conditions and the use of a realistic temperature- (and stress-) dependent rheology for the
mantle wedge, the modelled temperatures in the wedge corner can be brought into good
agreement with geochemical constraints on temperature [e.g., Honda, 1985; Furukawa,
1993a, b; van Keken et al., 2002, Kelemen et al., 2003]. However, as noted by fwamori

[1997], most of these studies assume high backarc temperatures as a pre-existing
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boundary condition on the models. Induced wedge flow is used as a mechanism to carry
the high temperatures from the backarc into the wedge comer, but the source of heat in

the backarc is not considered. The latter is one of the problems addressed in this thesis.

1.3 Thesis Objectives
This thesis study focusses on the thermal regime of subduction zones (forearcs

and backarcs) and its geological and geophysical consequences (e.g., earthquakes, arc

volcanoes). The three major research objectives are:

1. An examination of the factors that control forearc thermal structure. Numerical
models of the Mexico subduction zone are used to investigate the effect of
different subduction parameters on the temperature of the shallow (<40 km) part
of the thrust fault. The fault temperatures are then compared to the rupture area of
recent megathrust earthquakes along the Mexico subduction zone to evaluate the
hypothesis that the rupture area (i.e., the seismogenic zone) is limited to
temperatures between ~100°C and 350°C, with a transition zone that extends to
450°C. Although not discussed in detail, the results of these models are also
important for understanding temperature controls on phase changes within the
subducting slab, slab dehydration, slab earthquakes, and plate boundary stress
transfer.

2. A compilation of observational constraints on the thermal and flow structure of the
backarc regions. The thermal structure of the mantle wedge beneath the arc and
well into the backarc provides important constraints on backarc mantle flow and
the source of heat at a subduction zone. Both direct methods (e.g., arc magma
petrology, thermobarometry of backarc mantle xenoliths) and indirect methods
(e.g., surface heat flow, seismic velocity) are used to constrain backarc mantle
temperatures. The thermal structure of the Cascadia subduction zone is examined
in detail. Observations for other subduction zones are summarized to show that
nearly all backarcs, including those with no recent extension, are anomalously hot

for 100’s of kilometres behind the volcanic arc.
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Flow directions in the backarc mantle can be inferred using seismic
anisotropy observations. At the Cascadia subduction zone, the shear wave
splitting technique is used to study mantle anisotropy and thus constrain the
backarc asthenosphere flow regime. Shear wave splitting data from other
subduction zones are also reviewed.

3. An investigation of the thermal effects of mantle wedge flow. Given the
observational constraints on backarc thermal structure, numerical models are used
to examine the mantle wedge and backarc advective-convective regime that
maintains the inferred high backarc temperatures and to address the source of heat
in the backarc. Flow driven by viscous coupling between the subducting plate
and wedge (i.e., corner flow) is considered in detail. An initial study of flow

driven by thermally-induced density variations is also given.

1.4 Outline of Thesis

Following the objectives given above, this thesis is divided into three main parts.
After this introduction, Chapter 2 presents thermal models of the forearc regions of the
Mexico subduction zone to understand the factors that affect forearc temperatures and the
consequences of these temperatures for the megathrust earthquake seismogenic zone.

The next three chapters deal with observational constraints on the thermal
structure and mantle flow for subduction zone backarcs. The main study region is the
Cascadia subduction zone, where the thermal structure is well-constrained and where the
backarc has not undergone recent extension. Observations from other subduction zones
are also presented to illustrate general characteristics of subduction zone backarcs.
Chapter 3 provides a comprehensive discussion of the thermal structure of the northern
Cascadia backarc. The thermal structure for other subduction zones is reviewed in
Chapter 4, focussing primarily on backarcs that have not undergone extension. In
Chapter 5, shear wave splitting data for the Cascadia subduction zone is presented to
constrain mantle anisotropy and the mantle flow regime. These observations are

compared to shear wave splitting studies from other subduction zones.
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In the final part of the thesis, numerical models are used to investigate the thermal
effects of mantle wedge flow. Chapter 6 describes the numerical modelling procedure.
Models that include mantle wedge flow driven only by the subducting plate are given in
Chapter 7. For a reasonable range of model parameters and boundary conditions, it is
shown that this type of flow cannot satisfy observational constraints on thermal structure,
especially the uniform high temperatures in the backarc. An additional component of
mantle flow is required. In Chapter 8, preliminary models that include thermal
buoyancy as a driving force for flow are presented to show that such flow can carry a
significant amount of heat into the whole backarc. Given the numerical modelling
results, a conceptual model for mantle wedge dynamics is presented. The major
conclusions of this research are summarized in Chapter 9.

The appendices provide details about numerical tests that were carried out with
the numerical code used to model backarc mantle flow. Appendix A examines shear
flow in a viscous box. Appendix B assesses the numerical accuracy of the modelling
code for problems with a subduction geometry. Appendix C describes the results of tests
for the finite element meshes of the Cascadia and NE Japan subduction zones used in

Chapters 7 and 8.



CHAPTER 2
Thermal Models of the Mexico Subduction Zone

2.1 Introduction

The first part of this thesis focusses on the thermal structure of the forearc regions
of subduction zones, using the Mexico subduction zone as the main example. Two-
dimensional numerical models are developed to understand the factors that affect the
forearc thermal structure. Surface heat flow provides an independent constraint on
forearc temperatures. The numerical models can be used to look at thermal controls on
processes in the forearc and shallow part of the subducting plate (<40 km depth).

In this study, the primary application of the models is to the study of megathrust
earthquakes, which are the largest earthquakes in the world. These earthquakes rupture
the subduction thrust fault (the interface between the subducting and over-riding plates).
The Mexico subduction zone has experienced numerous megathrust earthquakes over the
last century. Some of the largest earthquakes in recent history are the 1985 My 8.1
Michoacan earthquake and the 1995 My 8.0 earthquake in the Jalisco region. Such
earthquakes pose a significant seismic hazard to the coastal regions of Mexico, as well as
areas considerably inland, including Mexico City.

Globally, it is observed that only a shallow portion of the subduction fault is
seismogenic, i.e., capable of producing earthquakes [e.g., Zhang and Schwartz, 1992;
Tichelaar and Ruff, 1993]. The seismogenic zone is bound at its updip and downdip
limits by regions that exhibit stable (aseismic) sliding (Figure 2.1). The transition from
stable sliding to stick slip marks a change in fault behaviour from velocity strengthening

to velocity weakening [e.g. Scholz, 1990]. Although a number of factors may control

This chapter forms the basis for the paper:
Currie, C.A., R.D. Hyndman, K. Wang, and V. Kostoglodov, Thermal models of
the Mexico subduction zone: Implications for the megathrust seismogenic zone,
Journal of Geophysical Research, 107(B12), 2370, doi: 10.1029/2001JB000886,
2002.
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Figure 2.1. The proposed thermal and compositional limits on the seismogenic zone of subduction thrust
faults [after Hyndman et al., 1997].

fault behaviour, it is hypothesized that temperature and rock composition provide the
primary controls on the width and location of the seismogenic zone [e.g., Zhang and
Schwartz, 1992; Tichelaar and Ruff, 1993; Hyndman and Wang, 1993; Hyndman et al.,
1997, Peacock and Hyndman, 1999].  Thus, the thermal models of the Mexico
subduction zone can be used to examine possible temperature controls on the megathrust
seismogenic zone.

The location of the seaward (updip) and landward (downdip) limits of the
seismogenic zone is critical for studies of seismic hazard. These limits define the
maximum earthquake rupture width, which is related to the maximum magnitude that
may be expected for the fault. The downdip limit is usually the closest approach of the
seismic source zone to near-coastal cities, and thus is important for ground shaking

hazard. The location of the updip limit is important for tsunami generation.

2.2 The Megathrust Seismogenic Zone
2.2.1 Temperature limits on the seismogenic zone

The presence of an updip aseismic zone has been attributed to the presence of
stable sliding unconsolidated and semi-consolidated sediments [Byrne et al., 1988;
Vrolijk, 1990]. There are many factors that affect sediment properties, including pore

fluid pressure, and physical and chemical changes in the sediments [e.g., Moore and
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Saffer, 2001]. One change that may be important is the dehydration of smectite clays to
illite and chlorite at temperatures between 100 and 150°C [Vrolijk, 1990; Wang, 1980].
Whether this change marks the updip limit of the seismogenic zone remains a question
[Marone et al., 2001; Saffer et al., 2001], and the thermal control on the frictional
behaviour of sediments along the updip part of subduction faults is a subject of active
research.

The downdip limit of the seismogenic zone is proposed to be limited by a
temperature of 350°C for some subduction zones [e.g., Hyndman and Wang, 1993].
Laboratory experiments show that quartzo-feldspathic continental rocks exhibit a
transition from velocity weakening to velocity strengthening at temperatures of 325-
350°C [Tse and Rice, 1986; Blanpied et al., 1995]. This temperature agrees well with the
maximum depth of earthquakes within continental crust [ Brace and Byerlee, 1970; Chen
and Molnar, 1983; Tse and Rice, 1986]. There may be a second temperature that limits
the maximum rupture depth of megathrust earthquakes, which were initiated at
temperatures less than 350°C. This second limit is proposed to be at about 450°C
[Hyndman and Wang, 1993], corresponding to a rapid increase of instantaneous frictional
stress in laboratory data [ 7se and Rice, 1986].

For SW Japan, Hyndman et al. [1995] showed that the proposed thermal limits are
consistent with both the coseismic rupture width and the seismogenic zone determined
through modelling of coseismic and interseismic crustal deformation. For the Cascadia
subduction zone, the proposed downdip thermal limit is consistent with interseismic
geodetic observations [Hyndman and Wang, 1993; Dragert et al., 1994; Wang et al.,
2003]. Both SW Japan and Cascadia have young subducting plates.

2.2.2 Alternative downdip limit: Serpentinized forearc mantle wedge

For subduction zones with older subducting plates, such as Chile and South
Alaska, Oleskevich et al. [1999] showed that the critical maximum temperatures are
reached at depths greater than 90 km, whereas the maximum depth of rupture is limited to
depths of 40-50 km [Tichelaar and Ruff, 1993]. The intersection of the thrust fault with

the continental Moho occurs at a depth of 40-50 km in these subduction zones, and thus it
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is suggested that the Moho intersection provides the maximum downdip limit to the
seismogenic zone [Ruff and Tichelaar, 1996]. One possible mechanism for generating
stable sliding behaviour of the fault below the continental Moho intersection is
serpentinization of the mantle wedge [Hyndman et al., 1997]. Dehydration reactions
within the subducting plate release water into the overlying forearc mantle wedge,
resulting in the formation of serpentine minerals and possibly other hydrous minerals,
such as talc and brucite [Peacock and Hyndman, 1999]. Laboratory studies indicate that
serpentinite generally exhibits stable sliding behaviour [e.g., Reinen, 2000]. Although
there are no laboratory studies of the sliding behaviour of talc and brucite, their layered
structure suggests that they are probably weak and aseismic. The existence of serpentine
within the mantle wedge is supported by thermal and petrologic models [e.g., Peacock,
1993], as well as a number of seismological observations [e.g., Suyehiro et al., 1996;

Kamiya and Kobayashi, 2000; Bostock et al., 2002; Hyndman and Peacock, 2003].

2.3 Modelling the Mexico Subduction Zone Thermal Structure

The proposed controls on the megathrust seismogenic zone are examined through
thermal modelling of the Mexico subduction zone, from the northern Rivera Plate
(~22°N) to the Tehuantepec Ridge on the Cocos Plate (~15°N) (Figure 2.2). Both
oceanic plates subduct beneath the North America Plate at the Middle America Trench,
located 50-70 km offshore Mexico. Two-dimensional numerical models have been
developed for four profiles oriented perpendicular to the Middle America Trench. These

are located in the Jalisco, Michoacan, Guerrero, and Oaxaca regions of Mexico.

2.3.1 Modelling approach
The heat equation is used to determine the thermal structure along each profile:

pe, %T— =V -(kVT)-pc,(v-VT)+Qy (2.1)

where T is the temperature, t is the time, k is the thermal conductivity, p is the density, ¢,

is the heat capacity, and v is the velocity field. The product pc, is the volumetric heat
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Figure 2.2. Tectonic map of Central America showing the location of the models: J, Jalisco; M, Michoacan; G,
Guerrero; O, Oaxaca. Triangles represent active volcanoes. The Trans-Mexico Volcanic Belt is located at
~20°N. Double lines are spreading centres. Dotted lines are fracture zones: RFZ, Rivera Fracture Zone; OFZ,
Orozco Fracture Zone; OGFZ, O'Gorman Fracture Zone; TR, Tehuantepec Ridge.

capacity. The term Qg represents the volumetric heat production and includes local heat
sources such as radiogenic heat production and frictional heating.

In the models below, the thermal regime is assumed to be in steady state
(0T/0t=0), and the thermal conductivity is assumed to be isotropic. Thus, the two-

dimensional temperature field for a horizontal distance (x) and depth (z) is given by:

The terms on the right-hand side of the equation represent heat conduction, heat
advection, and local heat production, respectively.

The above equation is solved numerically using the finite element method, with 8-
node isoparametric elements, following the approach described by Wang et al. [1995b].
Within each element the thermal properties (thermal conductivity, heat capacity, heat
production) are uniform, but the temperature may vary quadratically. For each model
profile, the finite element mesh contains 1404 elements and 4363 nodes. Each model

extends from 25 km seaward of the trench to 700 km landward of the trench. The upper
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boundary of the model is the surface of the Earth. The base of the model is arbitrarily
located 100 km below the top of the subducting plate.

Within the entire model, heat is transferred by conduction. In addition, the
subducting plate advectively carries heat landward and downward at a fixed subduction
rate. Flow within the mantle above the subducting plate was introduced, by prescribing
velocities to the wedge using the analytic solution for corner flow in a constant viscosity
mantle [Batchelor, 1967, see also Appendix B]. In this simple model, flow is restricted
to the region above the subducting plate and below the continental lithosphere-
asthenosphere boundary (taken at 55 km depth). The seaward limit of flow is a vertical
boundary located 20 km seaward of the volcanic arc, a limit suggested by a surface heat
flow transition [Ziagos et al., 1985]. Such flow transports heat from the backarc region
into the wedge. Similar to the model of Peacock and Wang [1999], heat is introduced
from the backarc through a continental geotherm at the landward boundary (700 km from
the trench) that yields a surface heat flow of 90 mW/mz, consistent with backarc heat
flow observations for this region [Ziagos et al., 1985]. As shown below, the thermal
effects of mantle wedge flow on the seismogenic part of the thrust fault are very small.

The upper boundary of the model has a fixed temperature of 0°C. The base of the
model is assigned a temperature of 1450°C, which approximates the mantle temperature
at a depth of ~100 km, following the Stein and Stein [1992] model for oceanic plate
cooling. Because this boundary is located far from the region of interest (shallow
subduction thrust fault), and because the thermal structure of the subducting plate is
dominated by advective heat transfer from the seaward boundary, model results are not
sensitive to the basal boundary condition.

The critical parameters for the thermal models are the geometry and age of the
oceanic plate, the thickness and deposition history of incoming sediments, and the
convergence rate. The thickness of the over-riding continental crust and the thermal
parameters (thermal conductivity and radioactive heat generation) of each rock unit must
also be assigned. Two additional factors of potentially first-order importance are
frictional heating along the thrust fault and hydrothermal circulation within the upper

incoming oceanic crust (see discussion below).
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2.3.2 Oceanic geotherm

The seaward boundary condition for the two-dimensional model is a one-
dimensional geotherm for the oceanic plate. There are several factors that control the
temperature-depth profile of an oceanic plate: 1) conductive cooling of the plate as it ages
away from its spreading ridge origin, 2) deposition of lower conductivity sediments on
top of the plate that slow the rate of cooling, 3) an increase in sediment thickness over
time, resulting in a transient cooler sediment column, 4) compaction of sediments with
increasing sedimentation, resulting in the expulsion of pore water, causing advective
upward heat transfer within the sediments, and 5) hydrothermal circulation in the upper
oceanic crust. In the following, the effects of hydrothermal circulation are neglected, but
will be discussed in Section 2.3.9. Following the approach of Wang and Davis [1992],
the oceanic geotherm is calculated by allowing the plate to cool from zero years to its age
at the trench, using the time-dependent sedimentation history and assuming the porosity-
depth profile of the sediment column does not change with time [Hutchison, 1985].

The Rivera and Cocos Plates are both young oceanic plates. Magnetic anomaly
lineations [Klitgord and Mammerickx, 1982] indicate a slight increase in plate age to the
southeast, from 11.5 Ma at the Jalisco profile to 15.5 Ma at the Oaxaca profile (Table
2.1). The age of the Cocos Plate changes discontinuously across fracture zones. Across
the Orozco and O’Gorman fracture zones, the change in age is less than 1 Ma

[Kostoglodov and Bandy, 1995]. However, the oceanic plate age increases by 10-25 Ma

Table 2.1. Oceanic plate parameters.

Margin-normal Plate dip at

Profile tl;l;::]f %;’1?1; convergence rate 15 km depth
(cm/yr) (degrees)
Jalisco 11.5 3.8 17.0
Michoacan 13.3 55 15.3
Guerrero A 13.1 5.8 15.3
Guerrero B 13.1 5.8 13.1

Qaxaca 15.5 6.1 11.3
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to the southeast across the Tehuantepec Ridge [Couch and Woodcock, 1981]. Such a
large discontinuity might become important for the thermal structure in the vicinity of the
Tehuantepec Ridge, as heat may be conducted along the margin to the southeast. Since
the Oaxaca profile is located ~160 km from the Tehuantepec Ridge, the effects of
margin-parallel heat transfer are assumed to be negligible.

Multichannel seismic reflection data shows that the northern Cocos Plate and the
Rivera Plate are covered with no more than 200 m of sediments [Michaud et al., 2000].
Seaward of the trench, the Cocos Plate between the Guerrero and Oaxaca profiles is
covered with 170-200 m of pelagic and hemipelagic sediments [Moore et al., 1982]. A
uniform sediment thickness of 200 m on the incoming oceanic plate was used for all
model profiles. Sediment deposition has occurred at a rate of 135 m/my over the last
0.78 my and at a rate of 3-30 m/my before that [Sheppard and McMillen, 1981]. Due to
the small sediment thickness, uncertainties in the thickness and deposition rate have little
effect on the oceanic crust thermal structure.

The calculated oceanic geotherms for each profile are shown on Figure 2.3. The

Oaxaca geotherm has a slightly shallower thermal gradient, due to the greater plate age.
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Figure 2.3. Oceanic geotherms for each profile. Also shown is the geotherm for the "cool crust" model for the
Guerrero profile to approximate the effects of hydrothermal circulation to a depth of 3 km, using a plate age of
13.1 Ma (see text for discussion).
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Despite the young age of the oceanic plates, the Mexico subduction zone is fairly cool
relative to the Cascadia and SW Japan subduction zones, which are of similar age [e.g.,
Wang et al., 1995a, b]. In the latter two regions, the oceanic plates are covered with 1.5
to 3.5 km of sediment, compared to ~200 m for the Mexico margin. The insulating effect
of the thicker sediments results in a warmer subducting plate. At the trench, the
temperature of the top of the oceanic plate is more than 200°C for the Cascadia
subduction zone [e.g., Hyndman and Wang, 1993], whereas the temperature is 30 to 50°C
for Mexico. The major uncertainty in the oceanic geotherms is the possible cooling of

the upper oceanic plate by hydrothermal circulation (see discussion below).

2.3.3 Oceanic plate geometry

For each profile, the geometry of the oceanic plate was defined using: 1) single
and multichannel seismic reflection data, 2) seismic refraction data, 3) Wadati-Benioff
earthquakes (assumed to occur about 5 km below the top of the oceanic plate), 4)
intermediate magnitude thrust earthquakes, and 5) large megathrust earthquakes and their
aftershocks. Data within 50 km of each profile was projected onto the cross-section, and
a best-fit line was determined using a low-order polynomial for the shallow plate profile
(Figure 2.4). At depths greater than 55 km, a constant plate dip was used. For all
profiles, the geometry is similar to that given by Pardo and Suarez [1993, 1995]. The
Jalisco profile also agrees well with the crustal structure determined through gravity
modelling [Bandy et al., 1999]. Estimated uncertainties in plate depth are 10%.

Between the Orozco and O’Gorman Fracture Zones, it has been proposed that the
Cocos Plate flattens for a distance of 125 km at ~50 km depth [e.g., Suarez et al., 1990;
Kostoglodov et al., 1996]. A line containing a subhorizontal section was fit to the data
(Figure 2.4). A second geometry was determined using a smooth downward curvature,
more consistent with the plate profiles to the north and south. Both profiles have a
similar shape in the upper 30 km. The shallow thermal structure (less than 30-40 km
depth) is not affected by the presence or absence of the subhorizontal region, as the

thermal structure is most sensitive to the shallow plate geometry (Figure 2.5)
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Figure 2.4. Geometry of the subduction thrust fault along each profile. Open squares are in-slab earthquakes
[Singh et al., 2000]; open circles are relocated earthquakes [Pardo and Suarez, 1995]; solid triangles are
seismic reflection data for Jalisco [Michaud et al., 2000]; open triangle is from seismic reflection data for
Oaxaca [Nava et al., 1988]. Locations of megathrust main shocks (open diamonds) and their aftershocks
(small grey circles) were given by Pacheco et al. [1997] for Jalisco, Stolte et al. [1986] for Michoacan, and
Singh et al. [2000] for Oaxaca. Bathymetry data were used to constrain the plate surface seaward of the trench

[Prol-Ledesma et al., 1989; Pardo and Suarez, 1995].

2.3.4 Continental crust thickness

The thickness of the continental crust defines the approximate location of the
Moho intersection with the thrust fault. The crustal thickness beneath Mexico has been
inferred from body and surface wave studies, seismic refraction surveys, and modelling

of gravity and magnetotelluric data. In the northern part of the study region, Gomberg et
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Figure 2.5. Variations in surface heat flow (top) and temperatures along the top of the subducting plate
(bottom) for the Guerrero profile for two different plate geometries. There is no shear heating in the models.
The heat flow measurements are from Ziagos et al. [1985].

al. {1989] and Bandy et al. {1999 and references therein] propose a crustal thickness of
36 to 40 km. To the south, crustal thickness studies give values of 33 km [Couch and
Woodcock, 1981], 44 km [Arzate et al., 1993], 45+4 km [Valdes et al., 1986], and 50 km
[Helsley et al., 1975]. In the models, a crustal thickness of 40 km was used for all
profiles.

2.3.5 Convergence rate

The convergence rate of the Cocos Plate ranges from 5 cm/yr in the northwest to
more than 7 cm/yr in the southeast [DeMets and Wilson, 1997]. The margin-normal
component of convergence is given in Table 2.1. The Rivera-North America
convergence rate is much more uncertain, with estimates ranging from 2 to 5 cm/yr [e.g.,

Kostoglodov and Bandy, 1995]. The most recent plate motion studies that use data from
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the last 0.78 my give convergence rates between 3.3 and 4.3 cm/yr along the Jalisco
profile [DeMets and Wilson, 1997; Bandy et al., 1998; DeMets and Traylen, 2000]. A
steady-state convergence velocity of 3.8 cm/yr is used in the models. Variations of 0.5
cm/yr have little effect on the subduction thrust temperatures, as shown in Section 2.3.7.
DeMets and Traylen [2000] suggest that the convergence history of the Rivera
Plate is quite complex and variable over the past 10 my. On the basis of magnetic
lineations, they propose the cessation or near-cessation of convergence between 2.6 and
1.0 Ma. Time-dependent thermal models containing the convergence history of DeMets
and Traylen [2000] show that the effect on the present thermal structure is minimal, and
therefore the model results are not presented here. If a 1.6 my hiatus in subduction is
introduced, the temperature of the top of the subducting plate increases slightly, and the
locations of the 350°C and 450°C isotherms are shifted ~7 km seaward of their steady-

state positions.

2.3.6 Thermal parameters

Each of the two-dimensional models has four units: oceanic plate, sediments,
continental crust, and mantle wedge. The thermal conductivity of the entire continental
crust is taken as 2.5 W m” K'' (Table 2.2). This is a reasonable value for continental
crust material [e.g., Peacock and Wang, 1999] and is consistent with that measured

during continental heat flow studies of Mexico [Smith et al., 1979; Ziagos et al., 1985].

Table 2.2. Parameters for thermal model units.

Model unit Th(ilil;;ess coril(;flrc:z:il}y Ra[()]::))(gl‘::lt?ol:neat I-(I;E; f;‘%’*;g‘f)y
(Wm™ K") (PW/m’)

Sediments 0.200 1.0-2.0 1.0 -
Upper crust 15 25 13 --
Lower crust 25 25 0.27 -

Mantle wedge -- 3.1 0.02 33

Oceanic plate 100 29 0.02 33
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Although there may be localized regions of the crust with varying conductivity, it is only
the large-scale crustal conductivity that is of importance in the current study. The upper
15 km of the continental crust is assigned a radioactive heat generation of 1.3 pW/m3,
while the lower 25 km is 0.27 uW/m’. These are typical continental values and reflect
the roughly exponential decrease in radioactive heat production with depth [e.g.,
discussion by Peacock and Wang, 1999]. These values are also comparable with
measurements by Ziagos et al. [1985] which gave values of 1.3+0.6 WW/m? for the upper
4 km.

The accretionary prism and sediments have conductivities that increase landward
and with depth from 1.0 W m™ K at the seafloor to 2.0 W m™ K at 10 km depth,
following Oleskevich et al. [1999]. The seafloor value is consistent with marine heat
flow measurements in this area [e.g., Vacquier et al., 1967; Prol-Ledesma et al., 1989].
A uniform radiogenic heat production of 1.0 wW/m’ is assigned to the accretionary prism
and sediments, which is similar to the average upper continental source rock for the
sediments.

Parameter values for the mantle wedge and oceanic plate are those used in
previous modelling studies [e.g., Hyndman and Wang, 1993, 1995; Oleskevich et al.,
1999]. A conductivity of 2.9 and 3.1 W m” K is assigned to the oceanic plate and
mantle, respectively. Both units have a radioactive heat generation of 0.02 p‘W/m3 and a
volumetric heat capacity of 3.3 MJ m™ K. Reasonable variations in these values have

only a small effect on the thermal structure [e.g., Wang et al., 1995a].

2.3.7 Parameter sensitivity analysis

A series of parameter sensitivity tests were carried out to examine the effect of
each of the above model parameters on the forearc thermal structure. For the tests, the
Michoacan model geometry and parameters are used. Mantle wedge corner flow is not
included, except in the first set of tests that examine the effects of flow. The sensitivity
of each parameter was assessed by looking at the effect on surface heat flow and

temperatures along the subduction thrust fault.
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Mantle wedge flow

The effects of isoviscous mantle wedge corner flow were examined by comparing
models with no flow to those with varying amounts of flow (Figure 2.6). The maximum
seaward extent of flow is ~210 km from the trench, well landward of the shallow thrust
fault. Mantle wedge flow has only a small effect on the thermal structure of the forearc
region. The subduction thrust temperature is increased by a maximum of 6°C at the 40
km depth with the introduction of flow. The temperatures and heat flow in the backarc
are significantly increased by even a small amount of flow. See Chapter 7 for a more
detailed examination of the effects of mantle wedge flow on the backarc thermal

structure.
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Figure 2.6. The effect of mantle wedge corner flow on the heat flow (top) and temperatures along the top of the
subducting plate (bottom). Models with no flow and with flow at 0.5, 1 and 2 times the subducting rate were
tested.
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Subducting plate age

The age of the subducting plate has a significant effect on the forearc heat flow
and subduction fault temperatures, for plates less than 25 my old (Figure 2.7). Younger
plates are much hotter and produce a higher heat flow over the forearc regions. The
effect of plate age decreases as the plate gets older. For plates older than ~50 Ma,
variations of 10 Ma in age produce only small variations in the forearc thermal structure
(not shown). For the Mexico subduction zone, the plate age is 11.5-15.5 Ma, with an
estimated uncertainty of 2-3 Ma. Thus, the uncertainty in thrust fault temperature at the
Moho (40 km depth) is ~30°C, with decreasing uncertainty updip.

Sediment thickness
The effects of sediment thickness on the incoming plate were examined for

thicknesses between 0 and 3000 m. The sedimentation rate was assumed to be constant
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Figure 2.7. Heat flow (top) and temperatures along the top of the subducting plate (bottom) for models with
subducting plate ages of 5,10, 15,20,and 25 Ma.
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over the age of the plate (13.3 Ma). Due to the low thermal conductivity of the
sediments, the sediment cover acts to insulate the plate. The temperatures at the top of
the subducting plate increase as the sediment thickness increases (Figure 2.8). Sediment
cover has the largest effect (>50°C) for thicknesses greater than 1 km. The thin 200 m

sediment cover offshore Mexico has only a small effect on plate surface temperatures.

Subducting plate geometry

The effects of plate geometry were examined by varying the plate dip by £20% of
the preferred Michoacan geometry (Figure 2.9). With the shallower plate dip (-20%),
forearc heat flow is slightly (<5 mW/m?) higher than that for the preferred geometry. At
a given distance from the trench, subduction thrust fault temperatures are lower for plates
with a shallower dip, as these plates reach this distance in a shorter amount of time and

thus experience less heating from the surrounding material. Conversely, at a given depth,
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Figure 2.8. Effect of incoming sediment thickness on the heat flow (top) and temperatures along the top of the

subducting plate (bottom). Sediment thicknesses of 0, 200, 500, 1000, and 3000 m are used. For each
thickness, the sedimentation rate is assumed to be constant over the age of the plate (13.3 Ma).
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plates with a shallower plate dip are slightly hotter, due to the longer time taken to reach
this depth. For variations in plate dip of 20%, these effects are very small. At the
continental Moho intersection (40 km depth), the subduction thrust temperature varies by

less than 15°C for the range of plate profiles examined.

Continental crust thickness

The thickness of the continental crust has a direct effect on the location of the
intersection of the thrust fault with the continental Moho, but has a negligible effect on
the thermal structure of the forearc. For a crustal thickness between 30 and 50 km, the
variation in shallow (<40 km) thrust fault temperature is less than 5°C, and forearc heat
flow varies by less than 2 mW/m?. Slightly higher backarc heat flow is observed for a
thicker crust, due to the higher radiogenic heat production assumed in the deep crust

compared to the upper mantle.
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Figure 2.9. Heat flow (top) and temperatures along the top of the subducting plate (bottom) for variations in

the dip of the subducting plate between -20% and +20% of the best-fit Michoacan plate geometry. The
intersection of the thrust fault with the Moho (40 km depth) for each plate profile is indicated on the lower plot.
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Convergence rate

The rate at which the oceanic plate subducts has a significant effect on the forearc
thermal structure and the temperature of the subducting plate. Convergence rates
between 2 and 8 cm/yr were tested (Figure 2.10). A higher convergence rate produces a
cooler subducting plate surface and lower forearc heat flow, as cool material from the
surface is being injected into the Earth at a greater rate. For Mexico, convergence rates
are 3.8-6.1 cm/yr. An uncertainty of 0.5 cm/yr for each profile results in thrust fault

temperature variations of ~10°C at the Moho intersection.

Thermal parameters
The thermal conductivity of the continental crust can vary with both composition
and temperature [e.g., Clauser and Huenges, 1995]. Most crustal rocks exhibit

conductivities between 2.0 and 3.0 W m™ K. In the models, a constant conductivity of
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Figure 2.10. The effect of subduction rate on the heat flow (top) and temperatures along the top of the
subducting plate (bottom).
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2.5 W m™ K was assumed. The reasonable variation of 0.5 W m™ K in the thermal
conductivity results in a change in the thrust fault temperature of less than 15°C at 40 km
depth and heat flow changes of less than 6 mW/m’ (Figure 2.11). Higher crustal
conductivities lead to lower thrust fault temperatures but higher surface heat flow.
Radiogenic heat production within the continental crust is fairly uncertain, especially at
depth, and may vary significantly over short distances. Variations in continental heat
generation by a factor of two significantly affect the surface heat flow, but only have a
small effect on the underlying thrust fault temperatures (Figure 2.11). Variations in the
thermal conductivity and radiogenic heat production of the offshore sediments were also
examined. Due to the small volume and limited spatial extent of the sediments, the

thermal parameters have only a small effect on the forearc temperatures.
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Figure 2.11, The effect of the thermal parameters of the continental crust (thermal conductivity and radiogenic
heat production) on the heat flow (top) and temperatures along the top of the subducting plate (bottom). The
standard model uses a thermal conductivity of 2.5 Wm™! K'! and radiogenic heat production of 1.3 pW/m? in
the upper 15 km of the crustand 0.27 w W/m? in the lower 25 km.
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Uncertainties for Mexico thermal models

As shown in the parameter sensitivity tests, the thermal structure of the forearc is
most sensitive to the age of the oceanic plate, the incoming sediment thickness, the
convergence rate and the plate geometry. For western Mexico, the first three parameters
are relatively well-constrained. The subducting plate profile is fairly uncertain,
particularly at depths greater than 30-40 km. However, a variation in plate dip of more
than 20% is required to produce significant changes in the temperature of the top of the
oceanic plate. This is much greater than the estimated uncertainty of 10% in the shallow
plate profile. While the values of the thermal parameters (thermal conductivity and
radioactive heat production) are relatively uncertain for the continental crust, reasonable
variations in these parameters have little effect on the temperature of the plate interface.
Uncertainties in mantle wedge flow dynamics and continental crust thickness have a
negligible effect on forearc temperatures.

Based on the estimated uncertainties of each of the above parameters for Mexico
and their effect on the thrust fault temperatures, the uncertainty in the position of the 100
and 150°C isotherms along the thrust fault is 15 km. The uncertainty in the location of
the 350°C and 450°C isotherms is 20 km. Two additional parameters that have a
significant effect on thrust fault temperatures are frictional heating and hydrothermal

circulation in the incoming oceanic crust. These are discussed in the next two sections.

2.3.8 Frictional heating

The temperature of the thrust fault may be affected by frictional heating [e.g., van
den Beukel and Wortel, 1987; Molnar and England, 1990; Dimitru, 1991]. Following the
procedure of van den Beukel and Wortel [1987] and Wang et al. [1995a, b}, frictional
heating is incorporated into the thermal models by dividing the fault interface into two
zones: a shallow region of brittle frictional sliding and a deeper region of ductile shear.
In the brittle region, the shear stress along the fault is given by Byerlee’s law of friction
[Byerlee, 1978]. The shear stress (1) increases with depth, due to the increase in normal

stress, approximated by the load of the overlying rock column:
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t=0.85pgz(1-1) (23)
where is the p average density of the continental crust (taken to be 2750 kg/m?), g is the
gravitational acceleration, z is the depth along the fault, and A is the pore pressure ratio,
defined as (psrpa)/(pi-pa) , Where pg, p1, and pg are the pore fluid pressure, lithostatic
pressure and pressure at the Earth’s surface, respectively. The pore pressure ratio is
assumed to be constant with depth. A decrease in the pore pressure ratio corresponds to
an increase in shear stress (and frictional heating).

In the deeper plastic regime, the magnitude of shear heating is related to the
viscous shear stress (1) along the fault, determined from the strain rate (£) for a power
law rheology:

¢ = A(21)"exp(~ Q/RT) 2.4)
where, A, Q, and n are experimentally-determined parameters for a given rock type, and
R is the universal gas constant. In the models, the rheological parameters for diabase are
used [Caristan, 1982]. In the plastic regime, the heat generated from shear heating is
non-linear, due to the dependence of shear stress on the temperature. The magnitude of
shear stress decreases with depth, due to increasing temperature. Therefore, the
maximum shear stress is found at the transition between brittle and ductile behaviour.
This transition is temperature-dependent, and thus, an iterative approach is used in the
modelling, following Wang et al. [1995b].

In the models, frictional heating is incorporated as a volumetric heat source (Qy in
Equations 2.1 and 2.2). For the brittle regime, the amount of heat generated per unit
fault area is:

Q=1v (2.5)
where v is the sliding velocity. In the ductile regime, the amount of heat generated per
unit volume is:

Q, =1¢ (2.6)
In the numerical implementation, the brittle frictional heat is converted into a volumetric
heat source by assuming that the shear stress is distributed within a thin, 500 m layer

above the subduction thrust fault. The volumetric heat production for this layer can be
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calculated using Equation 2.6, with £ = v/w, where v is the subduction velocity and w is
the layer thickness (500 m).

The amount of frictional heating along the thrust fault is controlled by varying the
pore pressure ratio. Figure 2.12 illustrates the effect of frictional heating for pore
pressure ratios of 0.9 to 1.0 (no heating). Two different maximum depths for frictional
heating were tested: heating to the Moho (40 km depth) or heating to the seaward limit of
mantle wedge flow (~90 km depth along plate surface). At depths shallower than 40 km,
the temperatures along the thrust fault are similar for each approach. Frictional heating
has a significant effect on thrust fault temperatures, with an increase in the deep fault
temperatures by over 100°C at 40 km depth for models with a pore pressure ratio of 0.9.
Over the reasonable range of frictional heating, surface heat flow varies by only 10

mW/mz, making it difficult to constrain the magnitude of frictional heating from surface

heat flow measurements.
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Figure 2.12. The heat flow (top) and temperatures along the top of the subducting plate (bottom) for models
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0.96,0.98, and 1.0 (no heating) were tested. Mantle wedge flow was not included in the models.
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In the models below, the maximum depth of frictional heating is 40 km (the Moho
intersection). Below this, the fault interface is inferred to be in contact with the
serpentinized mantle wedge, which is believed to be too weak to allow significant
frictional heating. As the incoming oceanic crust at the Mexico subduction zone is cool
for all four regions, the brittle-ductile transition along the subduction thrust fault occurs at
depths greater than 30 km, and frictional heating may not be negligible. Figure 2.13
illustrates the effects of frictional heating on the temperatures of the top of the subducting
plate for pore pressure ratios of 0.9, 0.94 and 1.0 for each profile. The large peak in the
temperature profile near the Moho intersection is a result of the termination of frictional
heating at this depth.

Decreasing the pore pressure ratio from 1.0 to 0.9 corresponds to an increase in
average shear stress along the fault from 0 to 31 MPa, or an effective coefficient of
friction (defined by the ratio of the shear to normal stresses along the fault) from 0 to
0.068. These are within the ranges determined in previous studies of subduction thrust
faults [e.g., van den Beukel and Wortel, 1987, Wang et al., 1995a, b; Wang and He,
1999]. Observations of low heat flow over most forearcs suggest that frictional heating
along the thrust fault is relatively low [e.g., Wang et al., 1995b; Peacock, 1996; von
Herzen et al., 2001]. Low frictional coupling is also implied by stress data from the
Cascadia and Nankai (SW Japan) forearcs [Wang et al., 1995b; Wang and He, 1999].
For Cascadia, focal mechanisms from crustal earthquakes [Wang et al., 1995b and
references therein] indicate that the margin-normal component of stress is similar in
magnitude to the lithostatic (vertical) stress, suggesting a very weak, low friction fault.

The effect of frictional heating at shallow depths (< 20 km) is quite small. Witha
pore pressure ratio of 0.9, the 100°C and 150°C isotherms are shifted a maximum of 10
km seaward from models without frictional heating. The inclusion of the maximum
amount of frictional heating results in a seaward shift of the 350°C isotherm of 23 km
(Jalisco) to 89 km (Oaxaca) from its position in models with no frictional heating. The

position of the 450°C isotherm is shifted seaward by 30 km (Jalisco) to 170 km (Oaxaca).
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Figure 2.13. Surface heat flow (top) and temperatures along the top of the subducting plate for varying
amounts of frictional heating. The dashed line indicates no frictional heating, the solid line is medium frictional
heating (A 0f0.94) and the thick dashed line is high frictional heating (A 0f0.90). The peak in the temperature
profile near the Moho intersection occurs because frictional heating was only included to this depth. The dotted
lines indicate models with hydrothermal circulation within the upper 3 km of the oceanic plate (thin dotted line
is amodel with no frictional heating; thicker dotted line is a model with medium frictional heating). The rupture
widths of past megathrust earthquakes are shown for each profile. The Guerrero profile uses the Guerrero B
geometry. Heat flow data are from Ziagos et al. [1985] (circles) and Prol-Ledesma et al. [1989] (squares).



CHAPTER 2: Thermal Models of the Mexico Subduction Zone 33

Frictional heating has the largest effect for profiles with a high convergence rate and
shallow plate dip (e.g., the Oaxaca profile). At 40 km depth, the thrust fault along the
Oaxaca profile is 200°C warmer with the addition of frictional heating, compared to an
increase of ~120°C for Jalisco. The amount of frictional heating provides the major

uncertainty in the models, particularly for the deep (> 20 km) temperatures.

2.3.9 Hydrothermal circulation in the incoming oceanic crust

An additional uncertainty in the shallow thrust temperatures comes from possible
hydrothermal circulation within the upper oceanic plate. Marine heat flow studies have
shown that the heat flow near the trench offshore Mexico is lower than that predicted for
a simple conductively cooling oceanic plate overlain by sediments (Figure 2.13). This
suggests that hydrothermal circulation in the upper oceanic crust may occur in this
region. This mechanism has been used to explain the anomalously low heat flow values
observed offshore Costa Rica [Langseth and Silver, 1996; Harris and Wang, 2002].

A “cool crust” thermal model was developed to approximate the effects of
hydrothermal circulation, using the method of Langseth and Silver [1996] and Harris and
Wang [2002]. In the model, the oceanic geotherm contains a 3 km thick convectively
cooled layer that produces a surface heat flow of 30 mW/m? consistent with the
observations (Figure 2.3). This model examines the maximum thermal effects on the
shallow thrust fault and may not accurately model the deep temperatures. The effect on
the surface heat flow is confined to the regions near the deformation front (Figure 2.13).
At distances greater than 100 km, the resulting surface heat flow is indistinguishable from
the original models. With hydrothermal cooling to a depth of 3 km, the location of the
100°C and 150°C isotherms are shifted approximately 10 km landward. For
hydrothermal cooling to depths less than 3 km, the landward shift is less.

2.4 Surface Heat Flow Observations
As shown above, a major uncertainty in the thermal models is the amount of
frictional heating, especially at depths greater than 20 km. Hydrothermal circulation has

a large effect on the shallow thrust temperatures. An independent constraint on the
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thermal models comes from surface heat flow observations (Figures 2.13). Low values
of heat flow observed near the trench on the Michoacan and Oaxaca profiles are better fit
by models containing the effects of ocean crust hydrothermal circulation. For all models,
the forearc has a modelled heat flow of 40-50 mW/m?, which is slightly larger than most
of the borehole heat flow measurements by Ziagos et al. [1985]. The surface heat flow is
highly dependent on the amount of radioactive heat generation in the continental crust.
By reducing the crustal heat generation, the modelled values will better fit the
observations, with little impact on the thrust fault temperatures (e.g., Figure 2.11).

However, the observed heat flow values have large uncertainties. The boreholes
used were very shallow (many were less than 200 m depth). Few thermal conductivity
measurements were taken for each hole, and steep topography at many sites required a
terrain correction to the data, further increasing the uncertainty. In addition, the complex
geological setting of Mexico results in small-scale lateral variations in surface heat flow
due to local geological or hydrogeological effects [ Prol-Ledesma, 1991]. For example, in
the forearc near the Jalisco profile, heat flow values of 13 and 180 mW/m” were recorded
within 200 km of each other [Ziagos et al., 1985]. On the basis of these factors, an
average uncertainty of 20% was assigned to each heat flow observation.

The introduction of a reasonable amount of frictional heating results in a surface
heat flow increase of less than 10 mW/m? (Figures 2.12, 2.13). Given the present state
of forearc heat flow data and uncertain radioactive heat generation, the existing data
cannot constrain the magnitude of frictional heating. The observations suggest that
frictional heating must be small but do not exclude it. Future continental heat flow and
radioactive heat generation studies in Mexico to constrain thrust temperatures should
focus on the continental shelf and coastal areas, as these regions are most sensitive to
frictional heating along the fault.

With the simple model of comner flow within the mantle wedge, an increase in
heat flow is observed near the volcanic arc (Figures 2.6, 2.13). This is consistent with
the increase in heat flow documented by Ziagos et al. [1985] over the Trans-Mexico
Volcanic Belt. However, the observed sharp increase from the forearc to the backarc is

not reproduced in the models. This abrupt transition is likely due to near-surface
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processes associated with volcanism, such as a magma emplacement, which are not
included in the models. The modelled backarc heat flow is consistently lower than the
observed values. Heat flow in the backarc is the result of a number of complex
processes, including mantle wedge circulation and magma migration, as discussed in later
chapters. The effects of such processes on the seismogenic zone (more than 150 km

away) are small.

2.5 Past Megathrust Earthquakes

The thermal models can be compared to the rupture widths of past megathrust
earthquakes to investigate possible thermal controls on the seismogenic zone. Below,
recent well-studied earthquakes near each profile are described. Several types of
observations are used to constrain the rupture area. The updip and downdip limits of
rupture can be determined through waveform modelling of megathrust earthquake data,
as well as the distribution of aftershocks. On-land geodetic measurements (e.g., GPS
data) taken before and after the earthquake can be used to delineate the downdip limit of
rupture. The updip limit of rupture can be better constrained through modelling of the

tsunami wave generated by the earthquake.

2.5.1 Jalisco

On June 3 and 18, 1932, two earthquakes occurred north of the proposed Rivera-
Cocos Plate boundary (Ms 8.2 and 7.8, respectively). Aftershocks from these
earthquakes have a seaward limit 10-15 km from the trench, and extend to 90-95 km from
the trench [Singh et al., 1985]. In 1995, an My 8.0 earthquake occurred in the southemn
part of this region (Figure 2.14a). The majority of aftershocks for this earthquake were
located between 20 and 100 km from the trench [Packeco et al., 1997]. As the
aftershocks were located using a local station array and a local velocity model, the
location uncertainty is estimated to be +5 km. The aftershock area is in good agreement
with the results of waveform modelling that determined a nearly rectangular rupture area,
oriented parallel to the Middle America trench, with a margin-normal width of 90 km
[Mendoza and Hartzell, 1999].
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Figure 2.14. Comparison of the aftershock areas of recent megathrust earthquakes with the thermal modetl
results for each region. The year of each earthquake is given (with the magnitude in brackets). (a) The 11-day
aftershocks for the 1995 Jalisco earthquake [Pacheco et al., 1997]; (b) 11-day aftershocks for the 1985
Michoacan earthquakes [UNAM Seismology Group, 1986], also shown are rupture areas and magnitudes of
past earthquakes in this region [after Kostoglodov and Pacheco, 1999]; (c) 1962 earthquakes rupture limits
from tsunami modelling [Ortiz er al., 2000a] and from the poorly constrained aftershock distribution
[Kostoglodov and Pacheco, 1999]; and (d) 33-day aftershocks for the 1978 Oaxaca earthquake [Stewart et al.,
1981]. The shaded bars represent the range in the position of the 100 and 350° C isotherms, based on the models
shown in Figure 2.13. The solid lines indicates the positions of these isotherms for the preferred model. The
dashedline shows the Moho intersection at 40 km depth.

Geodetic observations provide additional constraints on the updip and downdip
limits of rupture. Modelling of tsunami records from two local tide gauges indicates that
the maximum seafloor uplift was located 24 + 5 km from the trench [Ortiz et al., 2000b].
The downdip limit was constrained through GPS observations from a dense GPS network
located directly onshore. Both Melbourne et al. [1997] and Hutton et al. [2001] were
able to fit GPS observations with heterogeneous coseismic slip along the thrust fault to a
depth of ~23 km using an elastic model. This corresponds to a downdip limit located 90
km from the trench.
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Based primarily on the relocated aftershocks for the 1995 earthquake [Pacheco et
al., 1997], the seismic rupture width in the Jalisco region is taken to be 75 km, located
between 15 and 90 km from the trench (Figure 2.14a). Based on the good agreement

among the various types of observations, uncertainties in this width are small (<5 km).

2.5.2 Michoacan

On September 19, 1985, an My 8.1 earthquake occurred on the Michoacan
segment of the Cocos-North America interface (Figure 2.14b). This was followed two
days later by an My, 7.7 earthquake to the southeast. The majority of aftershocks for both
events were located between 40 and 120 km from the trench [UNAM Seismology Group,
1986; Stolte et al., 1986]. The width of the aftershock area is slightly narrower in the
northwest part of the September 19 rupture area, with the landward limit of the
aftershocks ~80 km from the trench. Waveform inversion of the September 19
earthquake indicates that slip occurred between depths of 6 and 39 km [Mendoza and
Hartzell, 1989], in good agreement with the aftershock rupture area. The locations of the
updip and downdip limits of rupture from both types of studies are relatively well-
constrained due to a close station spacing and the use of a locally-derived velocity model.
There are no published tsunami models constraining the updip limit of rupture of the
September 19 earthquake. However, distant stations recorded a tsunami with a very low
amplitude, which suggests that rupture did not extend all the way to the seafloor [UNAM
Seismology Group, 1986]. Based on the above studies, seismic rupture in the Michoacan

region appears to have occurred between 40 and 120 km from the trench (Figure 2.14b).

2.5.3 Guerrero

The region northwest of the Guerrero profile is referred to as the Guerrero Gap as
there have been no large megathrust earthquakes for at least 90 years [e.g., Ortiz et al.,
2000a]. However, southeast of the profile, there were two intermediate magnitude thrust
earthquakes in 1962 within eight days of each other, with magnitudes of 7.1 and 7.0.
Southeast of these earthquakes, there was a magnitude 7.8 earthquake in 1957. Although

the rupture area of these three earthquakes has been defined using the aftershock
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distribution (Figure 2.14c¢), this area has large uncertainties due to a poor regional station
distribution [Ortiz et al,, 2000a]. Modelling of the tsunamis generated by these
earthquakes has provided stronger constraints on the rupture area. The modelled updip
limit of all three earthquakes is located at 60 + 10 from the trench [Ortiz et al., 2000a].
The width of the 1962 rupture area is 35 km, while the width of the 1957 earthquake may
be as much as 70 km. Uncertainties in the downdip rupture limit are large, as this limit is

not constrained by tsunami observations.

2.5.4 Oaxaca

The Oaxaca profile passes through the rupture area of the 1978 My, 7.6 earthquake
(Figure 2.14d). The one-month aftershocks for this earthquake extend from 20 to 100
km from the trench [Singh et al., 1980; Stewart et al., 1981]. As the aftershocks were
located relative to the mainshock, the relative positions of each earthquake are very well-
constrained. In addition, the aftershocks extend well under the coast and were recorded
using a number of local portable seismic stations. Thus, the uncertainties in the absolute
lateral location of the group of aftershocks are likely less than +£5 km (J. Cassidy,

personal communication, 2002).

2.6 Mexico Seismogenic Zone
2.6.1 Comparison of rupture areas with the Moho intersection

The observed rupture widths for megathrust earthquakes near each profile are
shown on Figure 2.14. The intersection of the continental Moho with the subduction
fault may mark the maximum downdip limit to the seismogenic zone. As discussed
above, the continental crustal thickness is not well-resolved for the Mexico margin, with
estimates ranging from 33 to 50 km. The Moho intersection with the subduction fault
was taken to occur at a depth of 40 km. This corresponds to a lateral distance of 117 km
between the Moho intersection and the trench on the Jalisco profile, increasing to 160 km
on the Oaxaca profile, due to the shallower plate dip in the southeast. If the crust is as
thin as 33 km, the Moho intersection will be shifted seaward by 15 km (Jalisco) to 25 km
(Oaxaca). For a Moho at 50 km depth, the intersection with the fault will be shifted
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landward by 15 to 35 km. Thus, for all Moho depths, the observed earthquake rupture
areas in Jalisco, Guerrero and QOaxaca are updip of the intersection of the continental
Moho with the thrust fault. In the middle of the 1985 Michoacan earthquake rupture
area, observations suggest that rupture may have extended to the Moho. However, to the
northwest and southeast, rupture was much narrower and significantly updip of the Moho

intersection.

2.6.2 Comparison of rupture areas with the thermal models

A downdip change in properties along the thrust fault appears to limit the
downdip extent of rupture to depths shallower than the Moho intersection for the Mexico
subduction zone. The goal of this study is to determine if the observed rupture limits are
consistent with the hypothesis that temperature provides the primary control on the
sliding behaviour of the subduction thrust fault. As discussed in Section 2.2, the 100 and
350°C isotherms are taken to define the thermal limits on the seismogenic zone of the
thrust fault. Assuming that the proposed thermal limits are correct, it is necessary to
introduce a small amount of frictional heating to the thermal models of Mexico to be
consistent with the observed shallow downdip rupture limit. For models with no
frictional heating, the location of the 350°C isotherm is landward of the fault intersection
with the Moho and deeper than the observed rupture limit (Figure 2.13). If the
alternative hypothesis that the Moho intersection provides the maximum downdip limit of
the seismogenic zone is correct, the seismogenic zone width would be 100 to 145 km
along the Mexico margin, significantly wider than the observed rupture widths.

Thermal models that include a small amount of frictional heating, using a pore
pressure ratio of 0.94, provide the best agreement with the observed earthquake rupture
areas along the entire margin. This corresponds to an average shear stress of about 15
MPa, or an effective coefficient of friction of 0.041, consistent with estimates for other
subduction faults [e.g., van den Beukel and Wortel, 1987; Wang et al., 1995b; Wang and
He, 1999]. It is also consistent with a previous thermal model for Mexico that concludes
that frictional heating must be fairly small at shallow depths [Ziagos et al., 1985]. Most
subduction thrust faults are believed to be weak. Wang et al. [1995a, b] assumed
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negligible frictional heating in Cascadia and SW Japan thermal models. For these
subduction zones, a pore pressure ratio of 0.94 leads to an average shear stress of less
than 7 MPa because the brittle part of the fault is confined to depths less than 20 km. The
thermal effect of this small shear stress is well within model uncertainties. Frictional
heating was not included in the thermal models of the South Alaska and Chile subduction
zones [Oleskevich et al., 1999]. For South Alaska and Chile, even with frictional heating,
the position of the 350°C isotherm is much deeper than the Moho intersection with the
thrust fault, and therefore does not change their conclusion that the downdip limit of
megathrust earthquakes in these regions may be limited by the Moho intersection.

Figure 2.15 shows the thermal models for each profile, using a pore pressure ratio
of 0.94. The temperature along the top of the oceanic plate at depths less than 20 km is
similar for all profiles. The intersection of the 100°C isotherm is 15 to 20 km landward
of the trench. The intersection of the 350°C isotherm is 92 km from the trench on the
Jalisco profile. It is further landward on the other profiles (~110 km). This is due to the
younger age of subducting crust, the slower convergence rate, and the steeper plate dip of
the Jalisco profile. The downdip transition zone is inferred to extend to the Moho
intersection for all profiles. The Moho intersection coincides with a temperature of
~450°C along the Jalisco, Guerrero, and Oaxaca profiles. The temperature at the Moho
intersection is ~380°C along the Michoacan profile, and thus the Moho intersection may
provide the downdip limit for the transition zone in this area.

Using the proposed thermal limits on the seismogenic zone, the above thermal
models give a seismogenic zone downdip width of 80 to 100 km along the margin
(Figure 2.16). There is a very good agreement between the well-constrained observed
downdip limit of rupture and the proposed downdip temperature limit of 350°C in the
Jalisco and Oaxaca regions. The agreement is poorer in the Michoacan and Guerrero
regions. The majority of seismic rupture of the 1985 Michoacan earthquakes occurred
further updip. The downdip limit of rupture in the Guerrero region is especially poorly

constrained, but aftershock observations suggest that it was also significantly updip of

the proposed thermal limit. The 1962 and 1957 earthquakes in the Guerrero region were
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Figure 2.15. Preferred thermal models for each profile (100°C isotherms). These models include frictional
heating (A 0f 0.94). The dark line indicates the proposed thermally-limited seismogenic zone; the grey line is
the transition zone. The dashed line is the top of the subducting oceanic plate, and the dotted line is the
continental Moho.
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quite small. As there are no large-scale differences in the factors controlling the thermal
structure between the four regions, it is possible that these earthquakes did not rupture the
entire downdip width of the proposed thermally-limited seismogenic zone.

The shallow fault temperatures are relatively unaffected by frictional heating, and
thus, in all models, the proposed updip limit of 100°C is in good agreement with the
observed seaward limit of rupture for the 1995 Jalisco and 1978 Oaxaca earthquakes.
The updip limit of rupture of the 1985 Michoacan earthquakes corresponds to a
temperature of ~150°C. In the Guerrero region, the updip rupture limit of the 1962
earthquakes, as determined through tsunami modelling, is at a temperature of over
200°C. With the inclusion of hydrothermal cooling, the fault temperatures are decreased,

and the observed updip rupture limits are more compatible with the proposed thermal

Figure 2.16. Map of the proposed thermally-defined seismogenic zone (darker shading). With no frictional
heating, the seismogenic zone may be limited by the intersection of the thrust fault with the continental Moho
(40 km depth). Also shown are the rupture areas of past megathrust earthquakes [modified from Kostoglodov
and Pacheco, 1999]. Earthquakes discussed in the text are labeled. The light region at the seaward end of the
Guerrero profile indicates the landward shift in the 100°C isotherm if hydrothermal circulation in the oceanic

plate isincluded.
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limit (Figure 2.16). The good agreement of the observed updip limit of rupture for most
of the megathrust earthquakes with the proposed thermal limit of 100-150°C suggests
that hydrothermal cooling is probably a local effect.

2.7 Conclusions

Two-dimensional, steady-state thermal models have been developed for four
cross-sections through the Mexico subduction zone. The primary factors controlling
forearc temperatures are the convergence rate, the subducting plate geometry, and the
thermal structure of the subducting plate, given by its age and sediment cover. Despite
the young age of the subducting Rivera and Cocos Plates, they are much cooler than
oceanic plates in other warm slab subduction zones, such as Cascadia and SW Japan.
This is primarily due to only a thin cover of insulating sediments on the oceanic plates.
The thin sediment cover may also allow hydrothermal circulation in the upper oceanic
crust, resulting in an even cooler plate surface.

Due to the cool subducting plate, the overall thermal structure of the Mexico
subduction zone is intermediate between subduction zones with young, hot oceanic plates
(e.g., Cascadia and SW Japan) and those with older oceanic plates (e.g., South Alaska
and Chile). The cool subducting plate surface means that the brittle part of the
subducting plate surface extends to depths of 30 to 40 km. When brittle friction occurs at
depths greater than 20 km, even a very weak fault may produce significant frictional
heating. The results of this study show that a small amount of frictional heating can have
a large effect on the thrust temperatures. The deep (30-40 km) part of the thrust fault can
be increased by over 100°C with the inclusion of only a small amount of frictional
heating. The effect of frictional heating is largest for areas that have a shallowly dipping
plate and a high convergence rate.

For the Mexico subduction zone, observations indicate that the megathrust
earthquake rupture is confined to depths less than 30 km, updip of the intersection of the
thrust fault with the continental Moho. If the downdip limit of rupture is controlled by a
temperature of 350°C, a small amount of frictional heating must be included in the

thermal models. The models that best fit the observed rupture along the entire margin use
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an average shear stress of 15 MPa, consistent with the conclusion of past studies of a
weak subduction fault and low frictional heating. The observed updip limit of coseismic
rupture, although poorly constrained, is in agreement with a thrust temperature of
~100°C for much of the margin. For all models, the proposed downdip thermal limit of
the seismogenic zone occurs landward of the coast, with a transition zone that extends up
to 100 km inland. This is important for seismic hazard studies for Mexico, as the seismic
source zone could underlie populated areas, if there is significant ground shaking

produced by slip in the transition zone.
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CHAPTER 3

Backarc Thermal Structure I — The Cascadia Subduction Zone

3.1 Introduction

The thermal structure of the forearc region is primarily controlled by the
subducting plate (see Chapter 2). As a result, forearcs are generally quite cool, as
reflected by the low surface heat flow (30 to 50 mW/m?) observed over nearly all
forearcs (e.g., data shown below and in Chapters 2 and 4). Heat flow and other thermal
indicators suggest a rapid change in the thermal structure that approximately coincides
with the location of the volcanic arc. Below the arc and well into the backarc regions,
mantle temperatures are inferred to be extremely hot (>1200°C at 50-60 km depth).

The remainder of this thesis study is devoted to the thermal regime of the mantle
wedge and backarc. This chapter begins with a summary of geochemical constraints on
the temperatures required for arc magmatism. Following this, the thermal structure of the
mantle wedge behind the volcanic arc is discussed. The thermal regime in this area is
critical for constraining mantle wedge dynamics. With the Cascadia subduction zone as
the example, different observations that can be used to constrain temperatures in the
backarc mantle are presented. The Cascadia subduction zone was chosen as the focus of
this research because the thermal structure is well-constrained, and there has been no
significant recent backarc extension.

In the next chapter, an overview of the thermal regime of other subduction zone
backarcs is presented. It is shown that high temperatures in the mantle wedge are not
localized at the volcanic arc, but extend 100’s to 1000°s of kilometres into the backarc for
nearly all subduction zones. Such high temperatures are contradictory to the expected
cooling effects of an underlying subducting plate. In later chapters, numerical models are
developed to investigate the backarc mantle flow regime that maintains these high

temperatures.
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3.2 Constraints from Arc Volcanics

One important indicator of mantle wedge temperatures comes from geochemical
and petrological studies of volcanic arc magmas. The existence of an active volcanic arc
at nearly all subduction zones requires high temperatures for magma generation. Studies
of arc magmas can place constraints on the temperature, pressure and composition in the
magma source region.

Geochemical and isotope analyses of magams indicate that limited slab melting
occurs in only a few subduction zones, e.g., the Aleutians, Chile, SW Japan, and
Cascadia. Magmas produced by slab melting (sometimes called adakites) show distinct
geochemical trends, including low Y and Yb concentrations, a very high Sr/Y ratio, and a
steep rare earth element (REE) pattern [Defant and Drummond, 1990]. Such
compositions appear to be restricted to regions with a young subducting plate (<25 Ma)
and slow subduction rate [Defant and Drummond, 1990; Peacock et al., 1994], or places
where a slab window is proposed [e.g., Johnston and Thorkelson, 1997]. Friction along
the subduction thrust fault may aid in heating the slab, but observations of low heat flow
over many forearcs suggest that frictional heating is generally very low [Peacock, 1996].
Thus, for most subduction zones, the subducting crust is likely too cold to melt beneath
the arc.

The composition of arc magmas can be used to constrain the mechanism for
magma generation. Arc magmas are geochemically distinct from mid-ocean ridge basalts
(MORB) in that they are predominantely calc-alkaline and have a much higher average
water content of 2-6 wt%; MORBSs are basaltic and contain <0.4wt% H,O [Ulmer, 2001,
Stern, 2002]. Relative to MORB, arc magmas are enriched in large ion lithophile
elements (LILE, e.g., Rb, K, Cs, Sr, Ba) and light REE (La, Ce, Nd), and are depleted in
heavy REE (Yb, Lu) and high field strength elements (HFSE, i.e., Nb, Ta, Zr, Hf).
Although widespread slab melting is ruled out, the presence of trace elements B, Be, Th
and Pb in arc magma indicates the involvement of subducted material in magma
generation [e.g., Morris et al., 1990]. In particular, arc magmas contain %Be, a
cosmogenic isotope that is produced in the atmosphere and has a short half-life (~1.5 my)

[e.g., Morris et al., 1990; Leeman, 1996]. Such a short half-life argues for very efficient
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and rapid magma generation and extrusion to the surface (<10 my from initial subduction
to extrusion, as '°Be is difficult to detect after ~6 half-lives). Together, these
observations suggest a two-component source for arc magmas: 1) a peridotitic
asthenosphere that has been depleted through previous melt extraction, such as at
spreading ridges, and 2) a slab-derived hydrous fluid that is enriched in LILE’s and light
REE’s [McCulloch and Gamble, 1993; Ulmer, 2001].

The current consensus is that arc magma is primarily produced by partial melting
of the mantle above the subducting plate, triggered by the infiltration of hydrous fluids
from that plate [e.g., Gill, 1981; Tatsumi et al., 1983; Tatsumi, 1986; McCulloch and
Gamble, 1993; Ulmer, 2001, Stern, 2002 and references therein]. With the introduction
of even a small amount of water (<1 wt%) into the wedge, the mantle solidus temperature
can be lowered significantly (more than 100°C) [Ulmer, 2001]. The source of water is
likely dehydration metamorphic reactions within the subducting crust and possibly
uppermost mantle, as they are subjected to increasing temperatures and pressures.

Early models suggested that magma generation was induced by one or two key
pressure-sensitive reactions, based on the apparent near-constant depth of the subducting
slab beneath many arcs (100-120 km) [Gill, 1981; Tatsumi, 1986]. Many studies focused
on the breakdown of amphibole, which dehydrates at pressures of 3.0 GPa (~95 km
depth) and temperatures of 1000-1100°C [Tatsumi, 1986; Davies and Stevenson, 1992;
Schmidt and Poli, 1998]. However, these models require a complicated series of
dehydration and hydration reactions to transport water to the sub-arc regions [e.g., Davies
and Stevenson, 1991] and do not adequately explain the observed geochemical
composition or water content in magmas [Schmidt and Poli, 1998]. More recent studies
have shown that dehydration of the slab does not occur as discrete pressure-sensitive
events, but instead occurs fairly continuously to great depths (>300 km for cold slabs),
with decreasing amounts of dehydration at greater depths [Peacock, 1990; Schmidt and
Poli, 1998]. In these models, it is the thermal structure of the mantle wedge that controls
the location of arc magma generation. Note that there is ongoing debate about how water

transported from the slab into the magma source region.
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Constraints on the mantle temperatures required for arc magmatism come from
experimental studies of magma/mantle equilibrium, i.e., the pressure-temperature-
composition conditions at which magma last equilibrated with mantle peridotite prior to
eruption. As more water is added to the mantle wedge, its solidus temperature will
decrease, but the composition of the melt will also change [Ulmer, 2001]. Although there
is some variation in water content and magma composition among different arcs, in
general, magma composition indicates the mantle below the arc is not completely water-
saturated (< 1 wt% H,0). With this amount of water, temperatures greater than 1200°C
are required in the uppermost mantle below the arc (35-50 km depth) for partial melting
[Ulmer, 2001]. There is some indication for temperatures above 1300°C at depths
greater than 50 km [Tatsumi et al., 1983; Ulmer, 2001; Kelemen et al., 2003 and
references therein]. These temperatures are in fair agreement with temperatures at the
base of arc crust from petrologic studies on sections of exposed lower crust. For exposed
sections in Pakistan and Alaska, metamorphic closure temperatures indicate temperatures
of 980-1030°C at ~1 GPa (~30 km depth) [Kelemen et al., 2003]. One important caveat
is that studies of magma equilibrium and crustal metamorphism may give temperatures
associated with transient movement of magma. However, Kelemen et al. [2003] argue
that regional high temperatures at shallow depths are required to explain the low seismic
velocities and high seismic attenuation observed below most arcs. In addition, the
longevity of arc magmatism at subduction zones requires an ongoing source of heat to
maintain high wedge temperatures.

Based on the above studies, the generation of arc magmas requires temperatures
of at least 1000°C at the base of the arc crust, and greater than 1200°C in the mantle
wedge below the arc. Most models assume that magma is generated in the wedge
directly below the volcanic arc, although lateral transport of magma from the source

region to the arc may occur.

3.3 Observational Techniques for Constraining Backarc Temperatures

Of greatest importance to this thesis study is the thermal structure of the backarc
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mantle, away from the volcanic arc. The thermal structure of the backarc can be

constrained using indirect methods and direct methods. These are summarized below.

3.3.1 Indirect methods

The primary indirect constraint on the backarc thermal structure is surface heat
flow; high heat flow generally indicates a high thermal gradient and high temperatures at
depth. However, near-surface radiogenic heat production has a significant effect on
surface heat flow and must be considered. Using measurements of surface heat flow and
near-surface radiogenic heat production, the deep thermal structure can be calculated
through downward extrapolation, assuming values for the thermal properties of the crust
and mantle at depth (see Section 3.6.3).

Other indirect methods for constraining the deep thermal structure use
measurements of temperature-sensitive properties of the crust and mantle. One key
measurement is seismic velocity. Seismic velocity is affected by both composition and
temperature. In the crust, composition provides the primary control on velocity. In the
mantle, the temperature effect dominates; velocity decreases with increasing temperature
[Goes et al., 2000 and references therein; Wiens and Smith, 2003]. Composition and
seismic anisotropy can be important second-order effects. P-wave and S-wave velocities
(Vp and Vs, respectively) in the backarc mantle can be constrained with regional and
global tomographic studies. The velocity of the uppermost mantle can also be
constrained using P, waves, i.e, P-waves that refract along the Moho. In addition,
observations of the Vp/Vg ratio and seismic attenuation (e.g., measurements of the
seismic quality factor, Q) can be used to constrain the presence of partial melt, and hence
high temperatures. Fluid/melt has a much larger effect on S-waves than on P-waves.

Surface heat flow and seismic velocity studies are the most common observations,
with data available for most regions. Other indirect methods that can be used to constrain
backarc temperatures are:

e the effective elastic thickness (T,) from studies of surface flexure using gravity

and topography; hotter regions will have a smaller elastic thickness, i.e.,

approximately the depth to the thermally-controlled brittle-ductile transition
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the depth to the base of the rigid lithosphere, as inferred from seismic and
electrical data; the base of the lithosphere is controlled by a critical temperature,
close to the solidus temperature of upper mantle minerals (usually taken as 1200-
1300°C)

the electrical conductivity in the lower crust and mantle; high conductivity may
indicate the presence of partial melt (and therefore high temperatures), although
this interpretation is non-unique because some crustal compositions and the
presence of water will also produce high conductivity

the maximum depth of earthquakes within the subducting and over-riding plates,
under the assumption that this is controlled by a critical temperature (typically
~350°C for continental crust)

the depth to the Curie temperature in the backarc crust from magnetic studies;
hotter regions have a shallower Curie temperature

studies of isostasy, using surface elevation, crustal thickness, and gravity
measurements. For a region in isostatic equilibrium, the elevation of the Earth’s
surface is determined by the crustal thickness, crustal density, and density of the
underlying mantle. If it can be shown that the surface elevation is too high for the
crustal thickness and crustal density, then a low-density mantle is required. Such
low densities may be related to the thermal expansion of the mantle due to high
temperatures.

estimates of the viscosity of the mantle from post-seismic relaxation, post-glacial
rebound and other observations; high temperatures result in a low mantle

viscosity. A discussion of backarc mantle viscosity is given in Chapter 8.

3.3.2 Direct methods

The main method to directly constrain the backarc thermal structure is through

thermobarometry measurements on xenoliths (samples of lower crustal or upper mantle

material that have been rapidly extruded to the surface). The mineral assemblages and

mineral compositions at the xenolith source region are “frozen” into the sample, due to
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the rapid transport to the surface. Estimates of the P-T conditions in the source region
can be obtained by looking at temperature- and pressure-sensitive chemical equilibria
among different minerals in the samples. Unfortunately, for regions with high
temperatures, the indicators used to determine pressure (e.g., garnet) are often not present
in the samples, and thus there are large uncertainties in the pressure determinations. For
cratons and other cool regions, the pressure is better constrained. Note that the xenoliths
provide only point measurements and may be biased by only providing information for
areas/conditions where xenoliths occur. Thus, they may not represent the present-day
regional thermal conditions.

Another direct indication of high mantle temperatures is the presence of basaltic
(i.e., mantle-derived) volcanics in the backarc, which suggest an upper mantle that is

close to its solidus temperature.

3.4 Cascadia Subduction Zone

The main study area for investigating the backarc thermal structure is the
Cascadia subduction zone (42-50°N), where the oceanic Juan de Fuca Plate subducts
beneath the continental North America Plate (Figure 3.1). The main Juan de Fuca Plate
is bounded on its north and south ends by two small, internally-deforming micro-plates,
the Explorer and Gorda Plates, respectively. The entire subduction system is limited by
the San Andreas fault system at the south and the Queen Charlotte fault at the north.
Both are large-scale mainly dextral, strike-slip faults that accommodate relative motion
between the North America and Pacific Plates.

The North America Plate is made up of the Cordillera mobile belt in the west and
the ancestral North America craton further east. The Cordillera is a mountainous belt that
extends from Alaska to Mexico. In western Canada, the Cordillera is divided into five
morphological belts [e.g., Gabrielse and Yorath, 1992]. From west to east, these are: 1)
the Insular Belt, 2) the Coast Plutonic Belt, 3) the Intermontane Belt, 4) the Omineca Belt
and 5) the Foreland Belt. The first four are primarily arc-related volcanic, plutonic and
sedimentary terranes that have been accreted to the western edge of the North America

craton since the Mesozoic. The Foreland Belt is composed of deformed shallow marine
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Figure 3.1. Map ofthe Cascadia subduction zone showing the main tectonic features. Solid triangles
are active volcanoes in the Cascade volcanic arc. Dashed lines show the terrane boundaries for the
northern part of the study area; dotted lines are international/provincial/state borders.

sedimentary rocks that overlie the relatively undeformed crystalline basement rock of the
ancestral North America craton. The eastern boundary of the Foreland Belt represents
the limit of Phanerozoic orogenic activity. FEast of this is the Western Canada
Sedimentary Basin, a region of nearly flat-lying sediments overlying the North America
craton. This ~5 km deep basin was created by the westward downwarping of the North
America craton as it was over-ridden by the Cordillera crust, followed by infilling with
sediments eroded from the adjacent Cordillera. The North America craton is exposed at
the Earth’s surface ~600 km northeast of the deformation front.

Subduction along the Cascadia margin has been continuous for nearly 200 my,
with tectonic activity extending back even further [e.g., Engebretson et al., 1985; Monger
and Price, 2002]. The western margin of the North America craton was formed by
rifting of the Rodinia supercontinent at ~750 Ma [e.g., Atwater, 1989; Gabrielse and
Yorath, 1992; Monger and Price, 2002]. For the next 400 my, this remained a passive
margin, likely similar to present-day eastern North America. At ~390 Ma, passive
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tectonics were replaced by convergence, and by 185 Ma, a single subduction margin was
established along the entire western margin of North America [Afwater, 1989]. Since
then, the offshore spreading centres have gradually approached the margin, resulting in
the fragmentation of the subducting plate into a number of smaller plates. Along some
parts of the margin, subduction has ceased altogether, being replaced by strike-slip faults
(e.g., the'San Andreas and Queen Charlotte fault systems).

This study focuses primarily on the northern part of the Cascadia subduction zone
(48-51°N), where there are numerous observations to constrain the thermal structure, and
where the backarc is tectonically quiescent. There are several major margin-parallel
strike-slip faults in the backarc, but geologic evidence suggests that the last motion along
these faults was in the early Cenozoic [Gabrielse, 1992]. The most recent significant
deformation was a short-lived (<10 my) extension event in the eastern Omineca Belt in
the Eocene (~50 Ma) (see Section 3.9). This region was also chosen because there is a
clear eastern limit to the backarc. This limit is concluded to coincide with the Rocky
Mountain Trench, the boundary between the Omineca Belt and Foreland Belt, based on
rapid changes lithosphere properties, thermal regime, and deformation styles across this
boundary [Lowe and Ranalli, 1993; Hyndman and Lewis, 1999; see also Section 3.8].

There are large differences in geological structure and Cenozoic tectonics in the
backarc south of ~48°N. However, heat flow and other temperature indicators suggest
that the thermal structure is similar to that in the north [e.g., Blackwell et al., 1990a, b;
Lowry and Smith, 1994]. The thermal regime of the southernmost Cascadia backarc is
complicated by both the proximity of the Yellowstone hotspot (44°N, 111°W) and
present-day extension in the Basin and Range Province. The eastern limit of the hot
backarc in this region also appears to be the stable North America craton, but this

boundary is not as well-defined as in the north.

3.5 General Observations

The Cascadia volcanic arc extends the length of the present subduction zone.
Recent volcanism includes the 1980 eruption of Mt. St. Helens and pyroclastic flows at

Lassen Peak between 1914 and 1917, illustrating that this arc is currently active.
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Petrological studies from the southernmost part of the arc (~42°N) give temperatures of
1300-1450°C between 36 and 66 km depth in the mantle [Elkins Tanton et al., 2001],
consistent with the estimates given above for arc volcanism at other subduction zones.

Numerous observations indicate that northern Cascadia backarc is extremely hot
for nearly 500 km east of the volcanic arc. Backarc seismicity is generally confined to
shallow depths (<15 km) [J. Ristau, personal communication, 2004]. The effective
elastic thickness is <20 km throughout the entire region [Flick et al., 2003]. Electrical
conductivity is very high throughout the lower crust and upper mantle of the southern
Canadian Cordillera [Majorowicz et al., 1993 and references therein]. Another indication
for a high temperature upper mantle is the presence of sporadic Cretaceous to Tertiary
basaltic volcanic centres throughout Cordillera, from Mexico to northern Canada (e.g.,
the Chilcotin basalt field) [ Wheeler and McFeely, 1991].

Below, five key observations are discussed in detail: 1) surface heat flow and
near-surface radiogenic heat production, 2) upper mantle seismic velocity, 3)
temperature-pressure data from upper mantle xenoliths, 4) thermal isostasy, and 5) depth

to the base of the lithosphere from seismic, xenolith and electrical data.

3.6 Surface Heat Flow and Heat Generation Observations
3.6.1 Surface heat flow

The Cascadia subduction zone is one of the most densely sampled regions for
surface heat flow (Figure 3.2). There are a total of 1675 heat flow values in this area;
203 in Canada and 1472 in the US (west of 114°W, north of 40°N). Data for
southwestern Canada are from compilations by Davis and Lewis [1984], Lewis et al.
[1988; 1992], Hyndman and Lewis [1999], and Fliick [2003]. The US data is from the
Global Heat Flow Data Base [Pollack et al., 1993; Global Heat Flow Database, 2004].
Note that some data for the offshore regions are not shown on Figure 3.2.

Heat flow data for Cascadia is generally of high quality, with estimated
uncertainties of 10-20% [Blackwell et al., 1990a, b; Hyndman and Lewis, 1995; Hyndman
and Lewis, 1999]. Perturbations in heat flow come from possible groundwater flow,

thermal refraction due to lateral variations in thermal conductivity, and uncorrected
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Heat Flow

Figure 3.2. Location of surface heat flow measurements for the Cascadia subduction zone. The dark line
shows the profile location. Solid triangles are active volcanoes.

variations in surface temperature history. The heat flow measurement accuracy is
affected by the borehole depth, and the number and quality of thermal conductivity
measurements at each site [Hyndman and Lewis, 1995].

Statistics of the heat flow values for the entire southwestern Canada heat flow
data set are given in Table 3.1 for each of the terranes. The high heat flow values (> 60
mW/m?) in the northern part of Vancouver Island were not included in the calculations
for the Insular Belt. These lie north of the projected edge of the subducting slab and may
be related to an underlying slab window [Lewis et al., 1997]. The present-day Cascade
volcanic arc passes through the centre of the Coast Plutonic Belt. Thus, this terrane was
divided into three regions: forearc, arc, and backarc. The arc region is defined as a 30 km
wide band, centred on the line of Tertiary volcanoes; the forearc is the region to the west;
the backarc is to the east. In addition, the easternmost Omineca Belt is considered as a
separate region (the Purcell Anticlinorium), as high thermal conductivity and high heat

flow in this area make it distinct from the rest of the Omineca Belt [Hyndman and Lewis,

1999].
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Table 3.1. Heat flow and heat generation for SW Canada.

2 Near surface heat Corrected

Region Heat Flow (mW/m’) generation (uW/m”) heat flow’
st. st. # st. st.

data 1 Gev. err. data " dev. ermr. 0 1.3

Offshore 6 500 9.5 4.2 0 -- -- -- - --

Insular 36 398 7.1 1.2 20 0.9 0.6 0.1 - --

North Van. Is. 12 743 266 7.1 9 0.8 04 01 - -
CPB? forearc 27 477 193 3.8 26 0.9 04 0.1 - --

CPB? arc 14 632 123 34 14 0.9 02 0.1 547 677
CPB’ backarc 11 705 157 5.0 8 0.8 05 02 629 759
Garibaldi 28 3757 5334 1057 5 0.7 03 02 -~ --
Intermontane 35 704 126 2.2 31 1.2 09 02 587 717
Omineca 29 872 223 4.2 23 3.2 1.5 03 553 683
Purcell S 1004 130 6.5 3 3.1 0.8 06 691 821

‘surface heat flow was corrected for differences in near-surface heat generation between the observed value
and two arbitrary values (0 pW/m’ and 1.3 pW/m’), assuming constant heat production in a 10 km thick
upper crustal layer.

“Coast Plutonic Belt

Figure 3.3a shows the surface heat flow within 200 km of a profile line through
the northern Cascadia subduction zone. Over the forearc, heat flow decreases from >50
mW/m? at the deformation front to a minimum of 20-30 mW/m” approximately 50 km
seaward of the volcanic arc. Similar forearc heat flow is observed to the south in
Washington and Oregon [Blackwell et al., 1990a, b]. Previous thermal modelling studies
have shown that low and eastward-decreasing forearc heat flow values are consistent with
subduction of the Juan de Fuca Plate [e.g. Hyndman and Wang, 1993; 1995; Wang et al.,
1995b]. The observed heat flow values suggest negligible frictional heating along the top
of the subducting plate [Wang et al., 1995b]. Numerical models, constrained by heat
flow data, indicate temperatures of 400-600°C in the forearc mantle wedge. Hydration of
the wedge by fluids released from the subducting plate can result in serpentinization of
the forearc mantle if temperatures are less than 700°C [Hyndman and Peacock, 2003].
Evidence of extensive serpentinization of the forearc mantle comes from seismic studies
[Bostock et al., 2002; Brocher et al., 2003] and other geophysical observations [Hyndman

and Peacock, 2003], confirming the presence of a cool forearc mantle wedge.
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Figure 3.3. a) Surface heat flow data and b) near-surface heat production data within 200 km of the profile
shown in Figure 3.2. The mean and standard deviation for each data block are also given. Symbols indicate the
terrane for each data point (see legend). The craton values are for the Superior province [Jaupart and

Mareschal, 1999].

Approximately 30 km seaward of the volcanic belt, an abrupt increase in surface
heat flow by a factor of two or more is observed. Detailed local heat flow studies show
that this increase occurs over a distance of 20 km in British Columbia, southern
Washington and Oregon [Lewis et al., 1988; Blackwell et al., 1990a, b]. In northern
Washington, the transition appears to be more gradual, due to either sparse data or local
geological/hydrological effects [Blackwell et al., 1990b]. On the profile shown in Figure
3.3a, this increase is smeared out due to the 400 km swath width and the oblique

orientation of the volcanic arc relative to the profile.
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Along the axis of the volcanic arc, heat flow exhibits considerable scatter, which
likely reflects local effects such as magma emplacement and groundwater flow driven by
steep topography [Lewis et al., 1992]. The local extrema appear to be super-imposed on
a regionally high heat flow. Away from the volcanic centres, the heat flow is 80 mW/m?
in British Columbia [Lewis et al., 1992], and 75-90 mW/m’ in Washington and Oregon
[Blackwell et al., 1990a; b]. A regional heat flow of ~80 mW/m? is consistent with the
high temperatures (>1300°C at >35 km depth) inferred from arc magma petrological
studies in southern Oregon [Elkins Tanton et al., 2001]. Along the profile, the average
arc heat flow is 63 mW/m? , excluding all data from the Garibaldi volcanic belt.

Surface heat flow remains high well into the backarc regions for the entire
Cascadia subduction zone. For northern Cascadia, the backarc surface heat flow shows
an eastward increase from ~72 mW/m? in the eastern Coast Plutonic Belt to ~100 mW/m’
in the Omineca Belt and Purcell Anticlinorium. As shown below, this increase appears to
be correlated with an eastward increase in the near-surface radiogenic heat production,
suggesting that there is little variation in deep heat flow across the region. In the
Washington and Oregon backarc, surface heat flow is generally 75-90 mW/m?, with
fluctuations attributed to variations in near-surface radiogenic heat production [Blackwell
et al., 1990a, b]. Over the Columbia Plateau, the average surface heat flow is 62 mW/m?
[Blackwell et al., 1990a, b]. This region is characterized by an unusually mafic crust.
Both low crustal radiogenic heat production associated with mafic rocks, as well as
evidence for groundwater flow, may contribute to the low heat flow values observed
here. The surface heat flow in southwest Oregon is generally high (~100 mW/m?). The
thermal regime in this region may be perturbed by the proximity of the currently

extending Basin and Range province.

3.6.2 Near-surface radiogenic heat production

Heat flow at the surface depends on 1) radiogenic heat production in the
uppermost crust, 2) radiogenic heat production in the deep crust and mantle, and 3) heat
flow from the deep mantle. For the northern Cascadia subduction zone, there are

numerous high quality measurements of near-surface heat production. These data are
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obtained from unweathered surface samples and borehole samples of representative
plutonic upper crustal rock types [e.g., Lewis et al., 1992]. Figure 3.3b shows values of
near-surface heat generation within 200 km of the profile line. Over the forearc and arc
region, heat production is ~1 pW/m’. Radiogenic heat production in the northern
Cascadia backarc increases eastward, from ~1 pW/m’ over the western Coast Plutonic
Belt and Intermontane Belt to over 3 pW/m® in the Omineca Belt.

There are 58 co-located heat flow and heat generation data points for the northern
backarc. A plot of heat flow and surface heat flow shows that sites with higher heat flow
are generally associated with higher heat generation (Figure 3.4). The near-linear
relationship between these parameters suggests that the backarc forms a single heat flow
province [e.g., Lachenbruch, 1968; Roy et al., 1968]. In this case, the observed heat flow
(q0) and near-surface heat generation (Ao) can be related by the linear equation:

q, =9, +DA, ' 3.1
where ¢, (the intercept) is the reduced heat flow and D (the slope) is the depth parameter.
A simple interpretation of this relation is that the observed heat flow within a heat flow
province can be decomposed into a constant heat flow (q;) from the deep crust and
mantle, and an uppermost crustal component that arises from lateral variations in the
concentration of radiogenic elements. The depth parameter (D) is related to the depth
scale for the upper crustal component.

For the Cascadia backarc data, the linear regression yields a depth parameter of
10.4+1.5 km and a reduced heat flow of 60.143.3 mW/m?®. These values agree well with
those obtained in previous studies for this region [Lewis et al., 1992; Hyndman and
Lewis, 1999; Fliick, 2003]. Note that the mean values for the heat flow and heat
generation from the northern Cascadia forearc regions (3819 mW/m? and 0.8£0.6
},LW/m3 , respectively) are well below the best-fit backarc line, indicating that the forearc
lies within a different heat flow province. )

For the backarc in Washington and Oregon (excluding the Basin and Range
region), the heat flow-heat production relation gives a reduced heat flow of 55-65 mW/m*

and a depth parameter of 10 km [Blackwell et al., 1990b]. An early analysis of heat flow
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Figure 3.4. Heat flow-heat generation plot for the northern Cascadia backarc. Solid symbols indicate the
mean values (with standard devation) for each region. The solid line is the best-fit line, with 95% confidence
limits. Also shown are the range of heat production and heat flow for Cascadia forearc sites.

and heat generation data from the Basin and Range region also yields a reduced heat flow
of 59 mW/m? and a depth parameter of 9.4 km [Roy et al., 1968]. This suggests that the
entire backarc region of the Cascadia subduction zone (including the Basin and Range)
forms a single heat flow province.

In the numerical models in Chapter 7, the model upper crust for the Cascadia
backarc has a uniform heat production of 1.3 pW/m’, over a 10 km thickness. This
thickness is similar to the depth parameter from the heat flow-heat generation
relationship. To facilitate comparison with the models, the observed heat flow has been
corrected to the model crustal heat generation, by correcting for heat flow differences
resulting from differences between the observed and model heat generation values. This

variation in upper crustal heat production has only a small effect on deep temperatures
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le.g., Hyndman and Lewis, 1999]. For heat flow sites without an associated heat
generation value, the average heat generation for that region (e.g., Figure 3.3) was used.
The corrected heat flow for the profile line is shown in Figure 3.5. After this correction,
the surface heat flow for the northern Cascadia backarc is quite constant, 75+15 mW/m?,

with a reduced heat flow of ~60 mW/m>.

3.6.3 Calculation of geotherms

Surface heat flow can be used to determine the temperature (T) as a function of
depth (z) for the northern Cascadia backarc. To calculate the geotherm, the one-
dimensional, steady-state, conductive heat equation is used (see Lowe and Ranalli [1993]

for a discussion of 2-D models):

where A and k are the radiogenic heat production and thermal conductivity, repectively.
Integration of this equation, with the boundary conditions of surface heat flow (qs) and

surface temperature (Tg), gives:

Distance (km)

Figure 3.5. Corrected surface heat for the northern Cascadia backarc. The measured heat flow values (open
circles) have been corrected for variations in near-surface heat generation to give the corrected values that use
an upper crustal heat generation of 1.3pW/m (solid circles). The correction was only applied to the backarc

measurements.
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[e.g., Chapman, 1986]. Both heat production and thermal conductivity vary with depth in
the Earth. This equation is applied by dividing the earth into layers of thickness Az, and
downward continuing the surface heat flow and surface temperature (taken to be 0°C).
Given the heat flow (qr) and temperature (Tt) at the top of each layer, the temperature

(Tg) and heat flow (qg) at the base of the layer are:

T, =T, +2L Az —é—L—(Az)z (3.42)
Kk, 2k,
and qg =q; —A Az (3.4b)

where Ap and k; are the average heat production and average thermal conductivity,
respectively, in the layer.

The base of the lithosphere is approximated by the intersection of the conductive
gradient in Equation 3.3 with the mantle adiabat. Below this, an adiabatic gradient of
0.3°C/km is used [Turcotte and Schubert, 2002).  In this study, the mantle adiabat
corresponds to a potential (zero pressure) temperature of 1295°C, consistent with
experimental constraints on the temperature of the 660 km phase transition [lfo and
Katsura, 1989). This is similar to the average current mantle adiabat proposed by
McKenzie and Bickle [1988].

For the calculation of the Cascadia backarc geotherm, a three-layer model is used,
consisting of a two-layer crust and an underlying mantle layer. The upper crust has a
thickness of 10 km. The lower crust extends to the Moho, which is taken to be at 35 km
depth. This is consistent with seismic studies that indicate a Moho depth of 32-37 km
within the northern Cascadia backarc [Clowes et al., 1995; Burianyk et al., 1997]. The
Moho depth has little effect on the temperature-depth profile (<20°C at each depth).
However, the temperature at the Moho will be larger for a deeper Moho due to the
thermal gradient of 10-20°C/km in the lower crust.

The other required model parameters are the surface heat flow, the thermal
conductivity (and its temperature-dependence) of each model unit, and the distribution of
radiogenic heat production with depth. The calculations use the average (model) backarc

surface heat flow of 75 mW/m® The crust and mantle have a constant thermal



CHAPTER 3: Backarc Thermal Structure I — The Cascadia Subduction Zone 63

conductivity of 2.5 W m™ K™ and 3.1 W m" K™, respectively. A constant radiogenic
heat production of 1.3 pW/m?, 0.4 pW/m?>, and 0.02 uW/m’ are used for the upper crust,
lower crust, and mantle, respectively. The thermal conductivities and heat production
values represent the average values for the crust and mantle and are similar to those used
in other studies [e.g., Chapman, 1986; Rudnick and Fountain, 1995; Rudnick et al., 1998;
Hyndman and Lewis, 1999; Fliick, 2003] and in the numerical models in Chapter 7.

Parameter sensitivity tests were carried out to determine the effects of each parameter.

Surface heat flow ‘

Surface heat flow was varied by 10% and 20% from the standard value of 75
mW/m®. The surface heat flow has a large effect on geotherm calculations; higher heat
flow results in higher temperatures at depth, if the upper crustal heat generation remains
constant (Figure 3.6a). At the Moho, a 10% increase in surface heat flow results in an
increase in temperature of ~12%. Note that if surface heat flow variations are coupled
with variations in near-surface heat generation (i.e., as suggested by Figure 3.4), the deep

thermal structure is not significantly affected [e.g., Hyndman and Lewis, 1999].

Thermal conductivity

The geothermal gradient is inversely related to the thermal conductivity within the
crust; as the conductivity decreases, the gradient increases resulting in higher
temperatures. The standard models use a constant thermal conductivity for each model
unit.  Laboratory observations indicate that thermal conductivity decreases with
temperature [Zoth and Haenel, 1988; Sass et al., 1992; Clauser and Huenges, 1995]. On
the basis of a compilation of laboratory data, Zoth and Haenel [1988] propose that the
thermal conductivity (k) decrease with temperature (T, in °C) may be approximated by:

B
350+ T

where A and B are constants that depend on rock type. Two end-member cases were

examined: felsic rocks (A=0.64; B=807) and mafic rocks (A=1.18; B=474).

(3.5)

k(T)=A+

Sass et al. [1992] suggest an alternate temperature correction of the form:
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k(0)
1+cT

where k(0) is the conductivity at 0°C, and c is the temperature coefficient. Following the
Sass et al. study, as well as those by Lewis et al. [2003] and Flick [2003], the 0°C
conductivity is taken to be 3.0 W m™ K for the crust and 3.5 W m™ K™ for the mantle,

k(T) = (3.6)

and the temperature coefficient is 0.001/°C for the crust and 0.0002/°C for the mantle.

With the introduction of a temperature-dependent conductivity, Equation 3.4a
becomes non-linear, and thus an iterative approach is used in the geotherm calculations
[Fliick, 2003]. With either formulation, the thermal conductivity decreases rapidly with
depth, due to the high temperatures at shallow depths. This results in a significant
(>180°C) increase in deep crustal/mantle temperatures, relative to the constant
conductivity model (Figure 3.6b). The Zoth and Haenel [1988] relation produces much
higher temperatures, as the thermal conductivity decrease is much more rapid between 0-
400°C, and the high temperature (>700°C) conductivity is slightly lower, especially for a
felsic composition. Also shown on Figure 3.6b is a model that uses a constant
conductivity of 2 W m™ K™, further illustrating that lower thermal conductivities result in
higher temperatures at depth.

There is considerable uncertainty in the thermal conductivity at high
temperatures. Lee and Deming [1998] note that the Sass et al. relation should only be
applied up to 300°C, the maximum temperature of the laboratory data used in that study.
Zoth and Haenel [1988] used a larger database, with measurements up to at least 800°C.
However, with their relation, the calculated temperature at the Moho is extremely high
(>1200°C). As shown below, constraints on Moho/uppermost mantle temperatures from
seismic velocities and xenoliths predict temperatures of 800-1000°C, suggesting that this
geotherm is unrealistically hot. At high temperatures (>900°C), the effects of radiative
heat transfer may become significant, especially for mantle rocks (i.e., peridotite) and
crustal rocks with a diabase or dolerite composition [Clauser and Huenges, 1995], but
these effects are not well-constrained. If there is radiative heat transfer at high
temperatures, the thermal conductivity will increase with increasing temperature. This

produces lower model temperatures at depth than predicted for geotherms with the Zoth
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and Haenel [1988] parameters. The net effect may be to produce a geotherm similar to

that with the Sass et al. [1992] parameters.

Radiogenic heat production

Crustal radiogenic heat production is another critical model parameter. Heat
production in the uppermost crust can be constrained by measurements of representative
rock samples at each site, but its depth distribution remains an important uncertainty.
Most studies conclude that radiogenic heat production must decrease with depth, but the
nature of this decrease is not well-known [e.g., Rudnick and Fountain, 1995; Rudnick et
al., 1998]. Two possible simple models for the upper crust that fit the linear heat flow-
heat generation relationship (Equation 3.1) are: 1) constant heat production within the
upper crust to a depth D (the block model), and 2) an exponential decrease in heat
production with depth over length scale D (the exponential model) [Lachenbruch, 1970].
For the exponential model, the distribution of heat production (A) as a function of depth
(z) is:

A(z) = A exp(—z/D) (3.7)
where Ay is the measured near-surface value.

These two models were examined, using a surface heat production (Ag) of 1.3
pLW/m3 and a depth scale (D) of 10 km (Figure 3.6¢, d). The lower crust has a constant
heat production of 0.4 WW/m’. The exponential model predicts slightly higher
temperatures at depth (~65°C higher at the Moho). Because there is less total heat
production in the crust with this model, the mantle heat flow must be higher, resulting in
an increase in deep temperatures. For each model, a variation of 30% in Ay changes the
deep temperatures by ~5%.

Heat production in the lower crust is also quite uncertain. Rudnick and Fountain
[1995 and references therein] suggest an average lower crustal heat production of 0.4
pW/m3 , consistent with that measured in Archean granulite facies terranes. If the lower
crust is more fertile (i.e., amphibolite facies), heat production may be higher. Due to the

large uncertainty in composition of the lower crust for the northern Cascadia backarc, a
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range of lower crustal values were tested, from 0.2-0.9 pW/m® (Figures 3.6e, f). This
represents the expected range of crustal values for a reasonable range of compositions
[Rudnick and Fountain, 1995; Rudnick et al., 1998]. This also encompasses the range of
values used in previous geotherm calculations for this region [e.g., Lewis et al., 1992,
Hyndman and Lewis, 1999, Flick, 2003]. Heat production in the lower crust was
assumed to be constant. For the upper crust, both the constant and exponential decay
models were examined, using a near-surface value of 1.3 p.W/m3. For either upper
crustal model, variations in lower crustal heat production have a similar effect on deep
crustal temperatures, with higher temperatures at depth for models with lower heat

production in the lower crust.

3.6.4 Cascadia backarc geotherm

As shown in Figure 3.6, the downward continuation of surface heat flow and
near-surface heat generation data to obtain a regional geotherm is subject to considerable
uncertainty, especially at depths greater than 10 km. The main uncertainties for the
northern Cascadia backarc are the thermal conductivity at high temperatures and heat
production in the lower crust.

With the observed high heat flow across the Cascadia backarc, the above tests
show that it is difficult to get temperatures at the Moho that are less than 800°C,
especially if the crustal thermal conductivity decreases to <2 W m™ K’ at high
temperatures. For the remainder of the discussion, the geotherm that uses the Sass et al.
[1992] thermal conductivity is taken as the reference geotherm for the Cascadia backarc
(Figure 3.7). This geotherm includes the effect of temperature on thermal conductivity,
but the effects are not as dramatic as those observed using the Zoth and Haenel [1988]
relation. The Sass et al. [1992] relation may be a better approximation for the thermal
conductivity at depth, especially if radiative heat transfer occurs. The estimated
uncertainty for the geotherm is 20%, based on the parameter tests above, as well as those

by Fliick [2003]. With the reference geotherm, the temperature at the Moho (35 km
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Figure 3.7. Comparison of the calculated geotherm with additional constraints on the thermal structure of the
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depth) is 1020+200°C. The intersection between the conductive geotherm and the
mantle adiabat (approximately the base of the lithosphere) occurs at a depth of 50+12 km.

3.7 Additional Thermal Constraints

Given the large uncertainties in calculating lower crust/upper mantle temperatures
from surface heat flow/heat generation data, it is desirable to use other observations to
better constrain temperatures at depth and to substantiate the very high temperatures in
the Cascadia backarc. In this section, constraints from seismic velocities, upper mantle

xenoliths, and thermal isostasy are considered. Constraints on the depth to the base of the

rigid lithosphere are also discussed.

3.7.1 Upper mantle seismic velocities

Seismic tomography studies clearly show that the upper mantle throughout the



CHAPTER 3: Backarc Thermal Structure I — The Cascadia Subduction Zone 69

Cascadia backarc is characterized by low P-wave and S-wave seismic velocities to depths
greater than 200 km [e.g., Grand, 1994; van der Lee and Nolet, 1997; Frederiksen et al.,
2001; Goes and van der Lee, 2002]. These seismic velocities are anomalously low
relative to global average 1-D velocity models, e.g., model ak135 [Kennett et al., 1995].
Using a velocity-temperature relation for P-waves, Goes and van der Lee [2002] derived
temperatures of 1220+80°C between 50 and 100 km depth (Figure 3.7). The observed
S-wave velocity anomalies are somewhat larger than P-wave anomalies. These are
attributed to the combined effects of high temperatures in the upper mantle, as well as the
presence of a small amount (<2%) of water (or other volatiles) and/or melt [Goes and van
der Lee, 2002].

The temperature of the uppermost mantle can be better constrained by looking at
P, velocities. Black and Braile [1982] proposed a relation between P, velocity and Moho
temperature (Tr,) for North America:

P =8.456-0.000729T,, (3.8)

This relation was developed based on Moho temperatures estimated from heat flow data.
This leads to uncertainties because variations in crustal heat generation were not
considered, and because there is a large uncertainty in determining Moho temperature
from heat flow (as shown above). The temperature coefficient (-0.000729 km steC)is
in good agreement with that obtained in laboratory data [e.g., Christensen, 1979], but the
constant (8.456 km/s) has significant uncertainty. The estimated uncertainties in Moho
temperature from this relation are 150°C [Hyndman and Lewis, 1999].

Seismic refraction data for the southern Canadian Cordillera indicate consistently
low P, velocities of 7.8-7.9 km/s [Zelt and White, 1995; Clowes et al., 1995; Burianyk
and Kanasewish, 1995]. P, velocities may be slightly (~0.1 km/s) higher beneath the
eastern Intermontane Belt, but this variation is well within the uncertainties of this
method. Given a P, velocity of 7.8-7.9 km/s, the estimated Moho temperature is 760-
900°C for the northern Cascadia backarc (Figure 3.7). This is slightly lower that that

determined from heat flow, but within the uncertainties of the methods.
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3.7.2 Upper mantle xenoliths

There are several localities in the northern Cascadia backarc (and Cordillera
regions further north) where upper mantle xenoliths have been recovered. The
equilibrium in-situ temperatures are well-constrained but there are considerable
uncertainties in pressure (depth). Three suites of xenoliths from the Intermontane and
Omineca Belts give temperatures of 900-1300°C at depths between 30-60 km, suggesting
a geothermal gradient of ~15°C/km [Ross, 1983] (Figure 3.7). These agree well with
measurements on xenoliths from the western Omineca Belt, which indicate temperatures
of 900-1040°C at 1.2-1.6 GPa (37-50 km depth) [Saruwatari et al., 2001]. Also included
in this compilation are xenoliths from northern British Columbia (~59°N), where heat
flow and other indicators suggest similar a thermal structure to that in the south [e.g.,
Lewis et al., 2003]. A recent study of northern BC xenoliths gives temperatures between
805 and 1100°C, with a mean of ~925°C for 44 measurements [Harder and Russell,
submitted manuscript, 2004]. Although no pressure/depth was determined for these
samples, a pressure of 1 GPa was assumed based on the observed phase assemblages.
This places the xenoliths in the uppermost mantle, and thus the xenoliths constrain the

mantle just below the Moho to have a minimum temperature 805°C.

3.7.3 Thermal isostasy

Another indication for high temperatures at depth in the northern Cascadia
backarc comes from studies of isostasy. Gravity measurements indicate that the region is
generally in isostatic equilibrium, such that variations in surface elevation are
compensated by variations in subsurface density [Flick, 2003]. In the northern Cascadia
backarc, the surface elevation is 1500-2000 m, whereas the crustal thickness from seismic
studies is 32-37 km [e.g., Clowes et al., 1995; Burianyk et al., 1997]. For such a thin
crust, the expected elevation is close to, or below, sea level. In contrast, there are low
elevations and a ~40 km thick crust for the adjacent North America craton [e.g.,
discussion by Hyndman and Lewis, 1999, see also Section 3.8]. The high elevations in

the Cordillera can not be explained by an anomalously low density crust [Hyndman and
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Wang, 1999; Fliick, 2003]. Instead, the high elevations appear to be related to a low
density upper mantle [Lowe and Ranalli, 1993; Hyndman and Lewis, 1999]. The low
density is attributed to high temperatures in the mantle. Hyndman and Lewis [1999]
show that high upper mantle temperatures, similar to those estimated above, result in a
reduction of the average upper mantle density by 40 kg/m’ relative to stable craton

regions and can explain the observed 1.5-2 km surface elevation.

3.7.4 Base of the lithosphere

There are several observations that constrain the base of the lithosphere for the
Cascadia backarc to shallow depths. Clowes et al. [1995] report an upper mantle
reflector at a depth of ~50 km in seismic data from the Intermontane and Omineca Belts,
which they interpret as the base of the lithosphere. This is in good agreement with an
earlier surface wave study, which shows a low-velocity layer, with its upper boundary
15-20 km below the Moho [Wickens, 1977]. Additional constraints on the base of the
lithosphere come from estimates of strain rate in upper mantle xenoliths from this region
[Ross, 1983]. These samples show a sharp downward increase in strain rate at depths of

50-60 km, which may indicate a transition from lithosphere to convecting asthenosphere.

3.7.5 Summary of backarc thermal structure

The above observations indicate extremely high temperatures at depth below the
northern Cascadia backarc. Taken together, the temperature at the Moho (~35 km depth)
appears to be 800-1000°C, with no indication of significant lateral variations for ~500
km eastward of the Cascade volcanic arc. These high temperatures are consistent with a
relatively thin lithosphere (50-60 km).

The good agreement between the different observations suggests that the thermal
structure of this region has not changed significantly within the last few 10’s of millions
of years. Seismic velocities and electrical conductivity measurements reflect the present
thermal regime. On the other hand, surface heat flow represents the thermal structure
over the last 10-80 my, due to the large time constant for heat diffusion. Xenolith data

and backarc volcanics represent the thermal conditions at the time of extrusion.
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All of the above observations indicate that temperatures in the lowermost crust are
greater than 800°C, which is much higher than the solidus temperature for wet lower
crustal rocks. For example, phase diagrams for gabbro show that the wet (water-
saturated) solidus is ~700°C at 35 km depth; the dry solidus is ~1100°C [e.g., Peacock
and Wang, 1999]. There is no obvious geological or geophysical evidence for significant
melting of the lower crust in the Canadian Cordillera, which may indicate that the lower
crust is dry. This is difficult to explain, as this region is underlain by a subducting slab
that is dehydrating and releasing water upward. The apparent discrepancy between the
inferred high temperatures and lack of evidence for significant crustal melting remains an
important unresolved question.

Both high surface heat flow and high temperatures at depth suggest that the heat
flow from the mantle is fairly high. As shown above, the reduced heat flow for the
Cascadia backarc is ~60 mW/m?®. This is the heat flow resulting from the sum of deep
crustal heat generation (below ~10 km), and heat flow from the mantle. Radiogenic heat
production in the mid-to-lower crust is relatively uncertain, but it is unlikely to be more
than 1.0 uW/m® [Rudnick and Fountain, 1995]. The amount of heat production decreases
as the metamorphic grade increases. For the Cascadia backarc, Hyndman and Lewis
[1999] prefer high heat generation in the crust below 10 km depth (0.9 pW/m?),
consistent with an amphibolite composition. The other end-member is a granulite facies
lower crust, with a heat production of 0.4 wW/m® [Rudnick and Fountain, 1995 and
references therein]. Lewis et al. [2003] and Flick [2003] suggest an intermediate model
where the heat production is 0.9 pW/m> in mid-crust (10-20 km), and 0.5 pW/m’ at
greater depths.

For the 35 km thick crust in the Cascadia backarc, the contribution to surface heat
flow from radiogenic heat production below 10 km depth is 10, 17 and 23 mW/m?, for
the low, intermediate, and high heat production models, respectively. Thus, for a reduced
heat flow of 60 mW/m?, these models predict a mantle heat flow of 37-50 mW/m’. In
contrast, the mantle heat flow below cratons is estimated to be 10-15 mW/m’ [e.g,

Jaupart et al., 1998].
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3.8 Eastern Limit of the Cascadia Backarc

At the northern Cascadia subduction zone, the eastern limit of the hot backarc is
concluded to coincide with the Rocky Mountain Trench (RMT), 500 km east of the
subduction deformation front (“trench”) [Lowe and Ranalli, 1993; Hyndman and Lewis,
1999]. There is a pronounced change in lithospheric properties from the west to east of
the RMT, including: 1) a decrease in surface heat flow from 80-100 mW/m’ to <60
mW/m?> [Hyndman and Lewis, 1999 and references therein], 2) an increase in P,
velocities from 7.8-7.9 km/s to >8.0 km/s [Clowes et al., 1995, Burianyk and
Kanasewich, 1995], 3) an increase in continental crust thickness from ~35 km to ~50 km,
with little change in elevation or gravity, suggesting a higher density (and cooler) mantle
east of the RMT [Hyndman and Lewis, 1999], 4) an increase in effective elastic thickness
from <25 km to >40 km [Fliick et al., 2003], and 5) a decrease in electrical conductivity
in the lower crust and upper mantle [Majorowicz and Gough, 1991]. The RMT correlates
well with the western edge of a high velocity region observed in seismic tomography
studies to depths greater than 250 km [e.g., Grand, 1994; van der Lee and Nolet, 1997,
Fredericksen et al., 2001, Goes and van der Lee, 2002]. This boundary also marks the
eastern extent of the Cenozoic basaltic volcanic centres that are scattered throughout the
backarc [ Wheeler and McFeely, 1991].

These observations suggest that temperatures at depth are much cooler east of the
RMT, relative to the hot Cascadia backarc. Surface heat flow, P, velocities, and xenolith
data provide the main constraints on deep temperatures for this area. Unfortunately, it is
difficult to obtain accurate heat flow measurements within the Foreland Belt due to fluid
flow. In the adjacent Western Canada Sedimentary Basin (WCSB), surface heat flow
values of 50-70 mW/m? are observed, although there is evidence of significant fluid flow
within the sediments [Majorowicz and Jessop, 1981]. Once possible high heat generation
in the 3-5 km thick sediment section is considered, the heat flow for the basement rocks
is suggested to be 50-56 mW/m? [Hyndman and Lewis, 1999]. Surface heat flow for the
exposed Archean craton, located further to the east and to the north is slightly lower,
42+10 mW/m? [Jaupart et al., 1998; Jaupart and Mareschal, 1999].
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Using the observed surface heat flow, geotherms were constructed for the WCSB
and exposed North America craton. Following Hyndman and Lewis [1999], temperatures
for the WCSB were calculated starting at a depth of 5 km, corresponding to the base of
the sediment section. At this depth, the assumed temperature is 80°C, and the basement
heat flow is taken to be 56 mW/m®. The depth of the Moho for the WCSB is 45 km. For |
the exposed craton, a Moho depth of 40 km is used. In each model, the upper crustal
thickness is 10 km and the lower crustal thickness is 30 km. As before, the Sass et al.
[1992] formulation for thermal conductivity is used for both the crust and mantle
(Equation 3.6). There is considerable uncertainty in the amount and distribution of
radiogenic heat production in the crust. For the WCSB, Hyndman and Lewis [1999]
suggest heat production of 2.3 pW/m? in the upper crust and an average of 0.6 }.LW/m3 in
the lower crust. For the craton in the Superior province, the average upper crustal heat
production is 1.4+1.2 wW/m’ [Jaupart and Mareschal, 1999], but there is some
indication that the craton east of the WCSB may have lower heat production, 0.75+0.65
}.LW/m3 [Fliick, 2003]. At depth, the heat production is also uncertain and may range
from 0.4-0.9 }.LW/m3 [Hyndman and Lewis, 1999]. In the models, the upper crustal heat
production is 1.4 wW/m’ for the craton and 2.3 pwW/m® for the WCSB. The lower crust is
taken to have a heat production of 0.4 pW/m’.

Figure 3.8 shows the calculated geotherm for each region. The estimated
uncertainty in each geotherm is 20%. The higher heat flow and higher heat generation
for the WCSB results in higher temperatures at depth relative to the exposed craton.
These geotherms give Moho temperatures of 500-750°C for the WCSB and 320-480°C
for the exposed craton. The WCSB temperatures are slightly higher than those calculated
in previous studies (~565°C) [Hyndman and Lewis, 1999; Fliick, 2003]. A better
agreemént would be obtained if the lower crustal heat generation was increased to 0.6
}.LW/mS, similar to those studies.

P, velocities provide further constraint on the temperature of the uppermost
mantle. For the WCSB, the P, velocities are ~8.1 km/s [Zelt and White, 1995]. P,
velocities are slightly higher below the exposed craton, ~8.2 km/s [Mooney and Brocher,
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Figure 3.8. Calculated geotherms for the Western Canada Sedimentary Basin (WCSB) and exposed North
America craton from surface heat flow. Note that each geotherm has an uncertainty of 20%. Low
temperatures at depth are supported by P, velocities for both regions and mantle xenoliths for the Slave craton
[MacKenzie and Canil, 1999 (open circles); Russell and Kopylova, 1999 (solid circles)]. For comparison, the
average geotherm for the northern Cascadia backarc is also shown (based on Figure 3.7).

1987]. Using Equation 3.8 and assuming an uncertainty of 0.05 km/s, calculated Moho
temperatures are 420-555°C and 285-420°C, for the WCBS and exposed craton,
respectively. For the craton, the upper mantle temperature is also constrained using
thermobarometry measurements on upper mantle xenoliths from kimberlite pipes in the
Slave craton (Figure 3.8) [MacKenzie and Canil, 1999; Russell and Kopylova, 1999].
For the craton, temperatures from P, velocities and xenoliths are in fair agreement with
the calculated geotherms. For the WCSB, Moho temperatures from P, velocities are
slightly lower than those calculated from heat flow. With an increased lower crustal heat
production, the calculated geotherm would be slightly cooler, and the two observations
would be in better agreement.

Based on these observations, the Moho temperature below the WCSB appears to

be 450-600°C, and the Moho temperature below the exposed craton is 350-450°C.



CHAPTER 3: Backarc Thermal Structure I — The Cascadia Subduction Zone | 76

These are both much less than the Cascadia backarc Moho temperature (800-1000°C).
For the craton, heat flow and heat generation data suggest a reduced heat flow of 30-35
mW/m?, with a mantle heat flow of 10-15 mW/m? [Jaupart et al., 1998; Jaupart and
Mareschal, 1999; Russell and Kopylova, 1999], which is about one-third of that
estimated for the backarc (see above). Such low temperatures result in a much thicker
lithosphere below WCSB and craton. For the craton, thermal arguments suggest a
conductive lithosphere thickness of 200-250 km [Jaupart et al., 1998]. This is consistent
with the inferred lithosphere thickness from seismic studies [van der Lee and Nolet,
1997; Frederiksen et al., 2001; Goes and van der Lee, 2002].

The thermal difference between the hot backarc and terranes to the east is
reflected in the contrasting deformation styles on either side of the RMT [Lowe and
Ranalli, 1993, Hyndman and Lewis, 1999]. Whereas deformation in the Cordillera
generally involves the entire crust (i.e., thick-skinned deformation), deformation in the
Foreland Belt is confined to the uppermost part of the sedimentary sheets; the underlying
crystalline crust and mantle are relatively undeformed (i.e., thin-skinned deformation).

The RMT is proposed to mark the western margin of the unextended part of the
North America craton [Hyndman and Lewis, 1999]. The original rifted margin of
Rodinia was located further west than the RMT, as illustrated by the presence of craton
material in the Cordillera. However, it is suggested that crustal extension and lithosphere
thinning associated with rifting did not extend further east than the RMT. The
unextended part of the North America craton has existed as a stable region since the
Archean. The observed cool temperatures at depth, in addition to the long-term stability
of cratons, suggest that cratonic mantle is isolated from the global mantle convection
system. Jordan [1975] argues that the stability is the result of both an increase in mantle
viscosity associated with lower temperatures and chemical depletion of basaltic minerals
through the removal of Fe and other heavy elements. Chemical depletion will lower the
mantle density, compensating for the thermally-induced density increase, as well as
increasing the mantle viscosity [Jordan, 1975; Forte and Perry, 2000]. The cratonic
mantle may also contain significantly less water than the adjacent oceanic/backarc

mantle, further increasing its viscosity and lithosphere strength [Hirth et al., 2000].
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3.9 Discussion

The thermal structure of the mantle wedge and backarc regions of a subduction
zone provides important constraints for geodynamic models of subduction zones. One
characteristic of nearly all subduction zones is the presence of an active volcanic arc.
Petrologic studies indicate that the generation of arc magmas at subduction zones requires
temperatures greater than 1200°C in the mantle wedge below the arc. To understand how
heat is transported to the magma source region, it is important to constrain the
temperatures in the backarc mantle.

For the northern Cascadia subduction zone, surface heat flow, seismic velocities,
xenoliths, and numerous other observations indicate extremely high temperatures at
shallow depths. Temperatures at the Moho (35 km depth) are inferred to be 800-1000°C,
and temperatures at the base of the lithosphere (50-60 km depth) are ~1200°C. The high
temperatures appear to be related to an enhanced mantle heat flow (37-50 mW/m?) below
this area. The high temperatures extend for 500 km east of the arc, with no significant
lateral variation. The eastern limit of the hot backarc coincides with the Rocky Mountain
Trench, which marks the western edge of the unextended North America craton. A
variety of observational constraints (e.g., surface heat flow, seismic velocity, effective
elastic thickness) indicate that the deep temperatures east of this boundary are
significantly less than those in the backarc. The occurrence of such high temperatures in
the backarc is contradictory to the expected cooling due to the underlying subducting
plate. Although the Juan de Fuca Plate is fairly young (<10 Ma), seismic studies indicate
the presence of the slab as a high velocity anomaly to at least 300 km depth [Bostock and
van Decar, 1995]. The high backarc temperatures are even more surprising, due to the
cool craton on the eastern edge of the backarc.

Observations of high backarc temperatures and high heat flow in many western
Pacific subduction zones have often been attributed to recent or on-going
extension/spreading of the backarc [e.g., Watanabe et al., 1977]. For the Cascadia
backarc, there is no evidence of current extension. There was a short-lived (<10 my)
extension event in the Eocene that affected only a small area in the easternmost Omineca

Belt (49-50°N). It has been suggested that extension may be the cause of the present
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high temperatures and heat flow [e.g., Bardoux and Mareschal, 1994]. However, Liu and
Furlong [1993] document abundant evidence that indicates high temperatures prior to
extension in the Omineca Belt. For example, thermochronologic studies on exposed
metamorphic core complexes give temperatures of 700°C at 25 km depth immediately
before extension. Although the crust was in the process of shortening and thickening
before the Eocene extension, Liu and Furlong [1993] show that an additional heat source
is required to explain the high temperatures, because the time scale of shortening is
insufficient to generate high temperatures by radioactive heating and shear heating. High
temperatures at depth prior to extension are further supported by geologic observations
that suggest that the Eocene extension was the result of gravitational collapse of a
thermally-weakened 60 km thick crusf [Liu and Furlong, 1993; R. Thompson, personal
communication, 2003].

Although Eocene extension may have affected the thermal regime in the
easternmost Omineca Belt, the widespread high backarc temperatures and inferred high
mantle heat flow require an ongoing process, where large amounts of heat are carried into
the backarc by mantle flow [Hyndman and Lewis, 1999]. It has been suggested that the
Cascadia backarc, as well as regions to the north and south, overlie a region of upwelling
of anomalously hot mantle [e.g., Gough, 1986]. The current study supports an
explanation of convective upwelling in the mantle, but suggests that it is not unique to
this region. As shown in the next chapter, nearly all backarcs appear to be extremely hot
(relative to cratons). This implies that a hot backarc is a characteristic feature of
subduction zones and may be a direct result of backarc mantle dynamics associated with
the subduction process [e.g., Davis and Lewis, 1984]. Numerical models that explore the
mantle flow regime that maintains the observed high temperatures are presented in

Chapters 7 and 8.
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CHAPTER 4
Backarc Thermal Structure IT — A Global Survey

4.1 Introduction

In the previous chapter, it was shown that the backarc regions of the Cascadia
subduction zone are anomalously hot for over 500 km behind the volcanic arc. The high
temperatures appear to be related to backarc mantle flow, but whether this reflects mantle
flow associated with subduction or mantle flow unique to Cascadia is unclear. A critical
question is whether all subduction zone backarcs are hot.

A characteristic of nearly all subduction zones is the presence of an active
volcanic arc, which implies high temperatures (>1200°C) in the mantle wedge below the
arc (see Chapter 3). Of most importance to this thesis study is the thermal structure of
the uppermost mantle in the backarc regions behind the arc. Temperatures here can be
constrained using the observational techniques outlined in Chapter 3. Three important
indicators of high temperatures (>800°C) at shallow depths (~40 km) in the backarc are:

e surface heat flow greater than 70 mW/m? for backarcs with continental crust of
average thickness (35-40 km) and average radiogenic heat production (1-1.3
p.W/m3 in the upper 10 km, and 0.4-0.9 p.W/m3 in the lower 25-30 km). For a
backarc with oceanic crust, similar high mantle temperatures are implied by a
surface heat flow of 60 mW/m? or greater, as there is less crustal radiogenic heat
production in oceanic crust.

e P, velocity of 7.85 km/s or less. From the Black and Braile [1982] relation
(Equation 3.8), these velocites correspond to temperatures of 800°C or more in
the mantle immediately below the Moho.

e secismic velocities slower than global average mantle velocities. A 100°C increase
in mantle temperature causes a decrease in seismic velocity of ~1% for P-waves

and ~2% for S-waves [Goes et al., 2000; Wiens and Smith, 2003]. By assuming
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an average mantle temperature profile, seismic velocity can be used as a proxy for

mantle temperature [e.g., Goes et al., 2000]. Note that low velocities generally

indicate high temperatures, but that the presence of partial melt and/or volatiles

(e.g., water) may also affect velocites, especially the S-wave velocities.
Other important constraints on backarc mantle temperatures come from P-T estimates
from mantle xenoliths, effective elastic thickness, lithosphere thickness, electrical and
magnetic studies, and isostasy studies to infer the density (and thus temperature) of the
backarc mantle. It should be noted that there are large uncertainties associated with each
of the above methods. However, a fairly good constraint on mantle temperatures can be
obtained using two or more independent observational techniques that give consistent
temperatures.

In this chapter, the thermal structure of the backarcs of a number of subduction
zones is examined (Figure 4.1). The discussion first focusses on subduction zones that

have had no recent backarc extension. The thermal structure of these backarcs is inferred

PACIFIC PLATE

W

Figure 4.1. Location of subduction zones discussed in text. Names of main tectonic plates are also shown. PSP is the
Philippine Sea Plate.
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to be primarily controlled by subduction-related processes. This is followed by a brief
overview of the thermal structure along the convergent margins of southern Europe and
Asia. A discussion of backarcs with recent or on-going extensional backarcs is then
given. The thermal structure of these regions is complicated by extension and spreading,
making it difficult to determine the thermal effects of subduction alone. Next, the
thermal structure of two regions that are in the backarc of former subduction zones is
summarized. Temperatures of these areas provide valuable information about the thermal
effects of the termination of subduction. In nearly all cases, the observations indicate
high temperatures in the mantle of both present-day and recent backarcs. The important
exception is that several regions with a flat subducting slab do not appear to be hot. The
chapter ends with a discussion of the implications of the observed high backarc

temperatures.

4.2 Non-extensional Backarcs

There are six subduction zones where there has been no significant backarc
extension over the last 50 my: 1) northern Cascadia (see Chapter 3), 2) Mexico/Central
America, 3) South America, 4) Alaska/eastern Aleutians, 5) Kamchatka, and 6) Sunda.
For each of the latter five regions, a literature review was undertaken to establish
constraints on the backarc thermal structure, following the observational techniques given

above. Table 4.1 gives the available observations for each backarc.

4.2.1 Mexico/Central America

Northern Mexico and the backarc regions of the Mexico subduction zone appear
to be hot. Heat flow over northwestern Mexico is generally high, 70-100 mW/m?, with a
reduced heat flow of ~60 mW/m?” [Smith et al., 1979], similar to that in the Canadian and
US Cordillera. Subduction in northern Mexico terminated at ~12.5 Ma [Klitgord and
Mammerickx, 1982]. The thermal regime in northwestern Mexico may be affected by the
proximity of active extension in the Gulf of California, but the high heat flow appears to

extend well east of this extension area. Further south, few thermal data are available for
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Table 4.1. Observational constraints on thermal structure of non-extensional backarcs.

North. Ig::tl::l/ Central South Alaska/ Kam- Sunda
Cascadia . Andes Chile Aleutian chatka u
America
surface heat X «
flow X X X X X
P, velocity X X X X X
seismic X X x x
tomography x X x
seismic
attenuation X
earthquake X
depths
eff. elastic «
thickness
isostasy/ X x
gravity x
electnm.ty/ X «
magnetics
xenoliths X X X X
backarc
. X X X X
volcanism

the backarc regions of the present Mexico subduction zone. Six heat flow measurements
in the backarc of the present-day subduction zone yield an average of 89+27 mW/m*
[Ziagos et al., 1985].

Further support for high temperatures at depth is suggested by seismic
tomography studies that show that Mexico is underlain by a low velocity mantle [Grand,
1994; van der Lee and Nolet, 1997, Goes and van der Lee, 2002]. Shear wave velocities
are 3-4% lower than reference earth models to depths of at least 200 km. There is some
indication that the velocity anomaly below Guererro has a lower amplitude than regions
to the north and south, which may be related to the proposed flat slab in this area and
hence the absence of a thick mantle wedge [van der Lee and Nolet, 1997] (see the flat
slab discussion below). A regional seismic study of northern and central Mexico gives P,

velocities of 7.8:0.2 km/s [Gomberg et al., 1988], characteristic of upper mantle
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temperatures greater than 800-1000°C. High mantle temperatures are also suggested by
the high elevation of this region (1.5-3 km), although the crust has a normal thickness of
~40 km [Gomberg et al., 1988 and references therein].

Seismic tomography shows that the low mantle seismic velocities below Mexico
extend south through Central America to depths of at least 200 km [Grand, 1994; van der
Lee and Nolet, 1997; Goes and van der Lee, 2002]. Shear-wave velocity anomalies up to
4% slower than global average velocities occur in a ~1500 km wide band that underlies
Central America and adjacent regions in the Caribbean Sea. Heat flow for the Caribbean
Sea is 50-60 mW/m® [Epp et al., 1970; Global Heat Flow Data Base, 2004]. The
basement of the Caribbean Sea is an oceanic plateau, which is thought to have been
created at ~90 Ma during the Cretaceous superplume event [Meschede and Frisch, 1998].
The observed heat flow is slightly higher than expected for oceanic crust of this age.
This region is unusual in that it forms the backarc of two subduction zones, the Central
America subduction zone on the west and the Lesser Antilles on the east. Simultaneous
subduction has been ongoing for at least 85 my [Meschede and Frisch, 1998]. In
addition to a complicated history of subduction, the thermal regime may also be affected
by a proposed slab window associated with subduction of the Cocos-Nazca spreading
ridge near 10°N [Johnston and Thorkelson, 1997]. With the absence of a slab below this
region, high temperature mantle from below the slab may enter the mantle wedge through

the window, increasing the wedge temperatures near the window.

4.2.2 South America

The South America subduction zone follows a similar tectonic history to that of
North America, with over 200 my of continuous subduction [Atwater, 1989]. Along most
of the margin, the Nazca Plate subducts below the continental South America Plate
(Figure 4.2). South of the intersection of the Chile Rise spreading centre with the trench
(~46°8S), the subducting plate is the Antarctic Plate. Like North America, South America
can be divided into a western orogenic belt (the Andes) and a cratonic region further east.
Crustal thickness is 30-40 km for most of the Andes [e.g., Meissnar et al., 1976;
Robertson Maurice et al., 2003], except in the Altiplano/Puna area (15-30°S) where
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Figure 4.2. Map of heat flow measurements for South America (see legend). Dashed lines are the western
limit of the stable craton [after Hamza and Munoz, 1996]. Solid lines are profile locations (dotted lines show
swath width for profiles). b) Heat flow profile for the Altiplano/Puna area. c)Heat flow profile for the Peru flat
slab area, with the projected location of the arc (based on the volcanoes to the north).
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crustal thickness reaches 70 km [e.g., Beck et al., 1996; Allmendinger et al., 1997].
Volcanism along western South America occurs in three distinct segments along the
margin. The gaps in the volcanic arc (2-15°S and 28-34°S) coincide with regions where
the subducting plate flattens to near-horizontal at a depth of ~100 km [Cahill and Isacks,
1992].

Seismic tomography studies show that the subducting plate below South America
is imaged as a high velocity region [e.g., van der Lee et al., 2001]. In the mantle wedge
below areas with an active volcanic arc, anomalously low velocities are observed (up to
10% less than average mantle velocities). The entire width Andes orogenic belt is
characterized by low seismic velocities to depths of at least 150 km. The eastern limit of
low velocities coincides with the western extent of the cratons that make up eastern South
America. Below the cratonic regions, high seismic velocities are imaged to depths
greater than 100 km, suggesting the presence of thick, cool lithosphere.

Hamza and Munoz [1996] summarize surface heat flow data for South America.
Data from this compilation, as well as 14 additional observations for the Altiplano region
[Springer and Forster, 1998] are shown on Figure 4.2a. Note that the complete data set
is plotted for the western part of South America; some values east of 50°W have been
omitted.

Below, observations constraining the thermal structure in southernmost South
America and the central Andes are discussed in greater detail. These two regions have
been the focus of numerous studies. Later in the chapter (Section 4.6), observations for

the Peru flat slab region will be presented.

Southern Chile/Argentina (south of 30°S)

There is only one recorded surface heat flow measurement for southernmost
South America (Figure 4.2a). However, high geothermal gradients (>30°C/km) have
been measured in oil exploration wells in the backarc of this region, suggesting high
surface heat flow and high temperatures at depth [Hamza and Munoz, 1996]. Seismic

studies show that S-wave velocities in the upper mantle are 4.3-4.4 km/s (~5% slower
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than global average velocities) and that the lithosphere in this area is relatively thin (~60
km) [Robertson Maurice et al., 2003].

The backarc is also characterized by sporadic Plio-Quaternary basaltic volcanism,
particularly south of 39°S [Stern et al., 1990]. Geochemical studies on these magmas
suggest that they were generated by a relatively small amount of partial melt in the upper
mantle, induced by minor thermal and mechanical perturbations in a mantle that is close
to its solidus temperature [Stern et al., 1990]. Upper mantle xenoliths have been
recovered from the Pali-Aike basalt field (~52°S, 70°W).  Geothermobarometry
measurements on these samples yield temperatures of 970°C at 1.9 GPa (~60 km depth),
increasing to 1160°C at 2.4 GPa (~75 km depth) [Stern et al, 1999]. Such high
temperatures suggest a thin lithosphere (< 100 km) below southern Chile. The thermal
structure in this area may be affected by the subduction of the Chile Rise spreading centre
at ~46°S, which may have produced a slab window. However, it is difficult to explain

the inferred regionally extensive high temperatures by the slab window model.

Central Andes (15-30°S)

The central Andes region is the best-studied part of the South America margin. In
this region, the Andes orogenic belt is divided into the Altiplano plateau in the north and
Puna plateau in the south. Both are characterized by high elevations (3.5-4 km) and thick
crust (60-75 km) [e.g., Allmendinger et al., 1997]. Geological evidence shows that these
are relatively young plateaus, formed primarily by tectonic shortening and thickening of
western South America [4llmendinger et al., 1997]. Thickening in the Altiplano region
began about 25 Ma and continued to 6-12 Ma. In the Puna region, thickening started at
15-20 Ma and ceased at 1-2 Ma. The shortening/thickening mechanism appears to be
complex, with evidence for both underthrusting, as well as more uniformly distributed
crustal thickening (i.e., pure shear) [4llmendinger and Gubbels, 1996].

The active volcanic arc associated with the subduction zone lies near the western
edge of the Altiplano/Puna. There is a noticeable contrast in surface heat flow on either

side of the arc (Figure 4.2b). Over the forearc, heat flow is ~50 mW/m?, consistent with
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Nazca Plate subduction and with little friction along the subduction thrust fault (shear
stress of ~15 Ma) [Springer, 1999]. In the backarc, heat flow is ~80 mW/m? over a
distance of over 400 km east of the arc. There have been few radiogenic heat production
studies for South America [Hamza and Munoz, 1996]. The measured K, Th, and K
content in exposed basement sections in the central Andes (21-27°S) indicate a near-
surface radiogenic heat production of 1.3 uW/m’ [Lucassen et al., 2001]. The depth
distribution is not constrained. The eastern limit of high heat flow appears to be the edge
of the Brazilian Shield craton. Heat flow east of this averages 42 mW/m?, a typical value
for Archean cratons [e.g., Jaupart and Mareschal, 1999]. This heat flow profile is very
similar to that of northern Cascadia, suggesting a hot backarc sandwiched between a cool
forearc and cool craton.

In addition to surface heat flow, there are numerous observations to suggest that
the Altiplano/Puna crust is extremely hot. At depths greater than 20 km, the crust is
characterized by low P-wave velocities (Vp), extremely low S-wave velocities (Vs), a
high Vp/Vs ratio, and low density (Schmitz et al., 1997, Baumont et al., 2002; Yuan et al.,
2002; ANCORP Working Group, 2003]. Note that crustal seismic velocities are more
sensitive to composition than temperature. The observed velocities are consistent with a
felsic crust to depths of 50-55 km [e.g., Yuan et al., 2002]. This is supported by the
abundance of granitoid lower crustal xenoliths from the backarc in this region [Lucassen
et al., 1999]. Low S-wave velocities and the high Vp/Vg ratio indicate the presence of a
small amount of melt in the lower crust [Yuan et al., 2002], which is consistent with
observations of high lower crustal electrical conductivity [ANCORP Working Group,
2003 and references therein]. In seismic reflection studies, a region of high reflectivity
has been identified at ~20 km depth [ANCORP Working Group, 2003]. As the reflectors
occur near the top of the low velocity/high conductivity region, it has been suggested that
they represent the top of a partially molten region in the crust. The presence of partial
melt in the lower crust requires high temperatures in the mid-to-lower crust. Further
constraints on crustal temperature are provided by widespread Late Miocene-Early
Pliocene ignimbrites throughout the backarc [Allmendinger et al., 1997]. These magmas

appear to have resulted from large amounts of melting of a thickened felsic crust.
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Petrologic data indicates pre-eruptive temperatures of 700-800°C at mid-crustal depths
[Babeyko et al., 2002 and references therein]. Taken together, the above observations
suggest a temperature of ~800°C at 20-25 km depth in the Altiplano/Puna backarc crust.

High heat flow and high crustal temperatures in the central Andes backarc have
often been attributed to increased radiogenic heat production associated with the thick
continental crust. However, as noted by Babeyko et al. [2002], crustal thickening only
occurred within the last 25 my. For crustal thickening by pure shear (vertical stretching
of the crust), the surface heat flow will first decrease, followed by an increase as the crust
is heated from below and by radiogenic heating. Babyeko et al. [2002] showed that the
effects of thickening should still dominate the present-day surface heat flow, due to the
short time since thickening.

In addition, to produce high temperature in the mid-lower crust by radiogenic
heating, it is not sufficient to simply double the thickness of the near-surface radiogenic
layer; this layer must be thrust to great depths. Liu and Furlong [1993] developed
numerical models for the thermal evolution of crustal thickening by the thrusting of one
crustal sheet over another. Although they focussed on the southeastern Canadian
Cordillera, their results illustrate that the crustal heating after thickening is a slow
process. Even after 100 my (which is much longer than the time scale for Altiplano
thickening), the effects of thermal relaxation, radiogenic heating, and shear heating due to
thrusting are insufficient to generate high temperatures in the mid-crust.

The numerical models suggest that the high crustal temperatures cannot be
adequately explained by processes associated with crustal thickening. In addition, it is
unlikely that the crust will deform and thicken unless it is hot and weak first. This is
supported by lower crustal xenoliths from the Altiplano backarc that suggest that the
crust in this region was anomalously hot before crustal thickening occurred.
Thermobarometry studies of mafic granulite xenoliths from the Salta Rift (~24°S, 66°W)
give temperatures of 850-900°C at 0.95-1.05 GPa (~30 km depth) [Lucassen et al., 1999].
Dating of the samples showed that these conditions were recorded at 90 Ma. There are

also samples of upper mantle xenoliths from this location, which record temperatures of
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1000-1200°C at 1.3-1.5 GPa (~45 km depth) [Lucassen et al., 1999]. Based on this data,
the thickness of the Altiplano crust at 90 Ma is inferred to have been ~35 km, with Moho
temperatures of ~900°C.

High crustal temperatures before thickening and 10-20 my after thickening
suggest a deep, long-lived heat source. Indeed, both Babeyko et al. [2002] and Liu and
Furlong [1993] note that enhanced mantle heat flow may be required to explain the high
temperatures in thickened crust. This is consistent with observations of present-day high
temperatures in the mantle below the crust. Shear wave tomography images show that
backarc mantle velocities are up to 7% slower than global mantle velocities to depths of
150 km [van der Lee et al., 2001]. The low seismic velocities are attributed to the
combined effects of increased volatiles in the mantle, due to dehydration of the
subducting slab, as well as temperatures of ~1200°C in the mantle. Surface wave
dispersion studies also indicate a low velocity upper mantle below the Altiplano backarc
[Baumont et al., 2002]. From a seismic refraction study, P, velocities are moderately low
(8-8.1 km/s) below the Altiplano, and increase abruptly to 8.2 km/s at the boundary
between the backarc and craton [Baumont et al., 2001]. Using the Black and Braile
[1982] relation (Equation 3.8), the Altiplano P, velocities suggest Moho temperatures of
490-630°C. However, the crustal thickness in this region is ~70 km, and thus, the higher
velocity (relative to the Cascadia backarc) may be partially due to the greater depth [e.g.,
Christensen, 1979], not lower temperatures. It should also be noted that the data are from
an unreversed seismic profile, which leads to large uncertainties in the velocities.

Low seismic velocities in the backarc upper mantle are coupled with high seismic
attenuation to a depth of 100 km [Haberland and Rietbrock, 2001], further supporting
high temperatures and/or the presence of partial melt or fluids. Finally, there are several
Oligocene to Recent basaltic (i.e., mantle-derived) volcanic centres and fissure flows
scattered in the backarc of the Altiplano/Puna region [4/Imendinger et al., 1997]. Taken
together, the above observations suggest that the backarc crust and upper mantle of the

central Andes are extremely hot over the ~400 km width of the backarc.



CHAPTER 4: Backarc Thermal Structure II — A Global Survey 90

4.2.3 Alaska and the eastern Aleutians

At the Alaska/Aleutian subduction zone, the Pacific Plate subducts beneath the
North America Plate at a rate of 6-7 cm/yr (Figure 4.3). Below Alaska and the Bering
Sea shelf, the over-riding plate is continental crust, consisting of terranes accreted to
North America during the Jurassic [Fliedner and Klemperer, 2000]. West of the shelf
edge, the basement of the Aleutian Basin is oceanic crust, overlain by up to 4 km of
sediments. This part of the backarc was formed in the early Eocene (50-55 Ma), when
subduction along the then-active Beringian margin (near the Bering Sea Shelf edge)
jumped southwest to its present location, trapping a fragment of oceanic crust. The
trapped crust is generally thought to be early Cretaceous in age (117-132 Ma), although
this is still under debate [Cooper et al., 1992]. Subduction along the Alaska/Aleutian
margin has been stationary for the last 50 my. There is evidence of recent (<20 Ma)
backarc spreading in the Komandorsky (or Kamchatka) basin, the most western part of
the backarc [Cooper et al., 1992 and references therein]. This is consistent with very
high heat flow (>100 mW/m?) observed in this area.

The rest of the backarc is considered to be inactive, with no significant extension.
In the Aleutian basin, the main constraint on thermal structure comes from surface heat
flow observations [Langseth et al., 1980; Global Heat Flow Database, 2004]. Figure 4.3
shows the heat flow as a function of latitude for the Aleutian Basin. Most values are 40-
80 mW/mz, with no clear decrease with distance from the arc. If the three values greater
than 100 mW/m? are excluded, the mean heat flow for the Aleutian basin is 61+17
mW/m?. Langseth et al. [1980] note that rapid sedimentation rates in the Aleutian Basin,
especially over the last 10 my, may have a significant effect on surface heat flow and
suggest that the observed heat flow should be increased by 16-22% to correct for
sedimentation. With this correction, the mean heat flow for the Aleutian basin becomes
71-74 mW/m®. The Aleutian Basin heat flow is significantly higher than the expected
heat flow for ~120 my old oceanic crust (44-50 mW/mz) [Parsons and Sclater, 1977,
Stein and Stein, 1992]. This discrepancy could indicate that the Aleutian Basin crust is
younger than previously thought [Langseth et al., 1980; Cooper et al., 1992], although

the observed heat flow requires a crustal age that is similar to the time that the crust was



CHAPTER 4: Backarc Thermal Structure II — A Global Survev 91

b) 160
Surface heat flow
o~ (Aleutian basin)
£ 120 . ,
= ean HF corrected for sedimentation
% ollowing Langseth et al., 1980
> 80
ke
[T
E
£ 40

56 57
Latitude (°N)

Figure 4.3. a) Map of the Alaska/Aleutian subduction zone. Triangles are active arc volcanoes; squares are
volcanic fields of the Bering Sea basalt province [after Akinin et al., 1997]; circles are heat flow measurements
(see legend). The xenolith locations are also shown. b) Surface heat flow as a function of latitude for the
Aleutian basin.

trapped in the backarc (~50 Ma), rather than the inferred ~120 Ma age. There is also
some evidence for recent faulting and possible minor extension in the basin, which would
perturb the heat flow [Cooper et al., 1992]. Alternatively, the high heat flow may
represent enhanced temperatures in the mantle wedge and backarc of the Aleutian
subduction zone. This model is supported by seismic studies that show P, velocities of
7.8-8 km/s throughout the Aleutian basin [Levshin et al., 2001].

There are no heat flow data for the backarc in the Bering Shelf nor continental

Alaska regions. However, there are at least 15 distinct basaltic volcanic fields scattered
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in the backarc (Figure 4.3). These volcanic fields, which form the Bering Sea basalt
province, are all younger than 10 Ma [Akinin et al., 1997]. In three fields, upper mantle
xenoliths have been recovered. Calculated equilibrium temperatures for the xenoliths are
850-1030°C at an assumed pressure of 1.5 GPa (~45 km) based on mineral phase
assemblages [Akinin et al., 1997]. There have also been numerous seismic studies across
the eastern part of the backarc, which indicate low velocities in the uppermost mantle. P,
velocities are ~7.8 km/s beneath the Bering Sea shelf [Fliedner and Klemperer, 2000,
Levshin et al., 2001]. Below continental Alaska, P, velocities are 7.8-8 km/s [Stone et
al., 1987, McNamara and Pasyanos, 2002; Levshin et al., 2001]. A seismic tomography
study of Alaska gives similar low upper mantle P-wave velocities and shows that these
low velocities extend to at least 150 km depth in the mantle [Zhao et al., 1995].

Heat flow over the Aleutian Basin, as well as backarc volcanics, xenoliths and
seismic velocities studies over the Bering Sea Shelf and continental Alaska, suggest high
backarc mantle temperatures for more than 700 km north of the Alaska/Aleutian arc. As
noted by Cooper et al. [1992], the tectonics of the Aleutian backarc may be more
complex than previously thought. Although some backarc extension cannot be ruled out,
the spatial extent and apparent uniformity of the high temperatures seems to require a

more widespread process.

4.2.4 Kamchatka

The Kamchatka subduction zone lies southwest of the Aleutian subduction zone
and is the most northern part of the ~5500 km long subduction system that includes the
Mariana, Izu-Bonin, NE Japan and Kuril subduction zones (Figure 4.4). The Kamchatka
backarc crust is composed of arc terranes and oceanic plateaus that have been accreted to
northeast Asia [Konstantinovskaia, 2001]. The Kamchatka-Kuril backarc is generally
considered to be part of the North America Plate. However, recent plate models suggest
that the Kamchatka Peninsula and Sea of Okhotsk may form the Okhotsk microplate
[Seno et al., 1996]. The present subduction margin was established by at least 50 Ma
[Konstantinovskaia, 2001]. Prior to this, the tectonic history is fairly complex, with

possible evidence for a short period of southeast-directed subduction from 65-55 Ma.
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Despite these complexities, there is no evidence for recent extension in the Kamchatka
backarc. It is well-established that the Kuril backarc basin (southernmost Sea of
Okhotsk) was formed by spreading between 32 and 15 Ma [Baranov et al., 2002]. The

region of extension is southeast of the study area, and thus the thermal structure in the
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Figure 4.4. a) Map of the Kuril-Kamchatka subduction zone with observed surface heat flow (see legend).
Solid line shows the heat flow profile; dotted lines are the width of data used in the profile. The dashed line
shows the inferred boundary between the North America and Eurasian Plates. The hatched area is the region of
extension for the Kuril backarc [after Mantovani et al., 2001]. b) Surface heat flow data as a function of
distance from the trench. Measurements within 300 km of the profile line in (a) are shown.
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Kamchatka backarc is inferred to be relatively unaffected by extension.

For the Kuril-Kamchatka subduction zone, surface heat flow is generally low over
the forearc and high over the arc. The Sea of Okhotsk is characterized by relatively high
heat flow, although there is some scatter in the data (Figure 4.4a) [ Watanabe et al., 1977
and references therein; Sugrobov and Yanovsky, 1993; Global Heat Flow Database,
2004]. Along a profile through the Kamchatka backarc, the mean heat flow is 75126
mW/m” for all data and 68+15 mW/m” if data greater than 100 mW/m? are excluded. As
the crust in this region is mostly oceanic, radiogenic heat production is expected to be
fairly low. Thus, these heat flow values suggest high mantle heat flow and high mantle
temperatures, consistent with other non-extensional backarcs.

Additional constraints on the backarc mantle thermal structure come from seismic
and gravity studies. Most studies have concluded that the upper mantle below the
Kamchatka Peninsula and Sea of Okhotsk is characterized by low seismic velocities.
Mantle P-wave velocities (from tomography and refraction studies) are up to 6% slower
than global velocity models [e.g., Gorbatov et al., 1999, Levshin et al., 2001]. This is in
agreement with seismic studies that show that the upper mantle (~35 km depth) below the
Kamchatka peninsula has S-wave velocities that are ~7% less than global velocity models
[Shapiro et al., 2000]. Low mantle velocities are also observed in surface wave studies in
this region [e.g., Kaila and Krishna, 1984; Ritzwoller and Levshin, 1998]). An early
gravity study showed that the Kamchatka forearc and arc regions are characterized by
high gravity values, consistent with the presence of a cool, dense subducting slab [Kogan,
1975]. In contrast, the backarc has relatively low gravity values, which were modelled
using a hot, low density backarc mantle.

The heat flow, seismic and gravity observations all point to a hot backarc mantle
for the Kamchatka subduction zone. The thermal structure of the northernmost
Kamchatka backarc may be affected by the proximity of the edge of the subducted
Pacific Plate, which could represent a region of complex mantle flow and unusual
thermal conditions. However, mantle temperatures appear to be high well away from this

boundary, and far from the inferred region of Oligocene-Miocene extension in the Kuril
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backarc, suggesting that another mechanism, such as backarc mantle flow, is required to

maintain the hot conditions.

4.2.5 Sunda

The Sunda subduction zone (Sumatra/Java region of Indonesia) marks the
northward subduction of the Indian-Australian Plate beneath the continental Eurasian
Plate (Figure 4.5a). Tectonic reconstructions suggest that the Sunda backarc
immediately behind the arc has been relatively stable for at least 50 my [Lee and Lawver,
1995]. Surface heat flow values were obtained from the Southeast Asia Heat Flow
Database [2004]. Most of the measurements in the region are oil company data, and thus
are confined to sedimentary basins and are of relatively low accuracy.

Figure 4.5 shows two heat flow profiles through this region. For both profiles,
heat flow is generally low over the forearc and high in the backarc for over 1000 km
behind the arc. The eastern profile has the best heat flow coverage, with backarc values
of 70-80 mW/m®. Heat flow appears to be slightly higher (~100 mW/m?) along the
western profile. Puspito and Shimazaki [1995] suggest that variations in heat flow
between the two areas are due to variations in crustal composition and thickness; the
higher heat flow in the west may be associated with higher crustal radiogenic heat
production.

Along the western profile, the heat flow measurements are distributed in two
distinct clusters. In the cluster immediately north of the volcanic arc, heat flow is
extremely high (>100 mW/m?), with significant scatter. Thamrin [1985] attributes the
high heat flow to shallow magmatic diapirism associated with the nearby active volcanic
arc and to perturbations associated with Tertiary faulting and folding of the basin
sediments. In addition, the granitoid rocks that form the basement of the basin may be
enriched in radiogenic elements U, Th, K [Gasparon and Varne, 1995). Heat production
in the uppermost basement may be as high as 5 puW/m’. Thus, upper basement heat
generation may account for up to 50 mW/m? of surface heat flow, assuming a standard 10

km thickness for the enriched layer. Even with the enhanced crustal heat production, the
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Figure 4.5. a) Map of the Sunda subduction zone with observed heat flow (see legend). Solid lines show the
heat flow profiles; dotted lines show the width of data used for each profile. The inferred region that underwent
extension in the Eocene is shown with a dashed line [after Lee and Lawver, 1995]. Surface heat flow profiles
for the b) western and c) eastern profiles. Each profiles uses data within 400 km of the profile line. The mean
heat flow (with standard deviation) is given for each data block.
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average reduced surface heat flow is still above 70 mW/m? indicative of high
temperatures at depth.

Heat flow remains high (80-90 mW/m?) well into the backarc for the western
profile, although there is a large gap in the data. Some of the high heat flow between
1000 and 1300 km from the trench may be associated with possible minor extension in
this region between 30 and 40 my {LZee and Lawver, 1995]. North of the inferred
extensional region, heat flow decreases to ~64 mW/m’. This may mark the northern limit
of the hot backarc, but there are no additional observations to support this.

Further evidence for high mantle temperatures in the Sunda backarc is provided
by P-wave tomography studies that indicate upper mantle velocities that are ~2% slower
than global mantle velocity models [Puspito and Shimazake, 1995; Widiyantoro and van
der Hilst, 1997]. Unfortunately, no other observations could be found to further constrain

the thermal structure.

4.2.6 Summary

The above discussion has focussed on five subduction zone backarcs where there
has been no significant extension in the last 50 my. In all backarcs, surface heat flow is
generally high and seismic velocities are several percent lower than global average
mantle velocities, suggesting an anomalously hot backarc mantle.  Additional
observations (e.g., backarc volcanism, P-T estimates for xenoliths, isostasy studies) also
indicate high temperatures at depth. These observations are similar to those for the

northern Cascadia backarc (see Chapter 3).

4.3 Southern Europe and Asia

Another area where the thermal effects of subduction can be examined is southern
Europe and Asia. This region is dominated by plate convergence. In southern Europe,
convergence between the Eurasia and Africa Plates has produced a series of subduction
zones (e.g., Aegean, Tyrrhenian), many with present-day backarc spreading, as well as
numerous orogenic belts (e.g., Alps, Apennines). Convergence between the Arabia and

Eurasia Plates in western Asia has resulted in the development of the Iran-Turkey plateau
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orogenic belt. Further east, convergence between the India-Australia and Eurasia Plates
has produced the Makran subduction zone (east of India) and the Himalaya mountains
(north of India).

The tectonics of this region are highly complex, particularly in southeastern
Europe. A detailed examination of the individual subduction/collision zones along the
southern Eurasia margin is deferred to a future study. It is useful to point out some
general characteristics. Surface heat flow in southern Europe is high (>60 mW/m?), with
heat flow >100 mW/m? in some regions [Cermak and Rybach, 1979; Cermak, 1993;
Global Heat Flow Database, 2004]. The mantle heat flow is inferred to be >30 mW/m*
[Cermak, 1993; Artemieva and Mooney, 2001]. Although there are fewer heat flow
measurements in southern Asia, the backarc regions of the subduction/collision margin
are characterized by high heat flow and high mantle heat flow [Artemieva and Mooney,
2001]. For this region, inferred temperatures at 50 km depth are >1000°C [Artemieva
and Mooney, 2001].

Several studies have looked at seismic velocities below southern Europe and Asia.
Both regions are characterized by low upper mantle seismic velocities from surface wave
tomography and P, velocity studies [Ritzwoller and Levshin, 1998; Ritzwoller et al.,
2002]. The lowest seismic velocities appear to coincide with regions of thickened crust
in the areas of continental collision (Himalayas/Tibet and the Turkish-Iranian plateau).
Tomography images using P- and S- waves for southern Europe show low velocities to
depths of more than 100 km, with velocities more than 5% slower than global mantle
velocities [Goes et al., 2000]. Using a velocity-temperature relation, Goes et al. [2000]
suggested that these velocities correspond to temperatures of 1000°C or more at 50 km
depth. Overall, surface heat flow and upper mantle seismic velocities point to high
mantle temperatures in the backarcs regions of the southern Europe and Asia convergent
system, but a more detailed study is required to better constrain the thermal regime of

individual backarcs.
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4.4 Backarcs with Recent or On-going Extension
4.4.1 General observations

More than half of present-day subduction zones either have present-day backarc
spreading (e.g., Marianas), or have experienced spreading and extension in the recent
(<50 Ma) past (e.g., NE Japan). The process of spreading causes substantial crustal
extension, as well as the creation of new oceanic crust in the backarc. The driving
mechanism for backarc extension/spreading remains a topic of debate. One issue is
whether there is a causal relationship between subduction and backarc extension, as
implied by the observation that these types of ocean basins are only associated with
subduction zones [e.g., discussion by Mantovani et al., 2001].

Regardless of the mechanism, extension and spreading have a significant effect on
the thermal structure of the backarc. The processes of thinning the lithosphere through
extension increases lithosphere temperatures, resulting in higher heat flow. At the
backarc spreading centre, the upwelling of hot mantle also leads to increased
temperatures and heat flow, similar to a spreading ridge. These processes are super-
imposed on the thermal effects of subduction. Extensional backarcs exhibit extremely
high heat flow [e.g., McKenzie and Sclater, 1968; Oxburgh and Turcotte, 1968; Sclater,
1972; Watanabe et al., 1977], as well as low seismic velocities and high seismic
attenuation [e.g., Zhao, 2001; Wiens and Smith, 2003], indicative of high temperatures in
the backarc mantle. The question is whether these backarcs are hotter than expected,
both in the areas where the oceanic crust that has undergone extension and for the newly-
formed oceanic crust at the backarc spreading centre.

Early studies by Sclater [1972] and Watanabe et al. [1977] concluded that the
heat flow for many western Pacific backarcs is much greater than expected for the age of
oceanic crust. For backarcs with crust older than 30-40 Ma, Watanabe et al. [1977] argue
that the surface heat flow is 80-90 mW/m?, regardless of basin age, which they attribute
to enhanced convection in the backarc asthenosphere. For oceanic crust created at a mid-
ocean ridge, the cooling plate models predict a surface heat flow of 40-60 mW/m? for
crustal ages greater than 30 Ma [e.g., Parsons and Sclater, 1977; Stein and Stein, 1992].

However, other studies of backarc heat flow have suggested that with a re-analysis of the
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heat flow data and more accurate basin ages, the heat flow may not be significantly
higher than that of “normal” oceanic crust [e.g., Sclater et al., 1976; Anderson, 1980].

The depth of the backarc can also be used as an indicator of its thermal structure;
seafloor depth increases as the crust ages and cools. It has been noted that many western
Pacific extensional backarcs have depths that are up to 1 km larger than expected for
their age, although there is scatter in the data [e.g., Sclater, 1972; Sclater et al., 1976;
Watanabe et al., 1977, Park et al., 1990]. For regions with an anomalously hot mantle,
the seafloor should be shallower than expected. One possible explanation for the
observed large depths is that the backarc crust is thinner than normal oceanic crust
[Sclater, 1972], although there is no clear evidence that this is the case [Anderson, 1980;
Wheeler and White, 2002]. Alternatively, the backarc bathymetry may be dynamically
controlled by the subducting plate [Sclater, 1972]. This is supported by the observation
that deeper basins are associated with more steeply dipping slabs [Park ef al., 1990]. On
the other hand, early gravity studies suggested that the majority of backarcs are in
isostatic equilibrium [Slater et al., 1976, Watanabe et al., 1977], which would rule out
dynamic effects. In addition, there is no evidence for significant dynamically-controlled
subsidence over many western Pacific backarcs from analyses of bathymetry, geoid and
gravity data [Billen and Gurnis, 2001; Wheeler and White, 2002].

A full analysis of the thermal structure of extensional backarcs is beyond the
scope of this thesis study, due to the complexity in separating the extension-related and
subduction-related thermal effects. However, it is worthwhile to point out several key

observations, using the Japan Sea as an example.

4.4.2 Extension in the Japan Sea

The Japan Sea forms the backarc of the present-day SW and NE Japan subduction
zones (Figure 4.6). The Japan Sea opened between 30 and 12 Ma, as the Japanese
Islands were separated from mainland Asia by dextral shear and counterclockwise
rotation [Jolivet et al., 1994]. The basement of the Japan Sea is composed of highly

extended continental crust and oceanic crust intruded during the opening of the Japan
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Figure 4.6. a) Heat flow for the Japan region. In the Japan Sea, the hatched region shows the area with
significant stretching/extension, and the dark shading shows the area of new oceanic crust created during Japan
Sea opening (~12-30 Ma) [after Jolivet et al., 1994]. Solid lines show profile locations; dashed lines show
profile width (400 km total). b) NE Japan heat flow profile, with mean and standard deviation of heat flow for
each segment. Hatched bar shows area with significant extension; dark area shows region with new oceanic

crust. ¢)SW Japanheat flow profile. d)Koreaheatflow profile.
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Sea. Figure 4.6a shows the region where new oceanic crust was formed, as well as the
regions with greatest extension. Opening of the Japan Sea was completed by 12 Ma, and
was replaced by E-W compression, which continues to the present.

The heat flow data in Figure 4.6 are from a compilation by Yamano [1995].
Profiles taken through the NE and SW Japan subduction zones illustrate the contrast in
heat flow between the forearc and backarc regions (Figure 4.6 b, ¢). Forearc heat flow is
higher for SW Japan, due to the younger age of the subducting plate and slower
subduction rate [e.g., Peacock and Wang, 1999]. At the volcanic arc, the heat flow
exhibits a fair amount of scatter. In the backarc, heat flow is extremely high and fairly
constant throughout the Japan Sea, where the average heat flow is ~95 mW/m®. The
remarkable uniformity of the heat flow has been noted by previous authors [e.g.,
Watanabe et al., 1977]. High heat flow is also found on the Korean Peninsula, which is
composed of continental crust that has not experienced extension. Here, the average heat
flow is 70 mW/m?, which is similar to regions of the northern Cascadia backarc where
surface heat generation is ~1 pW/m’,

Additional observations also indicate high crust and mantle temperatures
throughout the Japan Sea and adjacent regions. Upper mantle xenoliths from the eastern
coast of Honshu (NE Japan) suggest temperatures of ~1000°C at 40 km depth, which are
consistent with upper mantle temperatures inferred from heat flow [Nakajima and
Hasegawa, 2003 and references therein]. High temperatures at depth well behind the arc
are indicated by the presence of Neogene to Quaternary basalt fields on the northeastern
China coast, west of the region of Japan Sea extension. Seismic tomography studies
show low velocities beneath the entire Japan Sea, with velocities up to 6% slower than
global mantle models [Ritzwoller and Levshin, 1998; Zhao, 2001 and references therein].
For NE Japan, the lowest velocities are found in a dipping layer ~50 km above the top of
the subducting slab, extending from below the volcanic arc to depths > 150 km. A
similar dipping low velocity zone is imaged below Tonga-Lau [Zhao, 2001; Wiens and
Smith, 2003]. For both regions, the ratio of the P to S velocity anomalies suggests that
there is less than 1% partial melt in the wedge (at the 25-50 km resolution of the studies)

[ Wiens and Smith, 2003]. It is interpreted that the low velocities represent a combination
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of high temperature and increased volatile content. In particular, the dipping layer of low
velocities is attributed to a region of hydrated mantle, caused by fluid flux from the
subducting slab.

In addition to low seismic velocities, high seismic attenuation is observed in the
mantle to depths of at least 200 km throughoﬁt the Japan Sea [Flanagan and Wiens,
1994; Nakajima and Hasegawa, 2003]. Using a theoretical relation between attenuation
and temperature, Nakajima and Hasegawa [2003] determined the thermal structure of the
mantle wedge for NE Japan to a distance of ~100 km behind the arc. With the uppermost
mantle temperatures from xenoliths as a reference, they showed that the mantle wedge
temperature increases from ~1000°C at 40 km depth to ~1200°C at 100 km depth. This
is 200°C cooler than suggested by Tatsumi et al. [1983] on the basis of petrologic studies
of arc magmas for this area.

It is unclear if extension and backarc spreading are sufficient to explain the high
temperatures for the Japan Sea. In the region of new oceanic crust, the average crustal
age is ~20 Ma and the average heat flow is 10010 mW/m®. Note that the observed heat
flow has not been corrected for the effects of sedimentation. The expected heat flow for
crust of this age is 105-115 mW/m? [Parsons and Sclater, 1977; Stein and Stein, 1992],
in good agreement with that observed. However, the crust is fairly young, and thus, may
not have reached the “backarc steady-state heat flow” proposed by Watanabe et al.
[1977]. In addition, high heat flow is not confined to the region of backarc spreading.
There is no significant variation in heat flow for the Japan Sea, despite heterogeneities in
the amount of extension and the creation of oceanic crust within a concentrated region.
These two observations appear to require an anomalously hot mantle throughout the

Japan Sea and adjacent regions.

4.4.3 Are extensional backarcs anomalously hot?

Heat flow measurements, seismic velocity, seismic attenuation, and other
observations indicate high temperatures in the upper mantle for the Japan Sea and other
extensional backarcs [e.g., Flanagan and Wiens, 1994; Zhao, 2001; Wiens and Smith,

2003]. It remains uncertain whether these extensional backarcs are hotter than expected
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for their age and amount of extension. Since the initial publications in the 1970’s, there
have been no further detailed studies that have examined the thermal structure of
extensional backarcs in general. An updated study is certainly warranted. Such a study
should examine:

e observational constraints on the thermal structure, including surface heat flow,
seismic velocities and attenuation, xenoliths, and petrological constraints from arc
and backarc magmas. Of particular importance is the lateral variation in the
thermal structure, relative to the location of the backarc spreading centre(s) and
regions of greatest backarc extension.

e depth of the basement and the crustal thickness

e sediment cover and sedimentation history of the basin; sediments will affect the
rate of cooling of the basin, the observed surface heat flow, and the subsidence of
the basin

e opening history of the basin, including accurate dating of the oceanic crust created
during basin opening and estimates of the amount of extension

The thermal structure of the basins can be compared to that expected for extended crust
and for oceanic crust created at mid-ocean ridge [e.g., Parsons and Sclater, 1977; Stein
and Stein, 1992] to determine if extension/spreading is sufficient to explain the

observations, or if an additional heat source is required.

4.5 Former backarcs

From the above discussion, it appears that nearly all present-day backarcs are hot.
This may reflect a characteristic feature of subduction zones, which may be associated
with subduction-related backarc mantle flow (see discussion below). If this is true, it is
important to examine areas that are located in the backarcs of former subduction zones.
The thermal structure of these areas provides constraints on how mantle temperatures
evolve once subduction stops. The critical range for this evolution appears to be
approximately 300 my after the termination of subduction [Hyndman et al., submitted
manuscript, 2004]. Two examples that span this age range are the central/northern

Canadian Cordillera (~42 Ma) and the Appalachians (~260 Ma).
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4.5.1 Central and Northern Canadian Cordillera

Present-day subduction at the Cascadia subduction zone terminates at ~51°N.
However, heat flow and other temperature-sensitive indicators suggest that the high
temperatures observed in the northern Cascadia backarc extend to the north through the
central Canadian Cordillera (51-59°N) and northern Canadian Cordillera (59-64°N).
These regions once formed the backarc regions for subduction of the Farallon and Kula
Plates below North America. Plate reconstructions suggest that subduction in this area
stopped at ~42 Ma [Engebretson et al., 1985]. Presently, both regions are bounded on
the west by the Queen Charlotte-Fairweather transform fault sysfem. The eastern limit of
each is the stable North America craton.

The central and northern Cordillera are characterized by high surface heat flow of
78 and >100 mW/m?, respectively [Lewis et al., 2003, and additional measurements by T.
Lewis, as reported rby Fliick, 2003]. The higher heat flow for the northern Cordillera is
attributed to a greater radiogenic heat production in the upper crust (>4 pW/m?), such that
the reduced heat flow for both regions is ~60 mW/m® [Lewis et al, 2003]. High
temperatures at depth are supported by: 1) low P, velocities (7.8-7.9 km/s) [Lewis et al.,
2003 and references therein], 2) low upper mantle velocities from seismic tomography
[Grand, 1994; Frederiksen et al., 1998, 2001], 3) a small effective elastic thickness (<30
km) [Flick et al., 2003], 4) P-T estimates from xenoliths [Harder and Russell, submitted
manuscript, 2004], 5) observations of high elevations although the crust is only 32-35 km
thick [Lewis et al., 2003], and 6) deformation styles that suggest a thin, weak lithosphere
[Lewis et al., 2003]. All observations indicate that the thermal structure of the central and
northern Canadian Cordillera is similar to that of the northern Cascadia backarc.

The origin of a hot crust and mantle in the central and northern Cordillera is
enigmatic. One possibility is that the high temperatures result from backarc mantle flow
associated with past subduction in this region [Lewis et al., 2003]. This implies that

subduction-related mantle flow persists for over 40 my after subduction ceases.
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4.5.2 Appalachians

The Appalachian mountains in eastern North America represent an orogenic belt
developed by the accretion and subsequent deformation of arcs and micro-continents to
the eastern margin of the North America craton [e.g., Hatcher, 1989; Keller and Hatcher,
1999]. The Appalachians are part of the former backarc regions of primarily westward-
directed subduction associated with closing of the Iapetos/Theic/Rheic Oceans between
500 and 260 Ma. The last major period of deformation was the Alleghanian Orogeny
(325-260 Ma), which resulted in the final closure of the Rheic Ocean, as the North
America and Africa cratons collided.

The present-day surface heat flow over the Appalachians is 50-60 mW/m’
[Jaupart et al., 1982; Jaupart and Mareschal, 1999], which is slightly higher than that of
the adjacent North America craton, 42+ 10 mW/m”. However, it appears that much of the
difference in heat flow can be explained by higher radiogenic heat production in the
Appalachian crust, such that the reduced heat flow of both regions is similar, 30-40
mW/m? [Jaupart et al., 1982; Jaupart and Mareschal, 1999]. Artemieva and Mooney
[2001] suggest that there may be higher temperatures at depth and a thinner thermal
lithosphere below the Appalachians, due to a slightly higher mantle heat flow. From their
study, they determined a temperature of 700-800°C at 50 km depth for the Appalachians,

compared to 500-600°C for the craton.

In seismic tomography images, the Appalachian mantle is characterized by only a
small S-wave velocity anomaly (generally <1%), relative to average mantle velocities
[Grand, .1994; van der Lee and Nolet, 1997; Goes and van der Lee, 2002]. In contrast,
mantle velocities below the craton are 2-4% faster than average velocities to depths >250
km. This velocity contrast may reflect 100-300°C higher temperatures in the upper
mantle below the Appalachians (relative to the craton), although variations in
composition and volatile content also affect velocities {Goes and van der Lee, 2002].
This temperature difference is consistent with that inferred from heat flow data
[Artemieva and Mooney, 2001].

Overall, it appears that the thermal structure of the Appalachians is only slightly

hotter than the adjacent craton. If the excess heat comes from backarc processes
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associated with past subduction in this area, this suggests that much of the thermal

anomaly decays within 300 my after subduction ceases.

4.6 Flat slab subduction

Nearly all of backarcs discussed above have characteristics indicative of high
temperatures in the uppermost mantle well behind the volcanic arc, such as high surface
heat flow and low upper mantle seismic velocities. The only evidence that any backarc is
cool comes from regions where the subducting slab flattens to near-horizontal in the
shallow mantle (depths of 100 km or less).

The most clear example of this is the Peru flat slab region of South America (2-
15°S). Heat flow data from the northern part of this region shows that there is little
variation in heat flow across the margin [Hamza and Munoz, 1996] (Figure 4.2c).
Values closest to the coast are 30-40 mW/m”. Further inland, heat flow remains fairly
low (~50 mW/m?) across the northern Andes and into the eastern Guyana craton. There
is no active volcanic arc in this region. Seismic tomography shows that the mantle below
this part of the Andes has low velocities (relative to average mantle), but that the
amplitude of the anomaly is reduced relative to regions to the north and south [van der
Lee et al., 2001]. These observations suggest that the mantle overlying the Peru flat slab
is cooler than other parts of the South America subduction zone backarc.

A flat slab has also been proposed for the Guererro region of the Mexico
subduction zone [e.g., Suarez et al., 1990; see also Chapter 2]. Here, the flat slab is at a
depth of 50 km. There is some indication that the seismic velocities in mantle above the
subducting slab in this region have slightly higher velocities than regions to the north and

south [e.g., van der Lee and Nolet, 1997].

4.7 Discussion

For nearly all the present-day subduction zones examined in this study, surface
heat flow, seismic velocities, and other thermal indicators suggest high temperatures in

the backarc mantle. For these subduction zones, high temperatures are observed over
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backarc widths of 400 km to over 1000 km. The only clear evidence for a cool backarc is

in the Peru region of South America where a flat subducting slab is inferred.

Many subduction zones have active backarc extension/spreading. In these areas,
the observed high temperatures may, in part, be due to these processes; further study is
necessary to determine if an additional heat source from backarc convection is required.
However, at six subduction zones with no recent backarc extension, all the thermal
constraints examined indicate anomalously high backarc mantle temperatures (i.e., 800-
1000°C at 40 km depth). For each subduction zone, the presence of a hot backarc is often
interpreted using site-specific explanations. The most common are:

1. Thickened backarc crust. High surface heat flow in the Central Andes of South
America is often attributed to increased radiogenic heat production in the thick
(>60 km) over-riding crust. However, crustal thickening only occurred over the
last 25 my and in a restricted area. Numerical modelling indicates that over this
time, it is not possible to elevate crustal temperatures to the observed values
through either crustal radiogenic heating or shear heating associated with
thickening. Also, xenolith data suggests that the high temperatures existed well
before crustal thickening, and present-day observations indicate high temperatures
in the mantle wedge below the thickened crust.

2. Backarc extension. For backarcs with recent spreading, it is unclear whether the
observed high temperatures can be completely explained by extension. Extension
has also been used as an explanation for the high temperatures in the eastern
Omineca Belt for the northern Cascadia backarc. However, this extension was
confined to only a small geographic area and so does not explain the regionally
high temperatures. In addition, geologic evidence indicates extremely high
temperatures in the deep crust prior to extension.

3. The proximity of a slab window or slab edge. There is evidence for a slab window
below southern Chile and parts of central America, as well as the presence of a
slab edge at the northern Kamchatka subduction zone. Although mantle
temperatures may be higher in the vicinity of the slab window/edge, it is difficult

to explain observations of high temperatures throughout the entire backarc.
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4. Trapped piece of young oceanic crust. Some backarcs are underlain by a fragment of
oceanic crust trapped when the subduction zone location changed. It is suggested
that the crust in these areas may be fairly young and therefore hot. However, for
the Aleutian subduction zone, the surface heat flow suggest an age that is similar
to the time when the crust was trapped (~50 Ma), rather than the inferred age of
~120 Ma.

5. Region of anomalous mantle upwelling. For the northern Cascadia subduction zone,
as well as areas to the north and south, the high temperatures have been attributed
to a mantle upwelling unique to this area, which carries high temperatures from

depth to the uppermost mantle.

Although one or more of these factors may explain the high temperatures at one
or several subduction zones, observations of similar high temperatures for nearly all
backarcs (except those with a flat slab) suggests that a hot backarc is a characteristic
feature of a subduction zone. Indeed, active volcanism at all subduction zones requires
high temperatures (>1200°C) in the upper mantle above the subducting plate. The
observations described above suggest that the high temperatures extend 100’s to 1000’s
of kilometres into the backarc, with no indication for a significant increase in temperature
near the arc.

Given that all subduction zones appear to be similarly hot, there may be a
common subduction-related mechanism to produce the high temperatures. The current
consensus is that flow within the mantle wedge advectively carries heat from outside the
subduction zone into the backarc and mantle wedge (see Chapter 1). This model
provides a mechanism to heat the backarc both during subduction and for some time after
subduction has stopped. Observations of low temperatures over regions with a flat slab
provide support for this model; the flat slab displaces the mantle wedge, and thus there is
little material to undergo convection.

In subsequent chapters, possible flow geometries will be examined to investigate
the thermal effects of mantle wedge flow. High backarc temperatures, particularly in

areas that have not undergone recent extension, provide an important constraint for these
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models. The two key constraints that must be matched are: 1) temperatures greater than
1200°C in the mantle wedge near the arc for magma generation, and 2) high and constant

heat flow and upper mantle temperatures across backarc widths of 400 km or more.
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CHAPTER S

Seismic Anisotropy and Backarc Mantle Flow

5.1 Introduction

Observational constraints on mantle wedge flow patterns are critical for
understanding the dynamics of the backarc mantle. In recent years, seismic anisotropy
has become a powerful tool for constraining mantle flow, based on the assumption that
there is a direct relationship between mantle strain and the development of seismic
anisotropy. This chapter describes observations of seismic anisotropy in the mantle at
subduction zones, primarily using the shear wave splitting technique. The chapter begins
with the theoretical background for the observation and interpretation of seismic
anisotropy. This is followed by a summary of shear wave splitting observations at the
Cascadia subduction zone and a review of seismic anisotropy at subduction zones
worldwide. Most of the Cascadia observations are part of a seismic anisotropy study that
was carried out during this thesis research. Details of the study are given in Currie et al.
[2004a]. The chapter ends with a discussion of the implications of anisotropy

observations for mantle dynamics at a subduction zone.

5.2 Theoretical Background
5.2.1 Observational techniques

Seismic anisotropy occurs when the elastic properties of a material exhibit a
directional-dependence. This results in a variation in seismic wave velocity with
direction of propagation (azimuthal anisotropy) or with the polarization direction of the
seismic wave (polarization anisotropy) [e.g., Savage, 1999]. Shear wave splitting is an
example of polarization anisotropy. When a shear wave travels through an anisotropic
material, it will split into two components, one that is polarized parallel to the fast

direction of the material and one with an orthogonal polarization. The two components
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travel at different velocities and thus become separated in time, producing the
phenomenon called shear wave splitting. Shear wave splitting is characterized by two
parameters: the polarization direction, or fast direction, of the first-arriving shear wave
(which is related to the orientation of the anisotropy) and the delay time between the two
shear waves (which is related to the amount of anisotropy).

Most shear wave splitting observations use recordings of shear waves that are at
near-vertical incidence at the Earth’s surface. The use of (near) vertically-propagating
shear waves restricts observations to anisotropy that is in a near-horizontal plane. A high
lateral resolution (~50 km) of the subsurface horizontal anisotropic structure can be
obtained. The depth resolution is much poorer, as there is an exact trade-off between the
thickness of the anisotropic layer and the amount of anisotropy within the layer.

For many regions, shear wave splitting is primarily observed using SKS waves,
which are shear waves generated by conversion of P-waves at the core-mantle boundary.
Therefore, any observed splitting is due to anisotropy along the travel path from that
boundary to the station at the Earth’s surface. A second source of shear wave splitting
data comes from shear waves generated by local earthquakes. At some subduction zones,
earthquakes within the subducting plate occur to great depths (up to 700 km). Shear
waves from these earthquakes can be used to constrain anisotropy from the earthquake
hypocenter to the Earth’s surface. These observations are invaluable for constraining

anisotropy within the mantle wedge [e.g., Fouch and Fischer, 1996].

5.2.2 Physical interpretation of anisotropy

Anisotropy has been observed in both the Earth’s crust and mantle (see Savage
[1999] for a review). Anisotropy can result from: 1) thin layering of otherwise isotropic
material (e.g., lithologic layering, aligned dyke intrusions), 2) aligned, fluid-filled
fractures or cracks, or 3) aligned anisotropic minerals. Within the mantle, the dominant
source of anisotropy appears to be the strain-induced alignment of anisotropic mantle
minerals, primarily olivine (i.e., mechanism 3) [e.g. Silver and Chan, 1991; Savage,

1999].
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Laboratory studies on water-poor samples of olivine show that under moderate to
large strains, olivine will deform by dislocation creep, resulting in a lattice preferred
orientation (LPO) of the olivine crystal [e.g., Karato, 1987; Nicolas and Christensen,
1987; Karato and Wu, 1993; Zhang and Karato, 1995). These studies indicate that the a-
axis of olivine (the axis of fastest seismic velocity) tends to align with the direction of
maximum extension for pure shear [e.g., Nicolas and Christensen, 1987; Ribe, 1992] and
with the flow direction for progressive simple shear [Zhang and Karato, 1995]. Thus, for
simple shear deformation of the mantle, as is the case for mantle flow, the direction of
fast seismic velocity will indicate the flow direction. This is true for regions that do not
contain much water. Recent studies show that the behaviour of olivine under water-rich
conditions is more complicated. At high stresses, the fast axis of wet olivine may align
perpendicular to the flow direction [Jung and Karato, 2001].

One key factor controlling the development of mantle anisotropy through LPO is
temperature. At temperatures greater than 900°C, the grains are sufficiently mobile to
develop LPO [Karato and Wu, 1993; Savage, 1999]. Thus, anisotropy may be actively
produced by present-day mantle deformation. At lower temperatures, LPO cannot be
produced by present-day deformation, but may be “frozen in” from a past episode of
high-temperature deformation. Temperature also controls the maximum depth of mantle
anisotropy. The maximum depth is determined by the rheological transition from
dislocation creep to diffusion creep, which depends on both temperature and pressure
[Karato, 1992]. For regions that are hot, the maximum depth of anisotropy is expected to
be less than 250 km, corresponding to a shallow dislocation-diffusion creep transition.
For cooler regions, anisotropy may extend to greater depths. Most mantle seismic
anisotropy originates in the upper mantle; the transition zone and lower mantle are
inferred to be largely isotropic [e.g., Fouch and Fischer, 1996; Savage, 1999]. Seismic
studies and analyses of mantle xenoliths suggest that the amount of anisotropy in the
upper mantle ranges from 0 to 5% [Savage, 1999 and references therein].

Seismic anisotropy at subduction zones is complex, with numerous sources for
anisotropy, including the over-riding crust, mantle wedge, subducting lithosphere, and

mantle below the subducting lithosphere. Anisotropy in the over-riding crust usually
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appears to be small compared to that in the mantle [e.g., Savage, 1999]. It is difficult to
separate the effects of anisotropy within the subducting lithosphere from that in the
asthenosphere below. Many studies have argued that fossil anisotropy in the subducting
lithosphere is fairly small, based on the expected fast directions based on plate motions
le.g., Kaneshima and Silver, 1995; Fouch and Fischer, 1996; Polet et al., 2000], although
up to 5% anisotropy has been observed for regions with old and thick subducting
lithosphere [Hiramatsu et al., 1997, Matcham et al., 2000]. For studies that use
teleseismic shear waves (like the Cascadia study below), the observed shear wave
splitting may be due to anisotropy in the mantle above the subducting plate, or anisotropy
in the subducting lithosphere and underlying asthenosphere. Studies that use local shear
waves from intermediate to deep earthquakes in the subducting plate can isolate

anisotropy within the mantle wedge.

5.3 Shear wave splitting at the Cascadia subduction zone and adjacent regions

As part of this thesis research, a study of anisotropy at the Cascadia subduction
zone was undertaken. SKS arrivals were analyzed at 26 three-component broadband
seismic stations that cover the Cascadia forearc and backarc, as well as the western North
America craton. This work builds on two previous studies that have noted SKS
anisotropy at six stations in this region [Silver and Chan, 1991; Bostock and Cassidy,
1995]. A detailed description of the analysis procedure and interpretation can be found in
Currie et al. [2004a]. Only a brief summary is given here.

For each SKS waveform, the Silver and Chan [1991] method was used to find the
shear wave splitting parameters (fast direction and delay time). Clear shear wave
splitting was observed at 23 of the 26 stations. Only three stations (BBB, LLLB, SLEB)
did not have resolvable splitting for most waveforms, suggesting that there is either only
weak horizontal anisotropy or highly complex anisotropy beneath these stations (see
discussion below).

Figure 5.1 shows lower hemisphere projections of the fast directions and delay
times at ten stations (see Figure 5.2 for station locations). Azimuthal variations in the

splitting parameters are indicative of complex anisotropy beneath the station, such as
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Figure 5.1. Lower hemisphere, equal area projections of SKS splitting parameters at ten stations (see Figure
5.2 for locations). The outer circle corresponds to an incidence angle of 15°. The orientation of each bar
indicates the fast direction; bar length is proportional to the delay time (see legend). A cross indicates a null
measurement (no clear splitting), with one arm of the cross parallel to the fast direction given by the splitting
analysis (in nearly all cases, this direction is the backazimuth of the energy). The large arrows show the mean
fast direction at each station (obtained from stacking all non-null data). The average fast directions (¢) and
delay times (dt) are given below each plot, with 95% confidence intervals. Average values werenot calculated
atEDM and WAL A as the splitting parameters show an azimuthal dependence.

small-scale lateral variations in anisotropy, dipping anisotropic layers, or multiple
anisotropic layers. The only stations for which a clear azimuthal variation in the splitting
parameters could be identified are stations EDM and WALA, located on the North
America craton. At all other stations with a good azimuthal distribution of high quality

data, there are no significant azimuthal variations in the splitting parameters. For all
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stations except EDM and WALA, the splitting results were stacked to obtain a single set
of splitting parameters, following Wolfe and Silver [1998]. Figure 5.2 shows the results
for the entire study region. The stations can be divided into three groups based on their
location: 1) forearc stations (west of the Cascade volcanic arc), 2) backarc stations (east
of the arc), and 3) stations on the North America craton.

The majority of stations are located in the forearc above the subducting Juan de
Fuca Plate. In this region, fast directions are parallel to the direction of absolute plate
motion of the Juan de Fuca Plate (~N70°E), with delay times of 0.7-1.5 s. The large
delay times require a mantle source for the anisotropy [Savage, 1999; Currie et al.,
2004a]. In addition, the fast directions are approximately perpendicular to fast directions
observed from shear wave splitting within the crust of the over-riding North America
Plate [Cassidy and Bostock, 1996; Currie et al., 2001], indicating that the anisotropy
originates below the North America crust. There is some evidence for a small amount of
anisotropy in the forearc mantle wedge of this region, but this is not well-constrained
using either SKS waves or local shear waves from slab earthquakes at depths of 50-100
km [discussion in Currie et al., 2004a]. The majority of SKS anisotropy is inferred to
originate within the subducting Juan de Fuca lithosphere and in the asthenosphere below.
The fast directions are parallel to the absolute plate motion direction of the Juan de Fuca
Plate, suggesting that the anisotropy may be due to strain-induced lattice preferred
orientation of mantle minerals within or below the plate, associated with present-day
plate motion.

At stations overlying the Explorer Plate, the fast directions are oriented
approximately N25°E, i.e., more northerly than the Juan de Fuca forearc stations. This
45° counterclockwise rotation in fast direction may reflect the combination of the more
northerly direction of Explorer Plate motion [e.g., Mazzotti et al., 2003] and a change in
mantle deformation related to the transition from subduction to along-margin flow
parallel to the Queen Charlotte Fault north of the study area. At station BBB, north of the
subduction system, no clear shear wave splitting was identified, suggesting that there is

no strong horizontal flow in the mantle in this region.
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Figure 5.2. Average shear wave splitting parameters at each station across the Cascadia subduction zone.
Orientation of the bar indicates the fast direction; bar length is proportional to delay time. Solid bars indicate
well-constrainted results; open bars indicate more poorly constrained results; a cross indicates a null result (no
clear splitting). Results for PMB are from Bostock and Cassidy [1995]. An azimuthal dependence of the
splitting parameters was observed at WALA and EDM. Arrows in the upper figure indicate the absolute plate
motion of the Explorer [Ristau et al, 2002], Juan de Fuca and North America plates [ Gripp and Gordon, 2002].
The dotted line in the lower figure shows the variations in the direction of abselute plate motion of the Juan de
Fucaplate [Gripp and Gordon,2002].
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Clear shear wave splitting was observed at five of seven stations in the Cascadia
backarc (including results from station PMB, as reported by [Bostock and Cassidy,
1995]). The fast directions at these five stations are parallel to the Juan de Fuca-North
America convergence direction (~N70°E), with delay times of ~1.3 s. Heat flow and
other thermal indicators show that the backarc regions are hot, with estimated
temperatures of 800-1000°C at 35 km depth (see Chapter 3), suggesting that the
anisotropy is likely produced by present-day deformation of the asthenospheric mantle.
Due to the poor depth resolution of the measurements, it is difficult to isolate where
anisotropy occurs in the backarc mantle. Because the Cascadia backarc is extremely hot,
it is expected that anisotropy is confined to the uppermost mantle (i.e., above the
subducting plate), although anisotropy below the subducting plate is not ruled out. The
subducting plate has been imaged in seismic studies as far east as station PNT, where it is
at a depth of 300 km [Bostock and van Decar, 1995]. Assuming that most of the
anisotropy is in the mantle above the subducting plate, the overall consistency of the fast
directions and the relatively large delay times suggest that there may be an organized
flow pattern in the mantle wedge, with flow in the direction of plate convergence, if the
fast directions are parallel to the flow direction. At the two most northern backarc
stations (LLLB, SLEB) no clear splitting was observed. These stations are near the
inferred edge of the subducting slab. The absence of anisotropy at these stations may
indicate that mantle flow becomes more complex at the slab edge.

At the two stations located on the North America craton (WALA and EDM), the
splitting parameters show significant azimuthal variations, which appear to have a 90°
periodicity. Such periodicity is characteristic of multiple layers of anisotropy [e.g., Silver
and Savage, 1994], although dipping anisotropy and lateral variations in anisotropy may
also be present. A two-layer anisotropy model that best fits the observations has an upper
layer with a fast direction of N12°E and delay time of 1.4 s, and a lower layer with a fast
direction of N81°E and delay time of 2.0 s. The North America craton is underlain by a
thick (>150 km) lithosphere, and thus, the two anisotropic layers may reflect an upper
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layer of “fossil” anisotropy within the cool (<900°C) lithosphere and a lower layer within

the asthenospheric mantle produced by present-day deformation.

5.4 Global Comparison of Backarc Anisotropy

Anisotropy in the mantle wedge behind the volcanic arc and in the backarc is of
greatest importance to this thesis study, due to its potential for mapping mantle flow and
thus constraining models of mantle wedge dynamics. For Cascadia, SKS splitting
observations indicate a convergence-parallel fast direction. As noted above, it is difficult
to constrain the depth distribution of the anisotropy using teleseismic data.
Unfortunately, the maximum depth of in-slab earthquake for this region is ~100 km and
thus local shear waves can not be used to better localize backarc seismic anisotropy.

Numerous studies have examined shear wave splitting at subduction zones.
Table 5.1 summarizes results for studies that have examined data recorded at seismic
stations in the backarc regions of several subduction zones. These studies have been
divided into two groups, those that use local shear waves from intermediate and deep
focus earthquakes in the subducting slab, and those that use teleseismic shear waves. In
backarcs where both types of data are available, the fast directions and delay times from
local shear waves are similar to those obtained using teleseismic shear waves. Some
notable exceptions are: the fast directions for NE and SW Japan and Kamchatka, and the
delay times for Alaska and Hikurangi. These differences may result from anisotropy
below the subducting plate that affects the teleseismic energy.

The best constraints on the amount of anisotropy in the mantle wedge come from
splitting of local shear waves. In general, delay times tend to be small, with many values
less than 1 s. In several studies, an increase in delay time with increasing earthquake
depth has been observed [e.g., Fischer and Wiens, 1996; Fouch and Fischer, 1996;
Wiemer et al., 1999, Audoine et al., 2000]. From these studies, the amount of anisotropy
in the mantle wedge is estimated to be 1-2%. This is less than that observed in other
tectonic environments, suggesting that anisotropy in the mantle wedge may be poorly

developed [e.g., Kaneshima and Silver, 1995; Silver, 1996; Peyton et al., 2001].
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Table 5.1. Anisotropy in the backarc mantle wedge from shear wave splitting.

Shear Wave Phases Del
Subduction Used Fast Directi T? ay % Ref
Zone (and earthquake depths ast Direction IMe  Anis. eis.
for local shear waves) )
local S (100 km to 250 . 1,2,3
Margin-parallel <0.5 <0.5 T
South km) ginp 4
America Margin-normal, eastern
local S, SKS backarc (~20°S) 0.7-1.5 4
Cascadia SKS Parallel to convergence  ; 4 5,6
direction
local S (<230 km) Margin-parallel <04 1-2 7,8
Alaska/
Aleutians :
SKS (station may be .
NE of backarc) Margin-parallel 1-1.6 5,9
sS-S differencing
technique to isolate Margin-normal 1-2 10
Kamchatka wedge anisotropy
SKS Varlabl.e, generally <1 11,12
margin-parallel
) local S (300-600 km) N-S (35° to margin) 04-14 0.5 13
Kuriles ]
SKS N-S (35° to margin) 1 13
NE and SW local S (200-450 km) Highly variable 0.6-1.5 0.7-1.1 113,;.’ 112’
Japan SKS Margin-normal 1 11
Iu-Bonin  local S (420-480 km) WNW-ESE, Sub- 5, 035 45
parallel to conv. dir. 0.8
NW-SE (20°N of APM 0.65-
Mariana local S (<200 km) of Pacific Plate) 0.1-0.4 595 17
local S (< 150 km) E-W <0.35 18
Parallel to APM of
Tonga local S (<400 km) Pacific Plate 0.8-1.5 0.8-3 19,20
. _ local S (<250 km) Margin-parallel <ls 1.2 21
Hikurangi
SKS Margin-parallel 1.5-2s 21

1 Shih et al., 1991; 2 Russo and Silver, 1994; 3 Kaneshima and Silver, 1995; 4 Polet et al., 2000; 5 Bostock
and Cassidy, 1995; 6 Currie et al., 2004a; 7 Yang et al., 1995; 8 Wiemer et al., 1999; 9 Silver and Chan,
1991; 10 Fischer and Yang, 1994; 11 Vinnik et al., 1992; 12 Peyton et al., 2001; 13 Fouch and Fischer,
1996; 14 Ando et al., 1983; 15 lidaka and Obara, 1995; 16 Okada et al., 1995; 17 Fouch and Fischer,
1998; 18 Xie, 1992; 19 Bowman and Ando, 1987, 20 Fischer and Wiens, 1996; 21 Audoine et al., 2000
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The orientation of the fast direction shows considerable variation among
subduction zones, as well as within a single subduction zone (Figure 5.3). At the
Mariana subduction zone, the fast directions are sub-parallel to the convergence direction
from local shear wave studies [Xie, 1992; Fouch and Fischer, 1998]. In contrast, the fast
direction is nearly parallel to the margin in the Hikurangi and Alaska/Aleutian regions for
both local and teleseismic shear waves [Audoine et al., 2000, Yang et al., 1995; Wiemer
et al., 1999]. In the Tonga backarc, the fast direction of local shear waves at stations

more than 300 km from the trench are parallel to the subduction direction [Bowman and
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Figure 5.3. Compilation of fast polarization directions for subduction zone backarcs (see Tables 5.1 for
references). Solid lines are the fast directions in the backarc mantle above the subducting slab from local shear
waves; dotted lines are measurements from teleseismic shear waves; grey dashed line is the fast direction in the
Kamchatka mantle wedge obtained using a Ss-S differencing technique. The open symbol is from SKS
measurements that may be NE of the present-day Alaska backarc [Silver and Chan, 1991; Bostock and Cassidy,
1995]. Grey arrows indicate the absolute plate motion directions [Gripp and Gordon, 2002]. PSP is the
Philippine Sea Plate.
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Ando, 1987; Fischer and Wiens, 1996]. Closer to the trench, Smith et al. [2001] observed
a rotation to a more margin-parallel orientation below the Lau Basin and Tonga volcanic
arc, where the subducting plate is at a depth of 100-150 km. In this region, geochemical
studies indicate that there may be significant along-margin flow above the subducting
plate [Turner and Hawkesworth, 1998].

Fast directions of local and teleseismic shear waves are highly variable through
the Izu-Japan-Kamchatka subduction system. Over most of the [zu-Bonin backarc, local
shear waves yield a fast direction that is parallel to the subduction direction (WNW-ESE)
[Fouch and Fischer, 1996], but may rotate to NE-SW near the northeast limit of the
backarc [Oda and Shimizu, 1997]. For both SW and NE Japan, the fast directions are
scattered. In the Kamchatka backarc, many fast directions are margin-normal, but large
scatter in the observations and small delay times in teleseismic data suggest that this is
poorly constrained [e.g., Fisher and Yang, 1994, Peyton et al., 2001].

Along most of the South America subduction zone, local shear waves indicate
that the fast direction in the wedge is parallel to the margin [Shih et al., 1991; Russo and
Silver, 1994; Kaneshima and Silver; Polet et al., 2000]. In the eastern part of the central
Andes, Polet et al. [2000] observed a rotation in the fast direction from N-S to E-W, as
well as a slight increase in delay times, which may mark a transition from the actively
deforming Andean mantle to the stable Brazilian craton. This transition lies ~100 km
west of the surface backarc-craton boundary, which may indicate that the craton has been

over-ridden by the Cordillera backarc crust.

5.5 Implications for Backarc Mantle Dynamics

At the Cascadia subduction zone, the observed fast directions in the backarc are
oriented sub-parallel to the convergence direction [Silver and Chan, 1991; Bostock and
Cassidy, 1995; Currie et al., 2004a]. If this reflects anisotropy in the wedge, these
observations are consistent with subduction-induced comer flow within the mantle
wedge, where a flow cell is generated by the entrainment of lowermost mantle wedge
material by the subducting plate. In this model, LPO develops from progressive simple

shear of the mantle, with a fast direction aligned with the subduction direction
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[McKenzie, 1979; Ribe, 1989]. Numerical modelling by Fischer et al. [2000] for a
constant viscosity mantle wedge shows that this simple two-dimensional flow pattern can
explain the observed fast directions and delay times for the Tonga backarc.

However, only the backarc regions of the Cascadia, Tonga and Mariana
subduction zones clearly exhibit the expected fast directions for simple corner flow; other
regions exhibit much different fast directions, including many that are margin-parallel.
Some of the variation in fast direction orientation may be attributed to slab rollback, or
the effects of water or melt in the mantle. Laboratory experiments indicate that slab
rollback can produce an along-trench alignment of olivine fast axes [Buttles and Olson,
1998]. The presence of water may affect the lattice preferred orientation of olivine
[Karato and Wu, 1993; Jung and Karato, 2001] and may also act to suppress anisotropy
[e.g., Silver, 1996]. Anisotropy may also be produced by the alignment of thin melt
pockets in the wedge by the stress field [Kendall, 1994]. For two-dimensional corner-
flow in the wedge, this model predicts the alignment of cracks parallel to the margin,
resulting in trench-parallel fast directions [e.g., Fischer et al., 2000]. None of these three
mechanisms can satisfactorily explain all the observations [e.g., discussion by Wiens and
Smith, 2003]. For example, if rollback, water or melt is responsible for the trench-
parallel fast direction in the Hikurangi or Alaska subduction zones, the same effect
should be observed in the Mariana subduction zone, which is characterized by a similar
old subducting plate. Instead, a margin-normal fast direction is observed.

One hypothesis to explain the variation in fast directions is that strain in the
backarc mantle is dominated by present-day deformation of the over-riding plate, and not
subducting plate motion [e.g., Silver, 1996, Fouch and Fischer, 1996; Fischer et al.,
1998]. Numerical models by Fischer et al. [2000] and Hall et al. [2000] indicate that
although backarc mantle flow may be partially induced by the subducting plate, motion
of the over-riding plate can strongly affect flow in the mantle wedge. This is supported
by the observation that subduction zones with trench-parallel fast directions are
characterized by significant along-margin shearing or strong compression of the over-
riding plate. Trench-parallel fast directions at the Hikurangi, southern Kuriles and Alaska

all align with the orientation of major crustal transcurrent faults and shear zones [e.g.,
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Bostock and Cassidy, 1995; Yang et al., 1995; Fouch and Fischer, 1996; Audoine et al.,
2000]. In South America, the margin-parallel fast directions agree with the predicted
along-margin extension resulting from E-W shortening of the over-riding plate [Polet et
al., 2000]. In contrast, the Izu-Bonin, Mariana and Tonga (west of the Lau Basin)
backarcs exhibit backarc extension. Fast directions in these regions are nearly margin-
normal and sub-parallel to the direction of extension [Fouch and Fischer, 1996; Fischer
et al., 1998]. At the Cascadia subduction zone, there is presently no significant along-
margin deformation of the over-riding plate in the backarc [e.g., Gabrielse, 1992],
although there is evidence of along-margin compressive stress in the forearc. Present-day
motion of the backarc appears to be to the southwest, with the North America craton.
Thus, the Cascadia observations are also consistent with the model of mantle deformation
induced by the over-riding plate.

The interpretation of seismic anisotropy in terms of mantle dynamics is not
straightforward for subduction zone backarcs. The large variability in fast directions,
combined with observations of relatively weak anisotropy (1-2%) for many mantle
wedges using local shear wave data, may indicate that there is not a strong, homogeneous
flow pattern in the mantle overlying the subducting plate. Most regions do not fit the
simple two-dimensional corner flow model, suggesting that there may only be weak
coupling between the mantle wedge and subducting plate [see also discussion by Wiens
and Smith, 2003]. Instead, mantle anisotropy in many regions may be determined by
either deformation of the over-riding plate, or by local factors such as slab rollback or the

presence of water/melt.
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CHAPTER 6

Numerical Modelling of Viscous Mantle Flow

6.1 Introduction

At nearly all subduction zones, surface heat flow, seismic velocities and other
temperature indicators suggest high temperatures (>1200°C) in the mantle wedge below
the arc and for 100’s to 1000’s of kilometres into the backarc, even in areas that have not
undergone recent extension (see Chapters 3 and 4). The observed high temperatures are
contradictory to the expected cooling effects of the underlying subducting plate, which
represents a substantial heat sink. In addition, the backarcs of some subduction zones are
located next to cratons, which are noted for their low surface heat flow, low mantle heat
flow, and cool temperatures to great depths. The presence of the adjacent thick, cool
craton lithosphere makes the high backarc temperatures even more surprising.

As described in Chapter 1, early models used frictional or shear dissipation along
the top of the subducting plate as a heat source for arc volcanism. However, observations
of low forearc temperatures (where frictional heating should be greatest), as well as
difficulties in sustaining the required high shear stresses at high temperatures make this
an unsatisfactory mechanism [e.g., Yuen et al., 1978; Peacock, 1996]. Similarly, other
local sources of heat, such as radiogenic heat production and heat associated with
metamorphism in both the subducting plate and mantle wedge, have been discarded as
significant heat sources [e.g., McKenzie and Sclater, 1968; Minear and Toksoz, 1970;
Oxburgh and Turcotte, 1970; Andrews and Sleep, 1974; Yuen et al., 1978; Peacock,
1987; Wang et al., 1995b, Peacock, 1996]. Thus, mantle flow is invoked as a mechanism
for transporting heat into the mantle wedge from below.

There are three main driving forces for mantle flow: 1) viscous coupling between
the downgoing plate and overlying mantle (forced convection), 2) increased density of

the material immediately above the slab, due to cooling from the slab, and 3) positive
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buoyancy of hot material at depth in the backarc, due to heating from below (Figure 6.1).
The latter two are forms of free convection, arising from thermally-induced density
variations in the mantle wedge. A more detailed discussion of free convection is given in
Chapter 8.

In the case of forced convection, viscous coupling occurs because the subducting
slab will cool the mantle material immediately above it, resulting in the accretion of
mantle wedge material to the top of the subducting plate, due to the inverse dependence
of mantle viscosity on temperature [e.g., Kincaid and Sacks, 1997]. Thus, mantle wedge
material immediately above the slab is entrained and carried downward with the slab.
The material is then replaced by hot material from the backarc. This has been modelled
using a simple corner flow model for the mantle wedge [e.g., McKenzie, 1969].

Two other factors that may affect mantle wedge flow are: 1) compositional
buoyancy, due to density variations associated with compositional changes, and 2) the
migration of arc magmas from their mantle wedge source region to the arc. If there is a
corner flow-type pattern, with the downwelling limb near the wedge comner, the magma
must have to oppose this flow to reach the arc. This remains a topic of debate [e.g.,
Iwamori, 1998]. It has been suggested that the generation and migration of magma may

trigger secondary convection cells, with possible flow reversal below the arc [Davies and

Cold craton
Cold * \/plc. Thin (hot) backarc lithosphere
arc lithosphere (~50 km) (>100 km)

Figure 6.1. Schematic diagram of possible flow patterns in the mantle wedge. With
forced convection (solid arrows), flow is driven by viscous coupling between the
subducting plate and mantle wedge. With free convection (dashed arrows), flow is
driven by thermally-induced density variations in the wedge. Both cooling of the
mantle immediately above the subducting slab and heating of the deep backarc
mantle from below can drive free convection. Some subduction zones (e.g.,
Cascadia, South America) are located adjacent to thick, cool craton lithosphere.
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Stevenson, 1992]. Both compositional buoyancy and magma migration are expected to
have a second-order effect on mantle wedge flow. The main focus of this study is the
large-scale convection pattern in the wedge, which is believed to be primarily driven by
slab-wedge coupling and thermal buoyancy.

The remainder of this thesis research focusses on the backarc advective-
convective regime that maintains high temperatures in the mantle wedge below the arc
and throughout the backarc regions. Numerical thermal-mechanical models are used to
better understand the thermal effects of mantle wedge flow. The approach used here
follows that of recent modelling studies of mantle wedge flow [e.g., Honda, 1985;
Furukawa, 1993a, b; van Keken et al., 2002]. A subducting plate with a fixed geometry
and prescribed velocity subducts under a rigid over-riding plate. Flow within the viscous
mantle wedge is determined by the driving forces for flow and the rheology of the
mantle. This approach is partly kinematic in that the geometry and velocity of the
subducting and over-riding plate are prescribed. This type of model is effective for
investigating the effect of the subducting slab on the deformation and thermal structure of
the overlying mantle wedge. Note that there is another class of subduction zone thermal
models where the dynamics of the subduction slab are computed as part of the modelling
procedure [e.g., Kincaid and Sacks, 1997).

In this study, the models are two-dimensional, oriented perpendicular to the
subduction margin. In this study, the “landward” or “backarc” end of the model refers to
the model boundary furthest from the trench. The “seaward” end coincides with the
trench. The models are in the reference frame of the over-riding plate, which is assumed
to be stationary relative to the trench. In addition, the geometry and velocity of the
subducting plate are assumed to be constant, such that there is no slab-normal motion of
‘the subducting plate (e.g., slab rollback where the plate dip increases with time). These
models are designed to examine the first-order thermal effects of one plate under-
thrusting another. Although three-dimensional flow and temporal changes in the
subducting slab geometry may occur, they are not considered here.

In this chapter, the numerical modelling approach used in this study is described.

The chapter begins with a discussion of the rheology of the upper mantle. This is
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followed by the equations that describe mechanical flow and the thermal structure. As
will be shown, the flow and thermal fields are strongly coupled through the temperature-
dependence of mantle rheology. The chapter ends with a description of the numerical
techniques used in the models. The modelling approach presented in this chapter is used

in the development of subduction zone models in Chapter 7 and 8.

6.2 Rock Rheology

The rheology of upper mantle minerals determines how they will deform in
response to imposed forces. Kirby [1983], Karato and Wu [1993], Ranalli [1995],
Blenkinsop [2000] and Turcotte and Schubert [2002] provide comprehensive discussions
of rock deformation and rheology. Only a brief review of conclusions relevant to the

current study is given here.

6.2.1 Viscous flow law

At high temperatures and stresses, mantle minerals deform plastically through
sub-solidus creep, due to the movement of atoms, vacancies, and dislocations within the
crystalline lattice structure. Diffusion creep results from the migration of atoms either
along grain boundaries (Coble creep) or through the interiors of crystal grains (Nabarro-
Herring creep). On the other hand, dislocation creep is the result of the movement of
dislocations (imperfections in the crystalline lattice structure).

Sub-solidus creep produces viscous flow of the mantle on macroscopic distance
scales and geologic time scales. The viscous behaviour of mantle minerals has been
studied in laboratory deformation experiments. The majority of experiments are
performed under uniaxial/triaxial stress conditions. Mineral samples are subjected to a
differential stress (0'1 -0, ), taken as the difference between the applied axial stress (o;)
and the confining stress (o3). Note that a uniaxial experiment is a special case of a
triaxial set-up with o3 = 0. These experiments have shown that the uniaxial strain rate
(él) and the differential stress can be related by the constitutive equation [e.g., Kirby,

1983]:
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¢, =Alo, —0,) exp(——(QT:?Pl)j (6.1)

where P is the confining pressure, R is the universal gas constant (8.3145 J mol” K™),
and T is the absolute temperature. A, n, Q, and V are rheological parameters that depend
on the material and are assumed to be independent of temperature and stress. A is the
pre-exponential factor, n is the stress exponent, Q is the activation energy, and V is the
activation volume. In this formulation, the pre-exponential factor (A) is a constant that
includes the effects of grain size, water, and structural characteristics of the mineral
grains [e.g., Karato and Wu, 1993; Mei et al., 2002].

Diffusion and dislocation creep can both be described with Equation 6.1. In each
case, the strain rate increases as the differential stress increases. For diffusion creep, the
strain rate and stress are linearly related (n=1), and the material behaves as a Newtonian
viscous fluid. For dislocation creep, an increase in stress results in a non-linear increase
in strain rate (n>1). This type of deformation is also known as power law creep.
Although both diffusion and dislocation creep can occur at the same time, the one that
gives the larger strain rate is the dominant mechanism. In general, dislocation creep
dominates for high differential stress, large grain size, and high temperatures. At high
stresses (> 200 MPa), deformation of the mantle may be better described by the Dorn
(exponential) creep law [e.g., Tsenn and Carter, 1987]. The stresses associated with
mantle flow are generally small, and thus, the Dom law is not used in this study.

Table 6.1 gives a compilation of rheological parameters from various laboratory
studies of upper mantle minerals. Most experiments have focused on olivine
deformation, as olivine is the most abundant mineral in the upper mantle and is likely the
weakest. Thus, olivine deformation should dominate upper mantle rheology. Also
included in Table 6.1 are parameters for six hypothetical rheologies, three Newtonian
and three power law creep. These are used to examine the effects of the rheological
parameters on viscous flow (Section 6.2.3, Section 7.3.4 and Appendix A).

It should be noted that there are large uncertainties associated with the

extrapolation of laboratory results to nature [e.g., Karato and Wu, 1993, Blenkinsop,
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Table 6.1. Rheological parameters for the upper mantle for uniaxial deformation.

Mineral/

Wet/

A

Q

A%

B

Rock Dry (Pa"sh) "  (/mol) (m¥mol)  (Pas"™) Ref.
Hypothetical Temperature-Dependent (Newtonian) Rheology®
-- - 485x10"° 1.0 200000 - 6.67x10" -
- - 1.02x10™ 1.0 300000 - 3.28x10"° -
-- -- 2.13x10° 1.0 400000 - 1.57x10’ --
Hypothetical Temperature- and Stress-Dependent (Power Law) Rheology®
-- - 6.97x10" 1.0 100000 - 4.78x10" -
- - 2.08x10% 3.0 300000 - 4.64x10° --
- - 522x10% 5.0 500000 - 1.90%10’ -
Dislocation Creep
Dunite A Dry 7.20x10™ 3.6 535000 - 15625.3 1
Dunite B Dry 4.85x10"7 3.5 535000 - 12440.9 2
Lherzolite Dry 4.50x10%2 4 523000 - 103722.2 3
Olivine A Dry 6.31x10"7 3.5 533000  1.70x10° 11539.8 4
Olivine B° Dry 2.85x10"7 3.5 540000  2.00x10° 144843 5
Olivine-Basalt’ Dry* 3.90x10" 3.5 470000  2.00x10° 49355.2 6
Anita Bay Dunite  Wet  7.59x10"7 3.4 535000 - 15007.7 7
Aheim Dunite ~ Wet  4.17x10% 4.5 498000 - 65574.5 7
Dunite C Wet"  4.89x10"° 3.5 515000 - 3329.7 2
Lherzolite Wet  4.50x10% 4 523000 - 184447.0 3
Olivine® Wet  6.51x10" 3 430000  1.50x10° 31748.0 5
Olivine-Basalt!  Wet® 1.17x10"® 3.5 470000  2.00x10° 9673.5 6
Diffusion Creep
Olivine® ¢ Dry 8.22x10™ 1 300000  6.00x10°  4.05x10" 5
Olivine-Basalt Dry* 2.52x10™2 1 300000  2.00x10°  1.32x10" 6
Olivine® ¢ Wet  5.01x10™ 1 240000  5.00x10°  6.66x10" 5
Olivine-Basalt’  Wet® 7.56x10%° 1 300000  2.00x10° 4.41x10° 6

1 Chopra and Paterson, 1984; 2 Hirth and Kohlstedt, 1996; 3 Ji and Xia, 2002; 4 Kirby, 1983; 5
Karato and Wu, 1993; 6 Mei et al., 2002; 7 Chopra and Paterson, 1981

*Arbitrary parameters to give an effective viscosity of 3x10%° Pa s at T=1300°C

®Arbitrary parameters to give an effective viscosity of 10%' Pa s at T=1300°C and¢=10" s
‘Parameters were reported for simple shear deformation [Karato and Wu, 1993] and have been
converted to uniaxial stress by multiplying the pre-exponential factor by 2>%/3 [Ranalli, 1995]

A grain size of 3 mm was used for the calculation of the pre-exponential factor

*Assumed a water fugacity of 1 MPa (dry conditions)

Sample was not completely water-saturated

EAssumed a water fugacity of 300 MPa (water-saturated conditions)

2000]. The most serious limitation is that laboratory experiments are performed at high
strain rates (107 to 10~ s"), which are several orders of magnitude greater than tectonic

strain rates (10 to 10"% s™"). Secondly, the experiments are generally performed at low



CHAPTER 6: Numerical Modelling of Viscous Mantle Flow 131

confining pressures (< 3 GPa), corresponding to depths less than 100 km. Also, the
laboratory samples are small, ‘and thus, the effects of centimetre to metre scale
heterogeneities are not included. Nevertheless, the results of laboratory experiments have

been widely used in geodynamical studies.

6.2.2 Effective viscosity

The stress-strain rate relation in Equation 6.1 can be expressed using the
effective viscosity (1), a scalar quantity that relates the maximum shear stress (o;) and

maximum shear strain rate (¢_,_) in viscous flow:

= 6.2
n % (6.2)
For uniaxial/triaxial deformation of an incompressible material (i.e., £, = —%él), the

maximum shear stress and strain rate are;

o, :_("_1;_‘1) (6.32)

and i = E-&)_ 3¢, (6.3b)
2 4

Thus, the effective viscosity is equal to:

c 1 (c1 —03)
=—r—=— 6.4
n 2€ 3 g 4

Following Chen and Morgan [1990], Equations 6.1 and 6.4 can be matched to

give the effective viscosity in terms of the maximum shear stress (&, )

In Q+PV
=B& _nex 6.5
n max p( "RT ] (6.5)
1
where B =1(—‘-‘— " (6.6)
4\3A

The effective viscosity governs how shear stresses are transmitted through a

material. For a Newtonian material (n=1), the effective viscosity is constant for a given
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set of conditions (pressure, temperature, etc.) and is independent of the strain rate. Thus,
it is often simply called the viscosity. For power law creep (n>1), the effective viscosity
also depends on stress (or strain rate), and thus the effective viscosity reflects the

deformational behaviour of the material at a given strain rate.

6.2.3 Factors affecting upper mantle rheology

For both Newtonian and power law creep, the strain rate and effective viscosity
are strongly sensitive to temperature. A small increase in temperature may produce a
dramatic decrease in effective viscosity. This is illustrated in Figure 6.2a, which shows
the effective viscosity as a function of temperature for the hypothetical Newtonian
rheologies given in Table 6.1. In this case, as the activation energy (Q) increases, the
effective viscosity is more sensitive to temperature.

Figure 6.2b shows effect of the stress-dependence (n) on the effective viscosity
for the hypothetical power law rheologies. The temperature-dependence is primarily
given by the ratio Q/n. As this ratio increases, temperature-dependence becomes much
stronger. The three hypothetical power law rheologies have a similar weak temperature-
dependence (Q/n=100000 J/mol), as shown by the identical effective viscosity of each at
a strain rate of 10"° s™. The stress-dependence is determined by n. With n>1, higher
strain rates lead to a smaller effective viscosity; the effect is slightly larger for a stronger
stress-dependence.

The strain rate and effective viscosity also depend on the confining pressure (or
depth). The activation volume (V) is poorly constrained in laboratory experiments
[Karato and Wu, 1993]. Most studies give values of V less than 2x107° m*/mol (Table
6.1). For these values, the effective viscosity increases by about an order of magnitude
for a 100 km increase in depth (assuming that all other parameters are constant), i.e., it is
more difficult for deformation to occur at greater depths. As this parameter is not well-
constrained and because temperature is the dominant effect on strain rate for the
subduction zone models, the effect of pressure has been ignored in this study (i.e., V is

assumed to be 0 m*/mol).
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For diffusion creep, deformation is sensitive to the grain size; strain rates are
greater for smaller grain sizes. The grain size effect is included in the pre-exponential
factor (A) for diffusion creep, as the grain size dependence is approximately constant

over the range of conditions in the mantle [e.g., Karato and Wu, 1993]. In this study, a

) _ Stress-dependent (power law)
(Newtonian) rheology rheology (Q/n = 100000)

= = s =103 &t
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Figure 6.2. Effective viscosity as a function of temperature for a) hypothetical Newtonian rheologies, b)
hypothetical power law rheologies with only a weak temperature-dependence (solid line for n=1, dashed line
for n=3; dotted line for n=5), and c-f) upper mantlerheologies from laboratory experiments (see Table 6.1).
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grain size of 3 mm is assumed for diffusion creep deformation (Table 6.1), comparable to
estimates of grain size in the upper mantle [e.g., Turcotte and Schubert, 2002]. If instead
a grain size of 1 mm were used, the effective viscosity would decrease by a factor of 15-
30 for both dry and wet conditions. Dislocation creep is insensitive to grain size [e.g.,
Karato and Wu, 1993].

Figures 6.2c-f show the effective viscosity as a function of temperature for each
of the upper mantle rheologies given in Table 6.1. A common plate boundary strain rate
of 10" s is used in all dislocation creep calculations. The rheology parameters given by
Karato and Wu [1993] and Mei et al. [2002] have been plotted on separate plots, as these
studies report parameters for dislocation and diffusion creep of olivine (or olivine-basalt),
under both dry and water-saturated (wet) conditions. The remaining rheological
parameters are for dislocation creep and have been separated into those determined under
dry conditions and those under water-saturated conditions. These plots illustrate the
strong effect of temperature on the effective viscosity of upper mantle compositions.
Rheologies with a high Q/n ratio have the strongest temperature-dependence. Diffusion
creep generally has the largest effective viscosity. Overall, the flow laws for dislocation
creep of different upper mantle compositions give a similar effective viscosity.

Upper mantle deformation is also sensitive to the presence of water and partial
melt. The strength of upper mantle minerals decreases with increasing water fugacity (or
water content) [Kirby, 1983; Karato et al., 1986; Karato and Wu, 1993; Hirth and
Kohlstedt, 1996; Mei et al., 2002]. Recent studies provide detailed discussions of the
effect of water on the stress-strain rate relation for upper mantle minerals [e.g., Mei and
Kohlistedt, 2000a, b; Mei et al., 2002]. In the current study, two end-member cases are
considered: dry minerals and those that are water-saturated (e.g., Table 6.1). As shown
in Figure 6.2, the effective viscosity of water-saturated minerals is, on average, one order
of magnitude less than that of dry minerals under dislocation creep. For diffusion creep,
the effect is slightly larger.

The presence of partial melt will weaken upper mantle minerals, particularly at
melt fractions greater than 0.04 [Hirth and Kohlistedt, 1995a, b; Kohlistedt and
Zimmerman, 1996; Mei et al., 2002, Xu et al., 2004]. For olivine-basalt aggregates and
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lherzolite with melt fractions less than 0.15, triaxial laboratory experiments have shown
that the strain rate depends exponentially on the melt fraction (¢):
£(0) = £(0)x exp(ug) (6.7)

where 8(0) is the strain rate for a melt-free sample and « is a constant (26 for diffusion
creep and 31 for dislocation creep of olivine-basalt aggregates) [e.g., Mei et al., 2002].
The amount of partial melt increases with increasing temperature, at temperatures greater
than the mantle solidus temperature. There have been several laboratory studies that have
attempted to parameterize the melt fraction as a function of temperature, i.e., (p(T) [e.g.,
Zimmerman and Kohlstedt, 2004]. By combining the results of these studies with
Equations 6.5 and 6.7, it is possible to derive an expression for the effective viscosity as
a function of temperature that includes the effects of melt. As an example, Figure 6.3
shows the effect of melt on the effective viscosity for dislocation creep of dry lherzolite,
using the temperature-melt fraction relation and the o value from Zimmerman and
Kohistedt [2004], and the rheological parameters of Ji and Xia [2002, see also Table 6.1].

As the melt fraction increases, the strain rate become larger, resulting in lower effective
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Figure 6.3. The effective viscosity as a function of temperature for dislocation creep of dry
lherzolite. The solid line assumes no melt; the dotted line incorporates the effects of melt, using
Equation 6.7 with «=27 (as determined by Zimmerman and Kohistedt [2004] for lherzolite). The
inset shows the melt fraction as a function of temperature [ Zimmerman and Kohistedt, 2004].
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viscosities. As a result, the effective viscosity becomes more strongly temperature-
dependent at temperatures above the solidus temperature.

The effect of partial melting under hydrous conditions may be complex when the
amount of water in the system is limited. Karato [1986] suggests that partial melting
under these conditions may result in a hardening of the mantle, based on the observation
that water will partition into the melt phase, dehydrating the mineral grains and thus
increasing their strength. However, Mei et al. [2002] argue that for a water-saturated
system or where there is a constant source of water (e.g., continual hydration of the
mantle wedge by the subducting plate), the net effect of partial melt is to reduce the
strength, according to Equation 6.7. In this study, melt weakening is not included in the
rheological formulation, but a discussion of the effects of melt on model results is given

in Section 7.3.4.

6.3 Governing Equations for Thermal-Mechanical Models
6.3.1 Flow equations
In the numerical models, the mantle wedge is assumed to be a BousSinesq,
incompressible viscous fluid. In the Boussinesq approximation, density variations are
assumed to be sufficiently small that they can be neglected in all terms except the
gravitational body force term. Viscous flow in the mantle is governed by the
conservation of mass and momentum equations:
V-v=0 6.8)
V.6¢'-VP+p'g=0 (6.9)
where v is velocity, o' is the deviatoric stress tensor, P is the dynamic pressure (i.e., the
pressure generated by flow), and g is the gravitational acceleration (9.81 m/s®). The
incremental density variations caused by temperature changes (p') are given by:
p'=—potty (T~ T,) (6.10)
where po is the reference density at a reference temperature Ty, T is the temperature, and
oy is the thermal expansion coefficient. The first set of models in this study (Chapter 7)

examines wedge flow driven by viscous coupling with the subducting plate only; thermal
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buoyancy is neglected (i.e., ay=0), so there is no gravitational body force. The effects of
thermal buoyancy are discussed in Chapter 8.
Viscous flow depends only on the deviatoric stress tensor, as flow is driven by
pressure gradients and shear stress. The deviatoric stress tensor is defined as:
, 1
o;'=0; —Eckk?)ij (6.11)

where oj; is the full stress tensor and §; is the Kronecker delta (8;=1 for i=j; ;=0 for

i#j). In index notation, o, is the sum of the diagonal components of the stress rate tensor
(6,, + 6, +0,,). The second term on the right-hand side of the equation is the mean

normal stress (or total pressure).
The strain rate tensor is defined as:

& = %[—Z:—Z& 'va_j (6.12)
For an incompressible fluid, the deviatoric strain rate is equal to the strain rate tensor.
The deviatoric stress and (deviatoric) strain rate are related by the effective viscosity:

o'y = 2Ng;; (6.13)
Thus, the equation for conservation of momentum (Equation 6.9, with no gravitational
body force) can be written in terms of the strain rate tensor:

V-(2n¢)-VP =0 (6.14)
Note that for an incompressible, constant viscosity fluid, the conservation of momentum
equation can be simplified to:

nVv-VP=0 (6.15)
In the numerical implementation, Equations 6.8 and 6.14 are used to calculate the flow

field within the mantle wedge.

6.3.2 Heat equation

The steady-state energy (heat transfer) equation is used to calculate the

temperatures (T) for the entire model space:
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0=V-(kVT)-pc,(v-VT)+Qy (6.16)

where k is the thermal conductivity, p is the density, c, is the specific heat, and Qg is the
volumetric heat production from various sources (in W/m®), including radiogenic heat
production, frictional heating, and viscous dissipation. The energy equation is coupled to
the flow equations through the velocity term; heat is transported advectively by viscous
flow. In addition, the rheology of the mantle wedge may depend on both stress and
temperature. In this case, the thermal and flow fields are even more strongly coupled,
making the problem highly non-linear.

In this study, real temperatures are used throughout the model calculations. Some
previous modelling studies have performed calculations using potential temperatures (i.e.,
the temperature at a pressure of 0 GPa) and have converted the results to real
temperatures by adding an adiabatic gradient [e.g., van Keken et al., 2002]. For the
subduction zone models, both methods yield similar results in the upper 300 km of the
model (Appendix C).

6.3.3 Viscous dissipation

The dissipation of heat energy by viscous flow is the product of the deviatoric
stress and strain rate:

Qg =0y &; = 208, (6.17)

Thus, viscous dissipation depends on both the effective viscosity and strain rate of the
mantle. For Newtonian and power law rheologies, the amount of viscous dissipation is
buffered by the non-linear dependence of the viscosity on temperature. Cool regions will
have a high viscosity and will not readily deform, leading to low strain rates and therefore
little heat dissipation. On the other hand, hot regions with a low viscosity can have
significantly higher strain rates, but the low viscosity leads to only a small amount of heat

dissipation. Viscous dissipation is studied in detail in Appendix A.
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6.3.4 Plane strain assumption

The numerical models in this study are two-dimensional, whereas the above
equations use the full three-dimensional strain rate and stress tensors. Thus, the plane
strain assumption is introduced, such that there is no strain in the direction normal to the
model plane. This assumption implies that there is a stress acting normal to the model to
prohibit strain in this direction. The model-perpendicular stress will increase the local
mean normal stress (pressure) at each point in the wedge. It can be shown that this does
not affect the pressure gradient, as there is no deviatoric stress in this direction, and flow
everywhere will be parallel to the model plane [Ranalli, 1995].

Note that the rheological formulation (Equation 6.1) was developed for
uniaxial/triaxial deformation. For application to the models, it is necessary to transform
these parameters to a plane strain state of stress, using the second invariants of the strain
rate and deviatoric stress tensors [e.g., Ranalli, 1995]. This transformation results in a
multiplication of the pre-exponential factor by 3023 the other rheological parameters
(Q and n) are not affected. In the PGC modelling code (see below), the input data file
specifies the rheological parameters for uniaxial (or triaxial) conditions, and the program

converts these parameters to plane strain internally.

6.4 Numerical Methods

The finite element method is used to numerically solve the system of equations
given by Equations 6.5, 6.8, 6.14 and 6.16. The computer modelling code in this study
was developed by Dr. Jiangheng He at the Pacific Geoscience Centre, Geological Survey
of Canada. The code uses 9-node isoparametric finite elements for the temperature and
velocity fields and compatible 4-node elements for the pressure field. The quadratic
elements allow high spatial resolution with relatively large elements.

The modelling approach uses the conventional penalty function formulation to
stabilize pressure solutions and the Galerkin-Least-Squares method [Hughes et al., 1989]
to alleviate instabilities in advection-dominated temperature solutions. In cases that use a
temperature- and stress-dependent viscosity, the flow and temperature fields are strongly

coupled, and the resulting nonlinear system is efficiently solved using a multi-corrector
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fixed-point algorithm [J. He, manuscript in preparation, 2004]. The resultant linear
algebra equation is solved with the commonly-used direct LU decomposition method
after an optimal node-reordering. At each iteration, the flow and temperature fields are
solved simultaneously, instead of sequentially.

For constant viscosity models, only one iteration is needed to solve for the flow
and thermal fields. For models with a temperature- (and stress-) dependent rheology,
several iterations are required, due to the non-linear relationship between temperature,
effective viscosity and the flow fields. At each iteration, the residuals of the velocity and
temperature are calculated. These are defined as the maximum difference (the L.-norm)
in the nodal values of temperature and velocity between consecutive iterations. The
velocity differences are normalized by the maximum velocity value in the flow field,;
there is no normalization for the temperature differences. Convergence is achieved with
residuals for both velocity and temperature of less than 10, Little improvement in the
velocity or temperature fields is observed for models that are allowed to converge to a

residual of 107 (see Appendices B and C).

6.5 Benchmarking the Modelling Code

Extensive tests were performed to establish the numerical accuracy of the
modelling technique and to better understand the dynamics of viscous flow. Two
different types of models were examined: a sheared box and mantle wedge flow at a
subduction zone. The benchmarking exercises are described in Appendix A and

Appendix B, respectively. The key observations are summarized below.

6.5.1 Sheared box models

The first benchmarks examine shear flow in a viscous box, where flow is induced
by horizontal movement (10 cm/yr) of the upper boundary. The temperature at the top
and bottom of the box are fixed at 300°C and 1300°C, respectively. These tests illustrate
the effects of wedge rheology and viscous dissipation on the flow field and thermal
structure of the box. With an isoviscous (constant viscosity) rheology, the box undergoes

a uniform strain rate (1.58 10* s), and the flow velocities decrease linearly from the top
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of the box (10 cm/yr) to the bottom (0 cm/yr). The inclusion of viscous dissipation does
not affect the flow field, as the viscosity has no temperature dependence. The amount of
heat generated is directly proportional to the viscosity of the box. For viscosities larger
than 10*! Pa s, the temperatures within the box are increased significantly (>500°C).

For Newtonian and power law rheologies, regions of high temperature will have a
low viscosity. As a result, shear deformation becomes concentrated in low viscosity
regions, resulting in a localization of strain near the base of the viscous box, due to the
high temperatures in this region. For a Newtonian rheology, the amount of localization
increases as the temperature-dependence increases (given by a higher activation energy,
Q in Equations 6.1 and 6.5). For a power law rheology, strain localization will increase
as the stress-dependence increases (n in Equations 6.1 and 6.5), and as the temperature-
dependence increases (given by the ratio Q/n).

For Newtonian and power law rheologies, the inclusion of viscous dissipation
slightly enhances strain localization, due to the feedback between high strain rates,
temperature, and effective viscosity. However, viscous dissipation becomes a self-
defeating mechanism for generating heat, due to the strong temperature-dependence of
the viscosity. For strain rates of 10" s or less (i.e. typical tectonic strain rates), viscous
dissipation does not have a strong effect on the thermal field, if the effective viscosity is
less than 10°° Pa s. For most upper mantle rheologies in Table 6.1, the effective
viscosity is less than 10*° Pa s at temperatures greater than 1000°C, and a strain rate of

1013 s (Figure 6.2).

6.5.2 Subduction zone benchmarks

The second set of benchmarks examine a subduction zone geometry, consisting of
a slab with a 45° dip subducting at 5 cm/yr below a 50 km thick lithosphere. Flow in the
mantle wedge is driven only by the subducting plate (i.e., corner flow). The primary goal
of this exercise is to verify the numerical accuracy of the modelling code, especially in
the wedge tip, which represents a theoretical singularity for pressure and velocity. As
shown in Appendix B, by using a high node density in this region and quadratic

elements, the PGC modelling code is able to accurately model the near-singularity
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behaviour. For an isoviscous wedge, the numerical modelling results can be compared to
an analytic solution for comer flow [Batchelor, 1967]. Numerical tests show that the
PGC modelling code can reproduce the analytic pressure and velocity solutions to within
1.2% and 3x107 cm/yr, respectively, for all parts of the wedge.

Subduction zone models were also developed using Newtonian and power law
rheologies for the wedge. As there is no analytic solution with which to compare the
numerical results, the models have been compared with those generated using different
numerical modelling codes. So far, the main comparisons have been between the PGC
modelling code and a modelling code used by Dr. Peter van Keken at the University of
Michigan. Although this work is still in progress, the comparison to date has been
exceptionally good. Overall, the PGC modelling code has proved to be extremely stable
in obtaining accurate numerical solutions with the subduction zone geometry, particularly

near the singularity at the tip of the wedge.
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CHAPTER 7
The Thermal Effects of Slab-Driven Mantle Wedge Flow

7.1 Introduction

The corner flow model of mantle wedge dynamics pervades through much of
earth sciences literature. In this model, flow in the mantle wedge consists of one large
cell, where flow is induced by viscous coupling between the wedge and subducting plate.
This model has been used in the interpretation of variations in arc and backarc magma
geochemistry [e.g., Turner and Hawkesworth, 1998; Hochstaedter et al., 2000; Elkins
Tanton et al., 2001], seismic tomography images of the mantle wedge [e.g., van der Lee
et al., 2001; Wiens and Smith, 2003 and references therein], and seismic anisotropy in the
backarc mantle [e.g., Fischer et al., 2000]. As well, corner flow has been invoked as a
mechanism for triggering backarc spreading, as this flow pattern is expected to exert a
margin-normal extensional stress on the base of the over-riding lithosphere [e.g., Sleep
and Toksoz, 1971; Toksoz and Hsui, 1978]. Comer flow has also been proposed as the
main way to transport heat into the mantle wedge.

To date, the majority of numerical modelling studies of subduction zone thermal
structure have focused on slab-driven corner flow [e.g., Andrews and Sleep, 1974;
Honda, 1985; Davies and Stevenson, 1992; Furukawa, 1993a, b; Iwamori, 1997; Peacock
and Wang, 1999; Conder et al., 2002; van Keken et al., 2002; Kelemen et al., 2003]. All
of these studies use numerical models in which flow within the mantle wedge is driven
by a kinematically prescribed subducting plate, i.e., wedge dynamical models. Thermal
buoyancy forces are not included in most models, primarily due to the assumption of high

viscosities in the mantle wedge. These studies have shown that that slab-driven flow can

This chapter forms the basis for the paper:
Currie, C.A., K. Wang, R.D. Hyndman and J. He, The thermal effects of steady-
state slab-driven mantle flow above a subducting plate: The Cascadia subduction
zone and backarc, Earth and Planetary Science Letters, 223, 35-48, 2004b.
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significantly elevate temperatures in the mantle wedge below the volcanic arc [e.g.,
Furukawa, 1993a, b; Kelemen et al., 2003]. Temperatures in the upper part of the
subducting slab are also strongly affected by wedge flow [e.g., van Keken et al., 2002].

Using the numerical modelling code described in the previous chapter, thermal-
mechanical models are developed to evaluate the corner flow model as a mechanism for
carrying heat into the arc and backarc mantle. Most previous studies have concentrated
on the thermal structure of the mantle wedge below the volcanic arc, as the main focus
was on obtaining temperatures high enough for arc magma generation. In the current
study, the thermal effects of corner flow are examined for both the arc and backarc
regions. As shown in Chapters 3 and 4, the backarc regions of nearly all subduction
zones are extremely hot (relative to cratons), with near-uniform high temperatures for
100’s of kilometres behind the arc. This appears to be a characteristic feature of
subduction zones, and thus, is a critical constraint that must be matched by any thermal
model. This chapter provides an assessment of the distribution of heat within the wedge
by corner flow, using first an isoviscous mantle wedge and then a more realistic power
law (non-linear) rheology for the wedge.

The interpretation of numerical models requires an understanding of the influence
of boundary conditions and model parameters. It is clear that the thermal structure of the
incoming oceanic plate strongly affects temperatures in the forearc regions, as well as
temperatures in the interior of the slab. One objective is to assess the importance of the
backarc (landward) boundary condition to the model results. In the models presented
here, as in most previous studies, asthenosphere material enters the wedge through this
boundary. As shown below, the thermal structure of the wedge is strongly affected by
the boundary location, as well as the prescribed temperature and velocity conditions
along this boundary.

The models in this chapter are developed primarily for the northern Cascadia
subduction zone. Models are also developed for the contrasting NE Japan subduction
zone to examine the effects of key subduction parameters. The NE Japan subduction
zone has a greater subducting plate age, shallower subducting plate dip and larger

subduction rate. The thermal models may be compared with surface heat flow and other
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observational constraints on mantle wedge temperatures. For northern Cascadia,
temperatures in the mantle wedge below the arc are inferred to be over 1200°C at 50-60
km depth. The high temperatures extend for nearly 500 km into the backarc, with little
lateral variation. As shown in Chapter 4, nearly all subduction zones have similar high

backarc temperatures.

7.2 Subduction Zone Model Set-up: Cascadia and NE Japan
7.2.1 Model geometry and finite element meshes

The finite element meshes for the Cascadia and NE Japan subduction zones are
shown in Figure 7.1. The location of the two-dimensional models approximately
coincides with the heat flow profiles for Cascadia (Figure 3.2) and NE. Japan (Figure
4.6). In the Cascadia models, the geometry of the subducting Juan de Fuca Plate to 60
km depth has been constrained by seismic reflection and refraction data and Wadati-
Benioff seismicity [Flick et al., 1997]. At greater depths, teleseismic studies suggest that
the plate dip increases to ~60° [Bostock and van Decar, 1995]. The thickness of the
over-riding crust is 35 km throughout the forearc and backarc regions, similar to that
inferred from seismic studies [Clowes et al., 1995; Burianyk et al., 1997]. The base of
the rigid lithosphere is at 50 km depth, consistent with the depth of the lithosphere-
asthenosphere boundary inferred from shear structures in mantle xenoliths from this
region [Ross, 1983] and from thermal estimates [Hyndman and Lewis, 1999; see also
Chapter 3]. The landward (backarc) boundary of the model is 800 km from the trench,
in agreement with the inferred eastern limit of the hot backarc and western limit of the
North America craton [Hyndman and Lewis, 1999].

The observed forearc heat flow is consistent with cooling of the forearc by the
subducting plate [Lewis et al., 1988, 1992; Hyndman and Wang, 1993; Wang et al,
1995b], suggesting that wedge flow does not extend into the tip of the wedge (see
Section 7.3.7). In the models, wedge flow is prohibited from entering the wedge tip by
placing a vertical boundary in the wedge where the subducting plate is at a depth of 70
km (x=240 km), coinciding with the location of the abrupt landward increase in surface

heat flow. Seaward of this boundary, the wedge is assumed to be rigid (non-flowing).
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Figure 7.1. Finite element meshes for a) Cascadia and b) NE Japan subduction zone models.

For the NE Japan subduction zone, the subducting plate geometry assumed by
Peacock and Wang [1999] is used. At depths less than 70 km, the geometry of the
subducting Pacific Plate interface is similar to Cascadia. At greater depths, the plate has
a dip of 30°. The thickness of the over-riding crust is 30 km and the thickness of the
lithosphere-asthenosphere boundary is 50 km. As in the Cascadia models, the wedge tip
is assumed to be rigid. The seaward limit of wedge flow is taken to be 240 km from the
trench, consistent with the heat flow transition for NE Japan [e.g., Furukawa, 1993b].

The Cascadia finite element mesh has 4563 elements (1800 in the viscous wedge),
and the NE Japan mesh has 2360 elements (600 in the viscous wedge). Element sizes
range from 0.3 km to 50 km, with an average of 9 km. Extensive tests were carried out
using these meshes to verify that numerically accurate results for the thermal and flow

fields can be obtained with the PGC modelling code (Appendix C). The tests focus on
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the numerical instability that arises near the seaward end of the viscous mantle wedge (at
x=240 km), where the sharp transition from no flow to flow at the full subduction rate
introduces mathematical difficulties. In this region, a very dense node spacing is used in
order to reduce instabilities. As shown in Appendix C, the analytic pressure and velocity
solutions for an isoviscous wedge [Batchelor, 1967] can be closely reproduced using
these meshes. Satisfactory results are also obtained for slab-driven flow with a non-linear
temperature- and stress-dependent wedge rheology, with convergence to a residual of 10°
for both velocity and temperature. Additional tests were carried out using NE Japan and
Cascadia meshes with a landward boundary 500 km from the trench, similar to that used
by Peacock and Wang [1999] and van Keken et al. [2002]. Using their backarc boundary
conditions, the results obtained with the PGC modelling code are in good agreement with
the results of these studies for both an isoviscous and power law wedge rheology.

In the models, the base of the mantle wedge is the top of the subducting plate,
which exits the model domain at the backarc boundary (x=800 km). For NE Japan, the
top of the plate is at ~400 km depth at this boundary. For Cascadia, the depth is ~900
km, due to the steeper plate dip. This means that the viscous mantle wedge in the model
extends through the mantle transition zone (410-660 km depth) and into the lower mantle.
The transition zone represents a region where mantle minerals undergo phase changes,
resulting in density changes that may affect mantle flow patterns [e.g., Turcotte and
Schubert, 2002]. In order to ensure that the model geometry, with the extremely deep
mantle wedge, does not affect the shallow wedge temperatures, Cascadia models were
tested with a horizontal basal boundary at a depth of 600 km, such that the subducting
plate exits the model through this boundary. Two different boundary conditions were
tested: a flow-through basal boundary and a boundary with no vertical flow. The results
of these models are shown in Appendix C. For all cases, the thermal structure in the

upper 250 km of the model is relatively insensitive to the lower boundary of the models.
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7.2.2 Model parameters and boundary conditions

Figure 7.2a shows the model parameters and boundary conditions used for the
subduction zone models. The subducting plate drives flow within the wedge, assuming
full coupling (no slip) along the slab-wedge interface at depths greater than 70 km. For
the Cascadia subduction zone, estimates of the rate of subduction of the Juan de Fuca
Plate at northern Cascadia range from 3.9 to 4.5 cm/yr [Mazzotti et al., 2003 and
references therein]. Following van Keken et al. [2002], a subduction rate of 4.5 cm/yr is
used. The upper boundary of the wedge is assumed to be fully coupled to the stationary
over-riding plate. Flow passes through the landward boundary of the model, using a
boundary condition which requires that there be no velocity gradient across the boundary
(see Appendix A for discussion). The inflow/outflow point along the boundary marks a
transition from material entering the wedge at shallow depths to material leaving the
wedge at greater depths. The position of this point depends on wedge rheology and
subducting plate geometry. This point is iteratively determined within the modelling

code.
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Figure 7.2. a) Schematic model geometry and boundary conditions for the 2D models. Flow in the wedge is
driven by full coupling between the subducting slab and overlying mantle below 70 km depth. Flow is only
calculated in the white region of the wedge. b) Geotherms prescribed to the inflow part of the landward
(backarc) boundary of the models. The numbers in brackets indicate the surface heat flow for each geotherm
(inmW/m?). The transition from a conductive gradient to an adiabatic gradient (0.3 °C/ km) is determined by
the mantle potential temperature of 1295° C (solid lines) or 1400° C (dashed lines).
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Viscous flow is driven by deviatoric stress induced by pressure gradients. The
absolute value of the pressure does not affect the flow field. However, to obtain a
solution, it is necessary to specify the absolute value of pressure at one point in the
viscous model domain. In the models, a pressure of 0 GPa was prescribed at the
intersection of the base of the lithosphere with the landward boundary of the model (x =
800km, z = 50 km).

Previous studies have shown that the rheology of the wedge exerts a strong
control on the flow field [e.g., Furukawa, 1993b; van Keken et al., 2002]. The models
below use either a constant wedge viscosity or a temperature- and stress-dependent (non-
linear) viscosity. For the non-linear models, the power law rheology for dislocation creep
of wet olivine is used [Karato and Wu, 1993; Table 6.1], based on the assumption that
there is substantial input of water to the wedge from dehydration of the underlying
subducting slab. The effects of other rheologies are considered in Section 7.3.4.

The four main model units are the subducting plate, the upper and lower crust of
the over-riding plate, and the mantle wedge. Both the rigid wedge (lithosphere) and
viscous wedge (asthenosphere) are assumed to have the same thermal properties. The
thermal parameters of each model unit are similar to those used by Peacock and Wang
[1999] and van Keken et al. [2002] (Table 7.1). The only local heat source included in
the models is radiogenic heat production. Other local heat sources are assumed to be
negligible (see Section 7.5). Reasonable variations in the thermal parameters have only a
minor effect on model results. Variations in upper crustal heat production, including an
eastward increase consistent with Cascadia backarc observations, have a direct effect on
the surface heat flow but only a negligible effect on wedge temperatures (<15°C). A
temperature-dependent thermal conductivity for all model units was also tested [e.g., Sass
et al., 1992; Clauser and Huenges, 1995]. For both an isoviscous and non-linear
rheology, the temperature-dependent thermal conductivity leads to temperatures that are

within ~30°C of those for models with a constant thermal conductivity for each unit

(Appendix C).
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Table 7.1. Thermal parameters for slab-driven flow models
Model Unit Thermal Conductivity =~ Radiogenic Heat =~ Heat Ca3pac11ty

(Wm' K" Production (pW/m3) MIm™~K")
Upper crust
(0-15 km depth) 25 1.3 -
Lower crust
(15 km to Moho) 25 0.4 -
Mantle wedge 3.1 0.02 4.1
Subducting plate 3.1 0.02 4.1

The upper boundary of the model has a constant temperature of 0°C. The base of
the model is the inclined bottom of the subducting slab, taken to be 95 km below the slab
surface. A constant temperature of 1450°C is assigned to this boundary. Uncertainties in
this temperature have a negligible effect on the upper part of the subducting slab and
mantle wedge due to the efficient advective heat transfer from the seaward boundary by
the subducting slab. For the Cascadia models, a geotherm is prescribed to the oceanic
boundary consistent with an 8 Ma subducting plate overlain by 3 km of sediments [Stein
and Stein, 1992; Wang and Davis, 1992].

7.2.3 Backarc thermal boundary conditions

One objective of this chapter is to examine the effect of the backarc boundary on
the thermal structure of the wedge. Because flow passes through this boundary, the
prescribed thermal boundary conditions determine the temperature of material entering
the mantle wedge. Three different geotherms for the landward boundary are tested
(Figure 7.2b): 1) a “cool” geotherm that gives a surface heat flow of 42 mW/m?, typical
of cratons [Rudnick et al., 1998; Jaupart and Mareschal, 1999]; 2) a “warm” geotherm
with a surface heat flow of 75 mW/m?, consistent with the inferred thermal structure of
the Cascadia backarc [Hyndman and Lewis, 1999; Chapter 3]; and 3) a “hot” geotherm
producing a surface flow of 90 mW/m’, representative of an extremely hot backarc. Each
geotherm is calculated assuming a conductive gradient, based on the surface heat flow

and the thermal properties of the model crust and mantle (i.e., Equation 3.3). At depths
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greater than the intersection of the conductive geotherm with the mantle adiabat, an
adiabatic gradient of 0.3°C/km is used. The mantle adiabat corresponds to a mantle
potential (zero pressure) temperature of 1295°C, consistent with experimental constraints
on the temperature of the 660 km phase transition [/to and Katsura, 1989].

Along the backarc boundary of the model, temperatures are prescribed for the
over-riding plate and the inflow part of the viscous wedge. For the outflow part of the
boundary, the thermal boundary condition is:

VT -v=0 (7.1)
where T is the temperature and v is the velocity field. This boundary condition requires

that there be no conductive heat flow parallel to flow lines across the boundary.

7.3 Cascadia Modelling Results
7.3.1 Isoviscous wedge rheology

The most simple rheology for the mantle wedge is a constant viscosity. In the
models, a viscosity of 10°! Pa s is used, but the results are independent of the absolute
value of the viscosity. An isoviscous wedge results in subhorizontal flow in the shallow
asthenospheric mantle from the backarc boundary of the model toward the wedge corner
[Batchelor, 1967; McKenzie, 1969, see also Appendix B]. Figure 7.3a shows the
modelled thermal structure and heat flow for each of the backarc geotherms. The thermal
structure is highly sensitive to the prescribed temperatures on the landward boundary.
For the Cascadia subduction zone, the most realistic geotherm for the boundary of the
model is the “cool” geotherm, representative of the adjacent North America craton. With
this geotherm, the low temperatures prescribed to the shallow part of the boundary are
advected into the wedge, leading to an extremely cold mantle wedge and a nearly
constant low heat flow of ~40 mW/m? across the backarc and at the volcanic arc. For an
isoviscous mantle, the flow field is independent of temperature and thus, flow will occur
even when temperatures are extremely low.

The “warm” and “hot” landward geotherms produce a hotter wedge, although

temperatures are 200-400°C lower than those inferred from observations. In the backare,
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a seaward decrease in surface heat flow occurs from the prescribed value at the landward
boundary to ~60 mW/m?. This decrease indicates that the flow velocities in the upper
part of the mantle wedge are insufficient to maintain the prescribed initial high
geothermal gradient, leading to a conductive cooling of the upper part of the wedge. The

“equilibrium” value of ~60 mW/m® reflects a balance between horizontal advective heat

a) Isoviscous wedge b) Non-linear wedge rheology
200 400 600 800
Distance from trench (km) Distance from trench (km)

Figure 7.3. Surface heat flow (top) and thermal structure (lower three plots) for Cascadia subduction zone
models that use a) an isoviscous mantle wedge and b) a non-linear mantle wedge rheology. For each contour
plot, the prescribed geotherm on the landward boundary is indicated. The shaded region shows the viscous part
of the wedge (where flow was calculated); arrows indicate the calculated flow direction. Temperatures
contours are 200°C.
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transfer from the backarc boundary toward the wedge corner, heat loss to the surface, and

the very small upward component of wedge flow.

7.3.2 Non-linear wedge rheology

A more realistic stress- and temperature- dependent rheology for the wedge gives
a much different flow pattern (Figure 7.3b). With this rheology, regions with a high
temperature and high strain rate have a low effective viscosity. Due to the non-linear
feedback between the temperature and flow fields, a thin low viscosity channel develops
sub-parallel to the subducting slab. High velocity flow is concentrated within this
channel, resulting in a strong focussing of flow from depth into the wedge corner, as
observed in previous studies that use a non-linear wedge rheology [e.g., Andrews and
Sleep, 1974; Honda, 1985, Furukawa, 1993a, b; van Keken et al., 2002; Kelemen et al.,
2003]. Flow originates from great depths (>150 km) along the backarc boundary,
corresponding to the high temperature part of the prescribed geotherm. At these depths,
the three geotherms described above have similar temperatures. The similar high
temperatures from depth are rapidly advected upward toward the wedge corner.
Therefore, all three geotherms produce similar maximum wedge temperatures below the
arc of 1250-1260°C, in fair agreement with the inferred temperature for arc magma
generation.

As a direct consequence of the strong flow focussing caused by the non-linear
rheology, a thick, nearly stagnant “lid” develops in the shallow backarc mantle, where
feedback between low stresses and low temperatures produces a high viscosity region.
Heat is transferred primarily by conduction within this lid. For models with “warm” and
“hot” landward geotherms, this leads to a significant cooling of the shallow backarc
mantle seaward of the landward model boundary, as reflected by the rapid seaward
decrease in surface heat flow (Figure 7.3b). Away from the landward model boundary,
all three geotherms produce similar wedge temperatures and a backarc heat flow of 40-45
mW/m?, much lower than observed. Near the volcanic arc, heat flow increases by 15-20
mW/m?, as flow is focussed upward into the wedge corner. Although the observed heat

flow is high near volcanic centres, the regional heat flow does not increase significantly
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approaching the volcanic arc from the backarc [Blackwell et al. 1990a, b; Lewis et al.,
1992].

7.3.3 Mantle potential temperature

Due to the large depth of inflow for the non-linear viscosity models, the sub-arc
mantle temperatures are most sensitive to the deep (>150 km) temperatures prescribed to
the vertical landward boundary, given by the assumed mantle potential (zero pressure)
temperature and adiabatic gradient. In the above models, an adiabatic geotherm
representing a potential temperature of 1295°C was used. If instead a potential
temperature of 1400°C is used (Figure 7.2b), the maximum mantle temperatures below
the volcanic arc are increased by ~95°C (Figure 7.4), and surface heat flow at the arc is
~8 mW/m? higher. There is little change in the shallow backarc temperatures or heat
flow; these regions are still cool with a surface heat flow of 40-45 mW/m®. For an
isoviscous wedge, sub-arc mantle temperatures are increased by ~80°C for models that

use a 1400°C mantle potential temperature (Figure 7.4).
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Figure 7.4. The effect of the mantle potential temperature on the maximum mantle
temperature below the volcanic arc. Sub-arc temperature is plotted as a function of the
prescribed landward geotherm (given by the surface heat flow). Open symbols represent a
potential temperature of 1295°C; solid symbols are a potential temperature of 1400°C.
Circles are isoviscous models; triangles are models with anon-linear wedge rheology.
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7.3.4 Rheological parameters

Different Newtonian and power law rheologies for the mantle wedge are
examined, using parameters from Table 6.1. In these tests, the warm (75 mW/m?)
geotherm is prescribed to the backarc boundary. Because the flow field is dominated by
the kinematic velocity boundary conditions in the subduction zone models, the absolute
value of viscosity does not affect the flow structure; it is only the temperature-
dependence and, to a lesser degree, the stress-dependence, that affect the results.

For the hypothetical Newtonian rheologies in Table 6.1, the viscosity only
depends on temperature. As the temperature-dependence increases (given by the
activation energy, Q), the maximum mantle temperature below the arc increases (Figure
7.5a).

effective viscosity and flow produces a slightly stronger focussing of flow into the wedge

With a stronger temperature-dependence, the feedback between temperature,

corner, resulting in higher temperatures in this region and a somewhat cooler backarc.

For the hypothetical power law rheologies, a greater stress-dependence (given by
the stress exponent, n) results in somewhat higher wedge temperatures below the arc
(Figure 7.5b), reflecting a slightly stronger focusing of flow. Note that this rheology has
a very weak temperature-dependence with Q/n = 100000 J/mol. This is less than that of
the hypothetical Newtonian rheologies, and thus, the amount of flow focusing is reduced

relative to the above models, leading to lower mantle temperatures below the arc.
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Figure 7.5. Sensitivity of the maximum wedge temperature below the volcanic arc for variations in
rheological parameters. a) Effect of temperature-dependence for a Newtonian rheology (given by variations in
activation energy, Q). b) Effect of stress-dependence (parameter n) for a rheology that has only a small
temperature-dependence (Q/n = 100000). c) Diffusion and dislocation creep parameters for olivine [Karato
and Wu, 1993] and olivine-basalt [Mei et al.,2002]. Both wet and dry conditions are considered.
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Variations in the rheological parameters were examined using the laboratory
studies of Karato and Wu [1993] and Mei et al. [2002]. These flow laws describe
diffusion and dislocation creep of both wet and dry mantle minerals. The effects of the
different flow laws on the wedge thermal structure are small, with temperature changes
less than 30°C and heat flow variations less than 3 mW/m®. Slightly higher temperatures
below the arc are observed for flow laws that have a stronger temperature-dependence
(given by the ratio Q/n) (Figure 7.5¢). For example, diffusion creep (with n=1) tends to
have a stronger temperature-dependence, resulting in slightly higher sub-arc
temperatures. Other dislocation creep rheologies given in Table 6.1 give similar results,
as the values of Q and n show little variation over the range of mantle compositions
examined in the laboratory studies.

Overall, reasonable variations in the rheological parameters have only a small
effect on the flow and thermal fields in the wedge. The critical factor is whether the
rheology is isoviscous or temperature- (and stress-) dependent. The isoviscous model
gives a maximum sub-arc temperature of 1080°C (with the warm landward geotherm),
whereas more realistic non-linear mantle rheologies give temperatures of 1240-1280°C.

The effects of partial melt are not included in the models. It is likely that there is
a small amount of melt in the mantle wedge, due to the high temperatures and hydrous
conditions. As noted in Chapter 6, melt will weaken upper mantle minerals [e.g., Mei et
al., 2002]. At temperatures above the solidus temperature for the upper mantle (~1300°C
for a dry mantle and ~1000°C for a water-saturated mantle at 50 km depth [Hirth and
Kohlstedt, 1996]), the amount of melt increases with increasing temperature, resulting in
a decrease in effective viscosity (e.g., Figure 6.3). It is expected that the inclusion of
melt in the rheological formulation would result in an even stronger flow focussing into

the wedge comer, as the effective viscosity is highly dependent on temperature.

7.3.5 Location of backarc boundary

In addition to the rheology and prescribed wedge inflow boundary temperatures,

the location of the backarc boundary is also a critical model parameter. This boundary is
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placed 800 km from the trench for the Cascadia models. Distances of 500 and 1000 km
were also examined. For isoviscous flow, the location of the boundary has little effect on
the thermal structure when the cool geotherm is prescribed to the boundary (Figure 7.6).

Wider models have slightly higher heat flow and mantle temperatures at the volcanic arc,
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Figure 7.6. Effect of finite element mesh width on thermal structure. Three widths are tested: 500
km, 800 km (standard model) and 1000 km, Surface heat flow for a) an isoviscous wedge andb) a
non-linear wedge rheology. The model widthis indicated by the landward extent of heat flow line; the
prescribed landward geotherm is indicated by the line style (cool geotherm = dashed line; warm =
solid; hot = dotted). ¢) Maximum mantle wedge temperature below the volcanic arc as a function of
the prescribed landward geotherm used (given by surface heat flow). Circles are a model width of 500
km; triangles are 800 km; squares are 1000 km. Solid symbols are an isoviscous rheology; open
symbols are a non-linear rheology.
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due to the small upward component of wedge flow. For the warm and hot geotherms, the
location of the boundary strongly affects surface heat flow; a greater decrease in heat
flow away from the boundary is observed as the model width increases. For these
geotherms, wider models produce lower surface heat flow and lower temperatures at the
volcanic arc, due to the greater loss of heat to the surface over the wider backarc.

For models with a non-linear rheology, the location of the boundary has only a
small effect on the temperatures below the arc, regardless of the prescribed landward
geotherm. However, the development of the cool backarc lid is sensitive to the distance
between the boundary and the arc. With a wider model domain, the cool backarc lid
becomes more pronounced. For a model width of 500 km, only a slight cooling is
observed in the shallow backarc mantle for the warm and hot geotherms, due to the
proximity of the hot boundary to the arc. Many previous studies that use a non-linear
rheology have placed the backarc boundary relatively close (200-300 km) to the volcanic
arc [e.g., Furukawa, 1993a; van Keken et al., 2002]. In studies that use a wide (>400 km)
backarc model domain, a cool backarc lid is observed, similar to that in the models above
[e.g., Keleman et al., 2003].

For both an isoviscous and a non-linear wedge rheology, these tests suggest that
the location of the boundary has little effect on the temperatures below the volcanic arc, if
this boundary is located more than 500 km from the arc. However, the backarc surface

heat flow is fairly sensitive to the boundary location.

7.3.6 Thick craton lithosphere at the backarc boundary

In the above models, flow was allowed to enter the backarc from anywhere along
the backarc boundary shallower than the inflow-outflow transition point. For the next set
of tests, a thick, rigid lithosphere is introduced to this boundary, which prohibits flow
from entering the wedge at shallow depths. This thick lithosphere simulates the presence
of a craton adjacent to the backarc.

Many subduction zones are located next to cratons or stable platforms, including
the Cascadia and South America subduction zones. The lithosphere beneath cratons may

be 200-400 km thick, based on seismic evidence, surface heat flow and xenolith
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thermobarometry [e.g., Jordan, 1975; Rudnick et al., 1998; Jaupart and Mareschal,
1999; Russell and Kopylova, 1999; Forte and Perry, 2000; Artemieva and Mooney,
2001]. These observations suggest cool temperatures to great depths. The large
lithosphere thickness and the long-term stability of the craton lithosphere appear to be
related to much higher viscosities at depth relative to the adjacent backarc, due to the
combination of cool temperatures, chemical depletion, and possibly anhydrous conditions
(see Section 3.8).

To study the effects of thick-craton lithosphere, a rigid rectangular block was
introduced to the Cascadia models. The seaward boundary of the block is located 800 km
from the trench, consistent with the eastern limit of the northern Cascadia backarc. The
block has a thickness of 250 km, similar to estimates of the North America craton
lithosphere thickness from seismic tomography [Grand, 1994; van der Lee and Nolet,
1997; Frederiksen et al., 2001], xenolith P-T data [Russell and Kopylova, 1999], and
thermal arguments [Jaupart et al., 1998; Rudnick et al., 1998; Jaupart and Mareschal,
1999; Artemieva and Mooney, 2001]. This thickness also coincides with the transition
from a conductive to adiabatic gradient for the cool geotherm (Figure 7.2b), making the
velocity conditions along the boundary more compatible with the thermal conditions (i.e.,
inflow is limited to high temperature regions for an isoviscous wedge). In the models,
the cool craton geotherm is used.

For an isoviscous mantle wedge, the presence of the thick-craton lithosphere has a
significant effect on mantle flow (Figure 7.7). The rigid craton deflects material from
beneath the craton into the mantle wedge, resulting in the upward flow of hot material
and producing a significant heating of the wedge. Surface heat flow increases from ~40
mW/m? at the craton to 50-60 mW/m?® across the backarc. Mantle temperatures below
the volcanic arc are ~500°C hotter than models without a craton, although still lower than
inferred magma generation temperatures. In these models, the heating effect produced by
the craton depends on the vertical distance between the top of the subducting plate and
the base of the craton, given by the arc-craton distance, craton thickness, and subducting
plate geometry. As the craton moves closer to the arc or as the craton thickness

increases, the wedge temperatures are increased slightly (Figure 7.8). However, if this
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Distance (km)

Figure 7.7. Cascadia thermal models with arigid 250 km thick craton lithosphere located

800 km from the trench. a) Modelled surface heat flow for models with a craton (solid

lines) and without a craton (dashed lines). The cool geotherm was prescribed to the

landward boundary of all models. The observed heat flow (with standard deviation) is also

shown. b) Thermal model for an isoviscous wedge (200°C contours). The shaded region

indicates where viscous flow was allowed; arrows show flow direction. ¢) same as b, but

foranon-linear wedge rheology.
space is too small to allow sufficient inflow of material, the cool down-going material on
top of the plate is recirculated back into the wedge corner, instead of continuing
downward with the slab and the heating effect of the craton is reduced (Figure 7.9).

For a non-linear wedge rheology, the presence of a craton has a negligible effect
on the thermal structure of the wedge (Figure 7.7), as flow into the wedge has a large
origin depth even without the craton, due to the strong temperature-dependence of
viscosity. The presence of a craton is not sufficient to alleviate cooling of the backarc
produced by the non-linear rheology. Variations in the thickness and location of the

craton have little effect on the flow and thermal structure, unless the craton begins to
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impinge on the region with high flow velocities. In this case, flow becomes deflected
upward into the wedge, producing a slight heating (Figure 7.8)

The thermal structure of the wedge is sensitive to the temperatures prescribed to
the backarc boundary below the base of the craton. At these depths, an adiabatic gradient
is used, and thus, the wedge temperatures are directly related to the assumed mantle
potential temperature. The temperatures below the volcanic arc can be increased by

~90°C by increasing the mantle potential temperature from 1295°C to 1400°C (Figure
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Figure 7.8. Effect of location and thickness of craton on the thermal structure of the mantle wedge. All models
use a cool geotherm at the landward boundary of the model (x=1000 km). a) Surface heat flow for isoviscous
models for various trench-craton distances. b) Same as a, but for a non-linear rheology. ¢) Maximum wedge
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Distance (km)

Figure 7.9. Cascadia thermal model with a rigid 250 km thick craton located 500 km from
the trench. Anisoviscous mantle wedge isused.

7.8f). Surface heat flow is increased by <5 mW/m® with the higher mantle potential

temperature.

7.3.7 Lithosphere thickness and seaward extent of wedge flow

The above models use a 50 km thick lithosphere throughout the backarc,
consisting of a 35 km continental crust and a 15 km mantle. This thickness marks the
shallowest depth at which flow is allowed. In the case of an isoviscous wedge, flow
extends up to the base of the lithosphere (e.g., Figure 7.3a). For a non-linear rheology,
the strong temperature-dependence also controls the shallowest limit of flow. Although
the shallow backarc regions have a viscous rheology, flow focusing into the corner leads
to low temperatures, and therefore low viscosity and low strain rates in the uppermost
backarc mantle, making this region effectively rigid.

In order to examine the sensitivity of the results to the prescribed thickness,
models were developed with a lithosphere thickness of 35 km (corresponding to the base
of the over-riding continental crust). For these tests, the Cascadia models with a craton
are used, with the cool geotherm (1295°C poteﬁtial temperature) prescribed to the
backarc boundary. For an isoviscous rheology, the thinner lithosphere allows flow at
shallower depths, resulting in a ~30°C increase in shallow backarc mantle temperatures.

Surface heat flow is increased by 5-7 mW/m? throughout the backarc (Figure 7.10).
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Figure 7.10. Effect of lithosphere thickness and seaward extent of wedge flow on surface
heat flow for a) an isoviscous rheology and b) a non-linear rheology. Solid lines are a 50 km
lithosphere thickness with a seaward limit of flow at x =240 km. Dashed lines are a 50 km
lithosphere, with flow into the wedge tip (x=190 km). Dotted lines are a 35 km lithosphere
with a flow limit at x=240km. Dot-dashed lines are a 35 km lithosphere with flow into the

wedge tip (x=153 km).

For a non-linear rheology, little change in surface heat flow or sub-arc mantle
temperatures are observed for different lithosphere thicknesses. With this rheology,
temperatures and heat flow in the vicinity in the volcanic arc are extremely sensitive to
the seaward limit of mantle wedge flow. In the models, flow was prohibited from
entering the forearc mantle wedge corner. Thus, the rigid corner is cooled by the
subducting plate. Both the cool wedge corner and cooling to the Earth’s surface result in
a cooling of the viscous mantle near the wedge corner. Due to the cool temperatures and
strongly temperature-dependent rheology, flow is limited to depths of ~50 km or greater,
regardless of the prescribed lithosphere thickness. Thus, the surface heat flow and wedge
temperatures at the volcanic arc are relatively insensitive to variations in lithosphere
thickness.

The thermal structure of the forearc changes significantly if flow is allowed to
extend all the way into the wedge tip, assuming that the lithosphere thickness remains

constant to the intersection with the subducting plate. For both an isoviscous and a non-

linear rheology, the transition from low forearc heat flow to high backarc heat flow
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occurs approximately over the seaward limit of flow (150 km from the trench for a 35 km
thick lithosphere; 190 km for a 50 km thick lithosphere) (Figure 7.10). For an isoviscous
wedge, temperatures of the forearc are increased, but there is little change (<5°C) in the
mantle temperature below the volcanic arc.

For a nonlinear rheology, there is a significant increase in the forearc/arc heat
flow and wedge temperatures when flow is allowed to extend into the wedge comer. The
flow focussing produced by the non-linear rheology means that high-velocity, high
temperature flow “ablates” the wedge corner region, as first noted by Andrews and Sleep
[1974]. The cool slab is inefficient at cooling the material in the wedge comer, and thus
the shallowest depth of flow is determined by the prescribed thickness of the over-riding
lithosphere. As the over-riding lithosphere thickness decreases, the heat flow maximum
shifts seaward and increases. Mantle wedge temperatures below the arc are increased by
15°C for a 50 km lithosphere and 25°C for a 35 km lithosphere. If the entire over-riding
plate were assumed to be viscous, flow would extend nearly to the Earth’s surface at the
trench, producing extremely high heat flow and high temperatures throughout the forearc
region.

For many subduction zones, including Cascadia and NE Japan, surface heat flow
observations indicate that the forearc regions are fairly cool; the transition to high mantle
wedge temperatures and high heat flow occurs near the volcanic arc [Lewis et al., 1988,
1992; Furukawa, 1993b]. These observations suggest that the seaward extent of wedge
flow is mechanically-limited. In the models above, this was accomplished kinematically
by assuming a rigid wedge tip. Rowland and Davies [1999] suggest that buoyancy of the
over-riding crust prevents it from being ablated by wedge flow, and thus it is the crustal
thickness that provides the seaward limit for flow. Based on the above models, it appears
that a cool, rigid forearc mantle wedge is also required. A possible mechanism for
prohibiting flow from entering the forearc tip is decoupling of the slab and wedge at
shallow depths. For NE Japan, Furukawa [1993b] proposed that the slab and wedge are
decoupled to depths of ~70 km by high pore pressure along the slab surface, due to

dehydration of the slab. Alternatively, hydration and serpentinization of the forearc
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mantle wedge may provide a mechanism for isolating the corner from wedge flow, due to
its weak rheology and low density [Bostock et al., 2002; Hyndman and Peacock, 2003].
The seaward extent of wedge flow is a critical parameter for modelling the
thermal structure of the forearc and the shallow subducting slab. Temperatures in this
region will significantly affect metamorphism and dehydration of the subducting slab,

with implications for arc magma generation and the occurrence of in-slab earthquakes.

7.4 Comparison to NE Japan

To determine the sensitivity of the models to variations in the subduction
geometry, plate age, and subduction rate, models were developed for the contrasting NE
Japan subduction zone, using the finite element mesh shown in Figure 7.1b. The deep
(>70 km) plate dip for NE Japan is 30°, whereas the dip for Cascadia is 60°. The NE
Japan subduction zone has a much older subducting plate (130 Ma), resulting in a cooler
incoming plate compared to Cascadia. The subduction rate is 9.1 cm/yr, approximately
twice that of Cascadia.

The behaviour of the models is similar to that observed for the Cascadia models
for both an isoviscous and a non-linear wedge rheology (Figure 7.11). For an isovisous
wedge with a warm or hot prescribed backarc geotherm, temperatures below the volcanic
arc are generally >50°C higher for the NE Japan models (relative to Cascadia), due to the
higher subduction rate and thus wedge flow rate. For a non-linear wedge rheology, the
thermal effects of an increased subduction rate are partially balanced by the shallower
plate dip for NE Japan, which limits the maximum depth of inflow, and hence maximum
inflow temperatures. In the backarc, the stagnant 1id is slightly thinner, and backarc heat
flow and temperatures are slightly higher thén for Cascadia, due to the shallower plate
dip for NE Japan. The modelled backarc heat flow for the non-linear rheology models is
significantly lower than observed (~90 mW/m?). It should be noted that the thermal
structure of this region has been complicated by backarc spreading and extension (see
Chapter 4).

Using different combinations of the deep plate geometry, subducting plate age
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Figure 7.11. Surface heat flow (top) and thermal structure (lower four plots) for NE Japan subduction zone
models that use a) an isoviscous mantle wedge and b) a non-linear mantle wedge theology. The shaded region
on each contour plot shows the viscous part of the wedge; arrows indicate flow direction. Temperature
contours are 200°C. Three different geotherms for the backarc model boundary were investigated for an 800
km wide model (upper three contour plots). The lowermost plot is a model with a 250 km thick rigid craton
located 800 km from the trench. The cool geotherm was prescribed to the backarc boundary for this model.
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and subduction rate, it is found that these three parameters have only a small effect
(<75°C) on wedge temperatures below the arc for a given landward geotherm and wedge
theology (Figure 7.12). Furukawa [1993b] reached a similar conclusion for models with

a straight (constant dip) subducting plate.

7.5 Local Heat Sources
Some of the high temperatures in the mantle wedge and backarc may be due to
local sources of heat. There are numerous local heat sources at a subduction zone, but all

appear to be insufficient to significantly heat the wedge.

7.5.1 Frictional heating

Frictional heating along the top of the slab will primarily affect the forearc region
where the subducting slab is in contact with the rigid over-riding lithosphere (see Section
2.3.8). Low values of heat flow over the forearc of most subduction zones, including
Cascadia and NE Japan, suggest little frictional heating, with estimated shear stresses

along the top of the subducting plate of 10-30 MPa [e.g., Wang et al., 1995b; Peacock,
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Figure 7.12. The maximum mantle wedge temperature beneath the volcanic arc as a
function of the prescribed landward geotherm (given by the surface heat flow) for different
combinations of subduction rate, subducting plate age, and subducting plate dip (Cascadia
geometry: solid symbols; NE Japan geometry: open symbols) for both an isoviscous (circles)
and anon-linear (triangles) mantle rheology.
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1996]. Although even a small amount of frictional heating may increase the temperature
along the top of the subducting plate by a few 10’s of degrees, the effect on mantle wedge
temperatures is small. At large depths (and high temperatures), relative motion between
the subducting and over-riding plate is accommodated by ductile shear, where the amount
of heat generated decreases with increasing temperature. In addition, any frictional
heating is limited to depths less than 70 km, as the slab-driven wedge flow models

assume full coupling between the subducting slab and mantle wedge at greater depths.

7.5.2 Viscous dissipation

Heat may also be produced through viscous dissipation within the wedge as it
deforms. The amount of viscous dissipation depends on both the strain rate and wedge
viscosity (i.e., Equation 6.17). For an isoviscous wedge, the flow field is independent of
the absolute value of viscosity, and thus the amount of heat generated is determined by
the viscosity of the mantle wedge. Strain rates in the wedge are on the order of 10" st
for isoviscous flow, with the largest values near the wedge corner. With these strain rates,
viscous dissipation becomes significant for a mantle viscosity of 10*! Pa s or more, as
illustrated in Figure 7.13a.

Figure 7.13b shows the results for a power law (non-linear) wedge rheology,
using the parameters for dislocation creep of wet olivine [Karato and Wu, 1993]. With
this rheology, viscous dissipation becomes a self-defeating mechanism for heat
generation. Significant dissipation requires both a large strain rate and large effective
viscosity. However, as a region is heated by viscous dissipation, the effective viscosity
will sharply decrease, resulting in a decreased amount of heat generation. This feedback
is further aided by the negative effect of large strain rates on the effective viscosity for
the power law rheology. The strain rate dependence is particularly important for
reducing the amount of dissipation near the wedge tip, where strain rates are fairly large
(~10’13 s1). As a result, the inclusion of viscous dissipation has a negligible effect on
wedge temperatures.

With a Newtonian rheology, the viscosity only depends on temperature. In this

case, there may be significant heat production in the corner (>10 pW/m?) if the viscosity
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Figure 7.13. Effect of viscous dissipation on the surface heat flow (top) and the temperature along the top of
the subducting crust (bottom) for Cascadia models (with a craton) that use a) an isoviscous rheology and b) a
power law rheology, corresponding to dislocation creep of wet olivine [Karato and Wu,1993].

is greater than 10*' Pa's. Because temperatures in the wedge corner are high (>1100°C)
even without dissipation, this effect is only important for diffusion creep of dry mantle
minerals, where viscosities are fairly large at high temperatures (Figure 6.2). In this
case, the inclusion of viscous dissipation will locally increase temperatures in the wedge
corner by 50-100°C. Temperatures in the rest of the wedge will be unaffected by viscous
dissipation, due to lower strain rates. The mantle wedge is expected to be fairly wet,
especially in the corner, due to hydration from the subducting slab. With a wet mantle
rheology, viscous dissipation is self-defeating and has a negligible effect on the wedge

thermal structure.
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7.5.3 Radiogenic heat production

Another local heat source may be radiogenic heating in the mantle, through the
decay of Th, U, and K isotopes. The mantle wedge may be enriched in radiogenic
elements, due to the addition of these elements to the wedge from subducting slab
dehydration [fwamori, 1997], or through subduction erosion that carries crustal material,
high in Th, U, and K, down with the subducting slab [Scholl and von Huene, 2003].
However, mantle xenolith studies suggest that this is a fairly minor heat source in the
mantle (<0.1 pW/m®) [Iwamori, 1997, Rudnick et al., 1998]. The low concentration of
radiogenic elements in arc magmas that appear to be derived from partial melting in the
wedge also argues for low asthenosphere wedge concentrations [Iwamori, 1997]. In
order to have a significant effect on the wedge temperatures, a concentration of
radiogenic elements greater than 0.2 uW/m’ is required. Although no studies have
identified such high values in the backarc mantle, the magnitude of radiogenic heating
within the mantle wedge remains an important uncertainty.

Figure 7.14 compares the modelled thermal structure of the wedge for models
that use the standard mantle value of 0.02 pW/m® [e.g. Rudnick et al., 1998], with an
enriched wedge that has a heat production of 0.2 ;,LW/m3. For isoviscous flow, the
enhanced heat production increases the maximum mantle temperature below the arc by
over 200°C (1270°C vs. 1055°C). However, the surface heat flow is only increased by
~7 mW/m? and is still slightly less than that observed. For non-linear wedge flow, the
sub-arc mantle temperature is 1430°C with the enhanced heat production (compared to
1230°C for the standard model). The focussing of flow into the comer results in
increased heat flow near the arc. Heat flow in the backarc is larger than in the standard
model, but is ~20 mW/m? lower than observed. Thus, even with the increased heat
production, it is not possible to generate uniformly high backarc heat flow with a realistic

wedge rheology.
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Figure 7.14. Effect of radiogenic heat production in the mantle wedge on the surface heat flow (top) and the
temperature along the top of the subducting crust (bottom) for Cascadia models (with a craton) that use a) an
isoviscous rheology and b) a power law rheology, corresponding to dislocation creep of wet olivine [Karato

and W, 1993].
7.6 Assessment of Slab-Driven Mantle Wedge Flow
7.6.1 Summary of observations

Assuming that local heat sources contribute only a small amount to the heat
budget, it is necessary to transport heat upward into the wedge by mantle flow. From the
above models of mantle wedge flow driven by the subducting plate, the thermal structure
of the wedge is primarily controlled by the assumed boundary conditions along the
backarc boundary, as well as the location of this boundary. For an isoviscous wedge,
flow enters the wedge across the backarc boundary at shallow depths, and wedge
temperatures are most sensitive to the shallow (<200 km) boundary temperatures. Flow
is too slow to transport enough heat into the wedge corner to satisfy constraints on

magma generation temperatures, even if unrealistically high temperatures are prescribed
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to the boundary. By introducing a thick craton lithosphere to the boundary, flow is
forced to originate from depth, elevating temperatures within the wedge, although the
temperatures below the arc are still too low for magma generation.

With a non-linear wedge viscosity, flow from depth is focussed into the wedge
corner, significantly enhancing temperatures below the arc. In this case, wedge
temperatures are determined by the prescribed deep (>150 km) temperatures along the
backarc boundary. While this flow transports enough heat into the wedge corner for
magma generation, extremely low backarc temperatures and backarc heat flow are
produced. This is clearly inconsistent with the well-constrained thermal structure for the

Cascadia backarc and the backarcs of other subduction zones.

7.6.2 Maximum thermal effects of slab-driven flow

The maximum thermal effects of slab-driven wedge flow can be evaluated by
considering the maximum wedge flow velocity that can be obtained in a slab-driven flow
model. An extreme, although physically unrealistic, model would be to completely
decouple the viscous wedge from the stationary over-riding lithosphere. For the Cascadia
craton model with an isoviscous wedge, decoupling leads to a stronger upflow along the
seaward craton boundary and higher flow velocities in the upper backarc mantle. More
heat is transported into the wedge, leading to a temperature increase of ~100°C in the
shallow backarc, and an increase in heat flow of ~10 mW/m>, barely sufficient to match
the observations (Figure 7.15). Beneath the arc, the temperatures are increased by less
than 50°C. For a non-linear viscosity, decoupling of the lithosphere and asthenosphere
only affects the corner region of the wedge. Below the arc, temperatures are increased by
100°C, and a slightly higher heat flow is produced. The backarc thermal structure is not
affected.

7.6.3 Decoupling the slab and wedge
In the models, wedge flow was driven by full coupling between the subducting

plate and mantle wedge at depths greater than 70 km. Dehydration of the slab as it

subducts may produce a thin layer of hydrated mantle material above the slab.
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Figure 7.15. Effect of wedge velocity boundary conditions surface heat flow for an a)
isoviscous wedge and b) a non-linear wedge rheology. The solid line is the standard model
(full slab-wedge and wedge-lithosphere coupling). The dashed line is a model with a
decoupled slab and over-riding lithosphere. The dotted and dash-dot lines are models with a
1 km thick low viscosity layer between the slab and wedge (dotted: layer viscosity is 10% of
wedge viscosity; dot-dashed: layer viscosity is 1% of wedge viscosity).

Laboratory studies indicate that even a small amount of hydrous fluid can significantly
reduce the mantle viscosity [Hirth and Kohistedt, 1996; Mei and Kohlstedt, 2000a, b].
The low viscosity layer could, to some degree, decouple the slab and mantle wedge,
leading to lower flow velocities in the wedge. The addition of hydrous fluids to the
mantle may also result in the formation of weak hydrous minerals (e.g., serpentine), if
temperatures are low enough (<700°C) [Peacock, 1990; Ulmer and Trommsdorff, 1995;
Peacock and Hyndman, 1999; Hyndman and Peacock, 2003]. Both hydration and
serpentinization of the mantle immediately above a subducting plate may result in a
partial or full decoupling of the slab from the rest of the mantle wedge.

To examine this effect, a 1 km thick low viscosity layer was introduced along the
top of the subducting plate. As the viscosity within this layer decreases (relative to the
rest of the wedge), the shear induced by the subducting plate will become more localized
within the layer, leading to lower flow velocities (and therefore lower temperatures) in

the rest of the wedge.
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For an isoviscous wedge, if the viscosity of this layer is an order of magnitude
less than the rest of the wedge, only a slight decrease in surface heat flow and wedge
temperatures is observed (Figure 7.15a2). Temperatures below the volcanic arc are
~80°C less than models with full coupling. If the layer viscosity is two orders of
magnitude less, the surface heat flow is significantly reduced and the wedge temperatures
are decreased by 300-400°C.

For the non-linear wedge rheology, the rheology of the thin layer is assumed to
have the same temperature- and stress-dependence as the rest of the wedge (i.e.,
parameters Q and n), but the value of the pre-exponential factor (A) is reduced, such that
the absolute value of viscosity within the layer is decreased. As before, the parameters
for dislocation creep of wet olivine are used [Karato and Wu, 1993]. For a pre-
exponential factor of 0.1A, the wedge becomes partially decoupled from the slab,
resulting in a slight decrease in surface heat flow and mantle wedge temperatures
(<50°C) (Figure 7.15b). For a model with 0.01A, the wedge is almost completely
decoupled from the slab. The already low viscosity within the layer is further decreased
by high strain rates, and thus, nearly all the shear from the subducting slab is
accommodated within the layer. The rest of the wedge is nearly stagnant and therefore

cool.

7.6.4 Time-dependent models

These models show that it is not possible to simultaneously produce high
temperatures beneath the volcanic arc and backarc using only slab-driven mantle wedge
flow. Although the models in this study are steady-state models, they illustrate that
subduction is primarily a cooling process. In a time-dependent model, the thermal
structure at a given time will depend on the initial conditions prior to subduction, as well
as the length of time since subduction started. Over time, the system will evolve toward
the steady-state model. Regardless of the time scale, these models are not expected to

yield a backarc hotter than the initial conditions.
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7.7 Conclusions

This chapter provides an evaluation of subduction zone thermal models that
include mantle wedge flow driven by a kinematic subducting plate. For these types of
models, the location of the backarc model boundary and prescribed conditions along this
boundary provide the primary controls on the thermal structure of the wedge. The
subducting plate geometry, plate age, and subduction rate have a second-order effect.
Given the significant effect that the backarc boundary has on model results, it is
important to address the choice of backarc boundary conditions in these models and
understand the implications.

The temperatures prescribed to the backarc boundary determine the amount of
heat carried into the wedge by flow. The wedge rheology determines the flow pattern
and thus the distribution of heat. For an isoviscous wedge, the flow field is fairly diffuse,
and flow is too slow to carry a significant amount of heat into the wedge corner for arc
magma generation, regardless of the prescribed thermal conditions along the backarc
boundary. If thick-craton lithosphere is introduced at the boundary to focus flow from
greater depths, temperatures in the backarc are increased, but the arc corner is still too
cold for magma generation.

With a temperature- (and stress-) dependent wedge rheology, the entrained
material and return flow are confined to a relatively narrow channel above the subducting
pléte. Flow rapidly carries heat from depth into the wedge comer, significantly
enhancing temperatures below the arc. However, if the backarc boundary is located more
than 200 km from the arc, a thick, stagnant lid develops in the backarc, resulting in low
backarc temperatures and heat flow.

A hot backarc appears to be a characteristic of nearly all subduction zones; the
only clear evidence that any backarc is cool is in regions with a flat slab (see Chapter 4).
The models presented above examine a wide range of reasonable model parameters to
look at the thermal consequences of slab-driven flow. None of these models are able to
simultaneously produce high temperatures beneath the volcanic arc and throughout the
backarc. One of the major conclusions of this study is that simple slab-driven flow is

insufficient to carry the required amount of heat into the subduction zone; an additional
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component of mantle flow is required. In the next chapter, the effects of buoyancy-

driven thermal convection in the backarc mantle are considered.
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CHAPTER 8

Thermal Convection In the Backarc Mantle

8.1 Introduction

Observations of high heat flow and inferred hot, thin lithosphere for 100’s of
kilometres into backarcs provide an important and very restrictive constraint for models
of mantle wedge dynamics that has not been widely recognized. Given that local heat
sources appear to be insufficient to generate the observed uniform high mantle wedge
temperatures, mantle wedge flow is required to carry heat into the mantle wedge and
backarc from outside the subduction zone.

The source of heat must be located at depth in the backarc regions. A shallow
heat source landward of the backarc is not plausible, especially for backarcs that are
adjacent to cold, stable cratons, such as Cascadia and South America. In the numerical
models in this study, this heat source is approximated by prescribing high temperatures to
the deeper part of the backarc boundary of the models. The implicit assumption is that
there is a larger scale mantle convective process outside the subduction zone that
maintains high temperatures in this region. Flow in the backarc taps this large mantle-
wide (“infinite”) heat source and carries the heat upward into the mantle wedge.

The models in the previous chapter examine mantle flow driven by viscous
coupling with the subducting slab. This flow pattern consists of a single 2D “convection”
cell, where flow velocity is limited by the rate of subduction (i.e., a few centimetres per
year). For a reasonable range of boundary conditions and model parameters, it was not
possible to efficiently advect a sufficient amount of heat into the wedge using slab-driven
flow to produce the inferred high wedge temperatures. To maintain high temperatures
throughout the mantle wedge and backarc, flow velocities much faster than plate rates are

required. Thermal buoyancy was not included as a driving force for flow in the above
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models. As in previous studies, it was assumed that viscous coupling with the slab is the
dominant driving mechanism for backarc mantle flow.

The relative importance of forced (slab-driven) convection and free (thermal)
convection is dependent primarily on the viscosity of the mantle [e.g., Ida, 1983]. At
high viscosities, viscous drag from the subducting plate will dominate, as thermal
buoyancy forces are insufficient to overcome the viscous resistance to flow and coupling
to the subducting slab is strong. At lower viscosities, thermal buoyancy forces will
become more important for driving flow and coupling to the slab is weak.

In this chapter, it is argued that mantle wedge flow driven by thermal buoyancy is
much more significant than previously assumed. Thermal buoyancy forces in the mantle
wedge arise from lateral and vertical temperature gradients, due to both cooling from the
subducting slab and heating of the lowermost backarc wedge from below. As the mantle
material immediately above the slab is cooled, its density will increase and it may sink,
causing an influx of material from the backarc toward the wedge corner. The flow
regime may be similar to slab-driven corner flow. In the case of heating from below, the
positive thermal buoyancy of the hot material at depth will act as a driving force for flow,
and the convective pattern may be more complex. It is likely that both forms of thermal
convection occur in the mantle wedge.

A detailed analysis of the dynamics of backarc thermal convection is beyond the
scope of the current study. The primary goal of this chapter is to address the thermal
effects of free convection in general. First, simple models are developed to investigate
the effects of thermal convection on mantle wedge temperatures. Two approaches are
used: 1) parameterized convection models, and 2) numerical models with thermal
buoyancy. Then, constraints on the mantle wedge viscosity are summarized. A wide
range of data indicate that the viscosity of the backarc mantle is surprisingly low, and
thus significant thermal convection is concluded to be likely. The chapter ends with a

short discussion of a conceptual model for mantle wedge dynamics.
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8.2 Thermal Effects of Free Convection
8.2.1 Proxy model for convection

Rapid heat transfer due to free convection is simulated using a simple conductive
proxy model, following the approach of Sharpe and Peltier [1979] and Davis et al.
[1997]. In this model, free convection is parameterized by assigning a very high thermal
conductivity to the viscous mantle wedge. The ratio of the effective conductivity to the
true mantle conductivity is equal to the Nusselt number (Nu) of the system. This number
represents the ratio of the total heat transport to the heat transferred by conduction alone
and is therefore a measure of the efficiency of convective heat transfer. Higher Nu values
indicate more vigourous convection. Using this approach, it is possible to examine the
time-averaged thermal effects of vigourous flow, without requiring that the full thermal-
mechanical equations be solved [e.g., Nyblade and Pollack, 1993]. This method is
particularly advantageous for understanding the thermal effects of extremely vigourous
(and possibly chaotic) flow, where the flow pattern may be time-dependent and the
numerical computation becomes complex and time-consuming.

The proxy models presented use the Cascadia geometry that includes a 250 km
thick craton located 800 km from the trench (e.g., Section 7.3.6). The “cool” geotherm is
assigned to the landward boundary of the model, to approximate the thermal structure of
the adjacent craton. Mantle wedge flow is assumed to be driven by both thermal
buoyancy and viscous coupling between the slab and wedge. To approximate the effects
of free convection, the viscous mantle wedge has a thermal conductivity of 31 W m' K7,
which is 10 times the conductivity value used in the models in Chapter 7. Slab-driven
flow is included assuming full coupling along the slab-wedge interface, and, for
computational simplicity, an isoviscous rheology for the wedge. Results are similar if a
non-linear wedge rheology is used, as the thermal structure is primarily controlled by the
enhanced conductive heat transfer.

Figure 8.1 shows the thermal structure and surface heat flow for this model. For
comparison, a model with only slab-driven flow and the standard wedge conductivity of
3.1 W m™ K is also shown. The enhanced conductivity represents rapid mixing of the

mantle wedge, and thus, the thermal field in the wedge becomes much smoother (i.€.,
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Figure 8.1. The effect of vigourous convection (approximated using an enhanced
mantle wedge thermal conductivity) on the thermal structure. The Cascadia geometry
(with a craton) and subduction parameters are used. a) Surface heat flow for the proxy
model and a model with isoviscous slab-driven flow only. The observed heat flow
(with standard deviation) is also shown. b) Proxy thermal model with an enhanced
thermal conductivity and isoviscous slab-driven flow. Temperature contours are
200°C. c)Standard model with isoviscous slab-driven flow only.

thermal gradients are reduced). In the backarc regions, this results in much higher
temperatures at shallow depth and higher surface heat flow, as heat is more efficiently
transferred from depth to the base of the lithosphere. Over the backarc, the temperature
at the Moho (35 km depth) is ~850°C for the proxy model, compared to ~600°C with
slab-driven flow alone. The surface heat flow for the proxy model (70-80 mW/m®) is
approximately 20 mW/m? larger than the slab-driven flow model. Note that the surface
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heat flow in the proxy model varies inversely with the assumed lithosphere thickness, and
thus the model surface heat flow can be varied by simply changing this thickness.
Overall, the simple proxy model demonstrates that vigourous convection in the
mantle wedge can carry a significant amount of heat into the whole backarc region. Note
that mantle temperatures below the arc are decreased. As vigourous convection tends to
homogenize mantle wedge temperatures, the temperatures in the wedge corner represent
an average between those of the over-riding lithosphere and subducting plate, which are
both cool. For the models above with an effective conductivity of 31 W m’ K,
horizontal heat transport from the backarc regions due to slab-driven flow is insufficient
to elevate mantle temperatures in this area. Temperatures in the wedge corner can be
increased by assuming an even larger effective conductivity, which allows more heat to

be focussed into the wedge corner. This requires even more vigourous convection.

8.2.2 Preliminary numerical models

The final model uses a more direct representation of free convection to determine
if this type of convection is significant at reasonable viscosities in the backarc. Thermal
buoyancy is included as a driving force for flow in the conservation of momentum
equation (Equation 6.9) by calculating density variations caused by changes in
temperature (Equation 6.10). A reference density of 3300 kg/m® at an arbitrary
reference temperature of 1200°C is assumed, but the results are insensitive to this choice.
The coefficient of thermal expansion for the mantle is 3.0x10° K [e.g., Nyblade and
Pollack, 1993; Turcotte and Schubert, 2002].

The Cascadia geometry and subduction parameters are used, but the boundary
conditions are slightly different from previous models, due to computational limitations.
The landward boundary of the model is at 1000 km from the trench. The basal boundary
of the mantle wedge is a horizontal boundary at a depth of 600 km (as in Appendix C).
For simplicity, there is no thick craton lithosphere. Another key difference is that the
landward and basal boundaries of the viscous wedge are closed, such that there is no
mass flux through them; the rigid subducting slab is the only material that passes through

the basal boundary. The landward and basal boundaries of the viscous wedge are
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assumed to have no shear stress (i.e., free slip). All other wedge boundaries use a no slip
boundary condition, such that the wedge is fully coupled to the over-riding lithosphere
and subducting plate. The “cool” geotherm appropriate for the craton (Figure 7.2b) is
prescribed to the landward boundary of the model. Along the basal boundary, a constant
temperature of 1475°C is assigned between x=800 km and 1000 km; temperatures are
free for the part of the basal boundary between the top of the subducting plate and x=800
km. The mantle wedge is assumed to have a constant viscosity.

The steady-state model is designed to illustrate the behaviour of mantle wedge
flow when thermal buoyancy is included as a driving force and does not accurately
represent the detailed thermal structure for the Cascadia wedge and backarc. A full study
of thermal convection, including realistic models for Cascadia, requires careful
consideration of model size, boundary conditions, and time-dependence.

The importance of thermal buoyancy depends strongly on the wedge viscosity.
At high viscosities (>10%* Pa s for the above boundary conditions), flow in the mantle
wedge is driven primarily by the subducting slab, i.e., corner flow. As the viscosity is
decreased, buoyancy forces become more significant. Figure 8.2 shows the results for a
model that uses a viscosity of 5x10%° Pa s, which is still higher than most estimates for
backarcs (10'8-10"° Pa s, see below). This is the lowest viscosity for which a steady-state
solution could be obtained. The results for flow driven only by viscous coupling with the
slab are also shown. Due to the closed boundaries, the temperatures in the mantle wedge
are lower than in previous models, because the cool material carried downward with the
slab is forced to circulate back into the wedge. A comparison between the two models
shows that thermal buoyancy has a significant effect on wedge temperatures. With the
inclusion of thermal buoyancy, the upflow velocities of material near the landward
boundary of the wedge become larger, and thus more heat is carried into the shallow
backarc from depth, increasing backarc lithosphere temperatures and surface heat flow.
The hotter material is then transported into the wedge corner by slab-driven flow, leading

to higher temperatures below the arc.
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Figure 8.2. Cascadia models with and without thermal buoyancy. See text
for a description of the boundary conditions. a) Surface heat flow. b)
Thermal model with flow driven by viscous coupling and thermal buoyancy.
The contour interval is 200°C. ¢) Thermal model with flow driven only by
viscous coupling. For each model, the wedge has a constant wedge viscosity
of 5x10%° Pas.

These results illustrate that even with a relatively high backarc asthenosphere
viscosity of 5x10% Pa s, thermal buoyancy can have a large effect on the flow pattern and
thermal structure of the mantle wedge. As the viscosity is decreased further, the effects
of thermal convection should become larger, further increasing temperatures throughout
the shallow backarc and beneath the arc. The above model shows the steady-state flow
and thermal structure. At a viscosity of ~5x10%° Pa s or greater, thermal convection in

the wedge occurs as stable convection cells, and a steady-state solution can be obtained.
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At lower viscosities, thermal convection may become periodic and possibly chaotic [e.g.,
Jarvis, 1984; Travis and Olson, 1994]. Under these conditions, a steady-state solution is

no longer possible, and time-dependent models must be used.

8.3 Constraints on Mantle Wedge Viscosity

For thermal convection to be a significant driving force for mantle wedge flow,
the viscosity of the wedge must be fairly low. Using a simple model of convection in a
narrow channel above a subducting plate, /da [1983] suggests that thermal buoyancy will
be the dominant driving force for flow when the mantle wedge viscosity is less than 10%°
Pas. As shown above, even at higher viscosities, the inclusion of thermal buoyancy in
the flow calculations can affect wedge temperatures.

The backarc mantle at nearly all subduction zones is extremely hot (>1200°C)
(see Chapter 4). At such high temperatures, it is expected that the mantle viscosity
should be fairly low (e.g., Figure 6.2). For dislocation creep at strain rates of 101 s,
laboratory studies predict an effective viscosity of 10'%-10' Pa s for both wet and dry
conditions; for diffusion creep, the viscosity is ~10% Pa s for wet conditions (1022 Pas

for dry conditions). In this section, observational constraints on the backarc mantle

viscosity are examined.

8.3.1 Observational constraints

Observational constraints on the viscosity of the mantle come from studying the
response of the Earth’s surface to a variety of loading or unloading conditions. One of
the key observations is post-glacial rebound, where the rate at which the surface uplifts
after deglaciation is used to constrain the viscosity of the underlying mantle
asthenosphere. Most studies of post-glacial rebound have focussed on Hudson’s Bay
(northern Canada), Scandinavia, and the British Isles. There, viscosities are inferred to
be 10%°-10*! Pa s at depths of 100-200 km [e.g., Mitrovica and Peltier, 1995; Peltier,
1998, Kaufimann and Lambeck, 2002]. These estimates, while often considered to
represent the average global viscosity structure, come from observations made mainly in

cold cratonic regions.
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There is increasing evidence that the viscosity of the upper mantle of backarcs is
significantly lower than that below cratons. Viscosity in the backarc has been inferred
using four main types of observations, all representing different time scales: 1) post-
glacial rebound (1000’s of yrs), 2) lacustrine loading/unloading (10°s-1000’s of yrs), 3)
post-seismic relaxation (hours-100’s of years), and 4) dynamic topography (1000’s-
millions of yrs). In these studies, geodetic and geological observations (GPS, shoreline
tilting, etc.) of surface deformation are used to constrain rheological models. The mantle
asthenosphere is usually modelled as a Maxwell viscoelastic body, where a constant
viscosity is assigned to the mantle below some depth to approximate its behaviour over
long time scales [e.g., Ranalli, 1995]. The mantle viscosity in these models is adjusted to
fit the observed deformation rate and geometry.

Post-glacial rebound at a subduction zone has been examined at northern
Cascadia and southern Chile (South America). Models of post-glacial rebound for
northern Cascadia (47-48°N), constrained by data from lake shoreline tilting and relative
sea level observations, used a mantle viscosity to be 5x10'® to 5x10'° Pa s [James et al.,
2000]. Note that the data for this study is in the vicinity of the forearc adjacent to the
volcanic arc, and thus, the modelled viscosity reflects the average viscosity of the mantle
wedge in the forearc and for a short distance into the backarc (probably no more than 100
km landward of the arc). The data may also be sensitive to the viscosity of the mantle
below the subducting plate. These viscosities are similar to those inferred from post-
glacial rebound of the arc/backarc region of the subduction zone in southern South
America (south of 45°S) [Ivins and James, 1999].

Another constraint on backarc mantle wedge viscosity comes from observations
of surface deformation associated with significant changes in the water level in large late
Pleistocene and Holocene lakes. A classic example is Lake Bonneville, near the Basin
and Range province in the southern Cascadia backarc. Here, drying of the lake over
thousands of years has resulted in surface uplift. Based on the uplift rate, Bills et al.
[1994 and references therein] infer a mantle viscosity of 4x10' to 10* Pa s at 40-150 km

depth. Similar viscosity estimates are derived for the upper mantle from deformation due
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to filling of lakes by glacial meltwater in the backarc regions of Kyushu, Japan (33°N,
130°E) [Okuno and Nakada, 1998], and due to water level increases in Lake Mead,
Nevada (36°N, 115°W) after construction of the Hoover Dam [Kaufinann and Amelung,
2000]. Although Lake Mead is south of the present-day Cascadia subduction zone, this
area was in the backarc of Farallon Plate subduction until subduction ceased at 20-30 Ma
and is still hot [e.g., Dixon et al., 2004].

The mantle viscosity can also be constrained using geodetic observations of
shorter-term time-dependent deformation of the Earth’s surface following a large
earthquake, e.g., megathrust earthquakes at a subduction zone [e.g., Wang, in press,
2004]. Fault slip during the earthquake induces a large stress in the mantle, which is
slowly relaxed over 10’s to 100’s of years. Most models of post-seismic relaxation for
Cascadia, Alaska/Aleutian, Chile, SW Japan and NE Japan use mantle wedge viscosities
of 4x10'® to 10%° Pa s to fit geodetic observations [Wang, in press, 2004 and references
therein]. Note that these models represent an average viscosity of primarily the forearc
mantle wedge and of the backarc wedge closest to the volcanic arc. Surface deformation
following large crustal earthquakes in western Mongolia was modelled using a mantle
viscosity of 1-4x10'® Pa s [Vergnolle et al., 2003]. This region is north of the Himalaya
mountains and is in the backarc of the former subduction zone associated with India-Asia
plate convergence.

Most of the above studies provide estimates of mantle viscosity for a small part of
the mantle wedge. One important indicator of low viscosities throughout the mantle
wedge comes from studies of dynamic topography over backarcs. Mass movement
within the Earth’s interior can affect surface topography. Over a subduction zone,
models that use high viscosities (e.g., craton values of 10%°-10?! Pa s) predict that the
backarc regions should experience up to 4 km of subsidence over a broad region (~500
km), due to the combined effects of a descending dense oceanic plate and slab-induced
comer flow within the mantle wedge [e.g., Billen and Gurnis, 2001 and references
therein]. This is much greater than the observed surface topography, as well as the

dynamic topography inferred from measurements of the geoid and gravity [Billen and
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Gurnis, 2001; Wheeler and White, 2002]. Instead, the seafloor depth, gravity and geoid
data observations suggest that the subducting slab has little effect on surface topography.
One interpretation is that the slab is decoupled from the over-riding plate by a low
viscosity mantle wedge. Billen and Gurnis [2001] showed that if the viscosity of the
mantle wedge is at least a factor of 10 less than the surrounding asthenosphere, the effect
of the subducting slab on surface topography is significantly reduced, in good agreement
with observations.

Taken together, the above observations indicate that the viscosity of the mantle
wedge at many subduction zones is much lower than that inferred for cratonic regions.
Most studies give a wedge viscosity of 10'3-10"° Pa s. Note that these viscosity estimates
were derived assuming a Newtonian rheology for the mantle (i.e., linear stress-strain rate
relationship) and using observations of deformation on short time scales (years to
thousands of years). There is some question above the validity of the extrapolation of
these results to mantle wedge flow, especially if the wedge rheology is strain-rate
dependent. Dixon et al. [2004] argue that although variations in strain rate may affect
mantle viscosity, the consistency of viscosity estimates from different types of
observations with different time scales suggests that the conclusion of a low viscosity
mantle wedge and backarc, relative to the craton regions, is robust.

Such low viscosities are consistent with the inferred very high temperatures in the
backarc mantle (Figure 6.2). The viscosities may also be further decreased due to the
presence of water [e.g., Billen and Gurnis, 2001 and references therein; Dixon et al.,
2004]. Laboratory data show that even a small amount of water significantly reduces the
effective viscosity of olivine and other upper mantle minerals [e.g., Karato et al., 1986;
Karato and Wu, 1993; Hirth and Kohistedt, 1996; Mei et al., 2002, see also Figure 6.2].
Dehydration reactions in the subducting slab as it descends release significant amounts of
water to the overlying mantle [e.g., Peacock, 1993; Schmidt and Poli, 1998]. 1t is
expected that the mantle above the slab should be partially or fully saturated with water,
and thus much weaker than dry mantle. Convection within the mantle wedge and
backarc may provide a mechanism for carrying the water well landward of the subduction

zone, resulting in low viscosities throughout backarc.
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The backarc viscosities of 10'®-10'° Pa s inferred from surface deformation data
and laboratory studies are well below the value for which thermal buoyancy becomes an
important driving force for mantle flow [/da, 1983], suggesting that thermal buoyancy

should not be neglected in backarc thermal/flow models.

8.3.2 Rayleigh number considerations

The onset and vigour of thermal convection in the mantle is determined by the
Rayleigh number for the system, which represents the ratio of forces that promote free
convection (i.e., heating from below) to those that hinder it (e.g., mantle viscosity). For a
simple box where the upper and lower boundaries are maintained at constant
temperatures (with the lower boundary being hotter), the Rayleigh number (Ra) is
defined as [e.g., Turcotte and Schubert, 2002]:

Ra = P8y (ATI? 8.1)
nK

where po is the density, g is the gravitational acceleration, oy is the thermal expansion
co-efficient, AT is the temperature difference between the upper and lower boundaries, b
is the height of the box, n is the (dynamic) viscosity, and x is the thermal diffusivity.
The critical Rayleigh number (Ra,) for this system is 657.5 if both boundaries are free
slip (1707.8 if both are no-slip). If Ra>Ra,,, free convection will occur in the box. As
the Ra number increases above Ra, the convective flow regime will progress from
steady to periodic to chaotic.

As an example, assume that the backarc regions of the Cascadia subduction zone
(well landward of the subducting plate) can be represented as a simple isoviscous box,
with its top boundary at the base of the crust (35 km depth) at a temperature of ~900°C
(see Chapter 3) and its bottom boundary at the base of the upper mantle (410-660 km) at
a temperature of 1400-1600°C [e.g., Ito and Katsura, 1989]. Using the values for po, oy,
and k from the numerical models, and the boundary conditions given above, the Rayleigh
number can be expressed in terms of the backarc mantle viscosity as: Ra ~10%%m. If

the viscosity of the backarc mantle is as low as inferred (1018-1019 Pa s), the Rayleigh
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number is ~10%-10%, which is more than 1000 times the critical value, and thus thermal
convection is expected. At high Rayleigh numbers (>10°), convection in the backarc
mantle is in the turbulent, time-dependent flow regime [e.g., Travis and Olson, 1994]. In
this case, thermal convection should efficiently carry a significant amount of heat
upward, as seen in the proxy model with enhanced thermal conductivity (Figure 8.1).
This simple analysis shows that conditions in the Cascadia backarc mantle likely
allow for vigourous thermal convection. The subduction geometry and cooling effects of
the subducting slab will increase the complexity of the system, and determination of the
Rayleigh number is not straightforward. Further numerical modelling work is necessary

to better understand the dynamics of backarc thermal convection.

8.4 Conceptual Model for Backarc Mantle Dynamics

Figure 8.3 shows a conceptual model of mantle dynamics that can satisfy the heat
budget at a subduction zone. In the model, flow in the mantle wedge is driven by both
slab-wedge coupling and thermal buoyancy, but the relative importance of each varies
within the wedge. In the backarc, it is proposed that flow is dominated by vigourous
small-scale thermal convection in a low viscosity mantle below 50-60 km. Convection is
likely driven primarily by the positive buoyancy of hot material at depth in the backarc,
where high temperatures are maintained by global mantle dynamics. The cooling effects
of the subducting slab on the adjacent wedge may enhance convection. In this model,
backarcs provide a “short circuit” for efficient heat transfer from the deep earth
convective system to the surface.

For vigourous convection to occur, the viscosity of the backarc mantle must be
fairly low, as expected from the combined effects of high temperatures and hydration of
the wedge by water released from the subducting plate [see also Dixon et al., 2004,
Hyndman et al., submitted manuscript, 2004]. Water released from the slab may be
efficiently mixed throughout the mantle wedge and backarc by convective flow. With
vigourous convection, heat from depth is rapidly carried upward, elevating shallow
backarc mantle temperatures and surface heat flow. The flow pattern, and to some degree

the thermal structure, of the backarc are likely time-dependent. If flow is extremely
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Figure 8.3. Schematic diagram of backarc mantle dynamics. The dashed grey lines show the
approximate location of the transition from mantle flow dominated by thermal convection in the
backarc to dominantly slab-induced flow near the wedge corner.

vigourous, asthenosphere temperatures should be fairly uniform across the entire backarc.
Observations of nearly constant lateral heat flow across the backarc for Cascadia and
other regions (see Chapter 3 and 4) suggest that convection must be rapid enough to
maintain nearly constant temperatures in the uppermost backarc mantle on time scales
similar to the thermal time constant of the over-riding lithosphere (<100 my). The
landward limit of vigourous flow may be a thick craton lithosphere, which is isolated
from the convective system by compositional differences that result in a higher viscosity
[e.g., Jordan, 1975; Forte and Perry, 2000, Hyndman et al., submitted manuscript, 2004].

Closer to the arc, it is proposed that viscous coupling with the slab will become
the dominant driving force for mantle wedge flow. As seen in the proxy model (Figure
8.1), small-scale convection may result in temperatures in the wedge corner that are too
low for volcanism, unless convection is extremely vigourous. Such vigourous convection
is unlikely in this region, due to the combined effects of the decreased vertical
temperature difference across the viscous wedge and the decreased height of viscous

region (i.e., the local Rayleigh number is smaller). In the wedge comer region, flow is
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probably driven mostly by viscous coupling between the mantle and subducting slab,
although sinking of cool, dense mantle material immediately above the slab may also
occur. Both processes should result in a corner-flow type convection cell, with shallow
flow toward the wedge corner and deeper flow parallel to the dip of the subducting plate.
The upper flow limb would carry heat into the wedge corner from the shallow, hot part of
the vigourously convecting backarc.

In this model, there is a transition between flow dominated by thermal convection
in the backarc to flow dominated by forced convection near the wedge corner, although
both types of flow are super-imposed throughout the entire wedge. For the wedge corner
region, the thermal effects of this flow pattern can be approximated using a slab-driven
flow model (as in Chapter 7) with high temperatures prescribed to the backarc boundary
of the model (which is in the backarc), under the assumption that vigourous convection
maintains high temperatures at shallow depth. As seen in the models of slab-driven flow,
the location of this boundary significantly affects the thermal structure (Section 7.3.5).
On the basis of these models, the backarc boundary must be located fairly close to the
volcanic arc (<200 km), so that the high temperatures can be efficiently carried into the
wedge corner without cooling and with little effect on surface heat flow, especially for a
realistic temperature- (and stress-) dependent mantle rheology. These arguments suggest
that slab-driven mantle flow is dominant only in a small part of the wedge corner region
close to the volcanic arc. With increasing distance from the arc, slab-driven flow
becomes less important (but may not disappear completely), and the dynamics of the
mantle wedge are dominated by vigourous thermal convection.

The conceptual mo&el proposed here may explain, to first order, several key
backarc observations. Of most importance to this study is the heat budget at a subduction
zone. The model provides a mechanism for the efficient transport of heat into the
shallow backarc regions as well as into the wedge corner, to satisfy the observational
constraints of high temperatures throughout the mantle wedge and backarc from surface
heat flow, seismic velocities, mantle xenoliths, etc. (Chapters 3 and 4). This model is
consistent with observations of little dynamic topography over western Pacific backarcs

[e.g., Wheeler and White, 2002]; the over-riding plate in the backarc is essentially
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decoupled from the subducting slab due to vigourous convection in the low viscosity
mantle. Vigourous convection may also explain why seismic anisotropy in the backarc
does not conform to the standard corner-flow model at most subduction zones and
appears to be less well-developed than in other tectonic settings (Chapter 5). This model
is also consistent with recent three-dimensional models of mantle dynamics for NE Japan
that suggest small-scale convection must occur to explain along-margin variations in

volcanism [Honda et al., 2002; Honda and Saito, 2003].

8.5 Consequences of a Vigourously Convecting Backarc Mantle
The conceptual model presented above has significant implications for many

subduction zone processes. Below, three important issues are outlined.

8.5.1 Thermal structure of the subducting slab

This study has primarily focussed on the thermal structure of the mantle wedge.
However, temperatures of the wedge may have a dramatic effect on the temperatures
within the subducting slab and over-riding plate. In particular, if the wedge is as
uniformly hot as suggested in this study, the deeper parts of the subducting slab may be
much hotter than previously thought. This has implications for slab metamorphism, the
occurrence of in-slab earthquakes, and the amount of water released from the slab, which
in turn affects the amount of water in the wedge, wedge rheology, and the generation of
arc magma. To address the thermal structure of the subducting plate, two key questions
are: 1) why is the forearc mantle wedge corner cool?, and 2) is there a viscous mantle
“blanket” on top of the subducting plate?

Surface heat flow and other geophysical observations suggest a rapid change in
thermal structure that occurs just seaward of the volcanic arc. The forearc regions are
inferred to be cool because mantle flow is mechanically prohibited from entering the thin
corner of the forearc mantle wedge (see Section 7.3.7). The cause of this sharp contrast
in wedge behaviour is not understood. Both serpentinization of the forearc mantle wedge
and slab-wedge decoupling due to high pore fluid pressures have been proposed [e.g.,

Furukawa, 1993b; Hyndman and Peacock, 2003]. Future studies should examine this
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region in greater detail. The greatest increase in the temperatures in the upper part of the
subducting slab occurs near the seaward limit of mantle wedge flow, and thus, it is
important to constrain this limit.

Slab temperatures will also be affected by the development of a viscous mantle
“blanket” (i.e., boundary layer) on the top of the slab, due to the strong effect of
temperature on mantle viscosity. The thickness of this boundary layer is very important;
it will partially insulate the slab from the high wedge temperatures. In addition, if the
viscous mantle layer is viscously coupled to the subducting plate, water released from the
subducting plate may become trapped within the blanket (e.g., dissolved in olivine and
other nominally anhydrous mantle minerals) and carried to great depths in the mantle.

This may provide a mechanism for carrying water to the backarc.

8.5.2 Decay in backarc temperatures with time

The proposed model predicts that the uniformly high surface heat flow over
backarcs is the result of rapid transport of heat from depth by vigourous convection.
Such high backarc temperatures may persist for a long time after subduction has ceased,
as suggested by the high surface heat flow for regions in former backarcs (e.g., northern
Canadian Cordillera and SW US Cordillera, see Chapter 4).

In the conceptual model, the decline in backarc wedge temperatures with time
after the termination of subduction is related to how quickly vigourous convection
decays, which likely depends on how long slab dehydration continues, how quickly water
is lost from the backarc mantle, and the dynamics of the former subducting slab (i.e., is it
frozen in the mantle, or does it break off and sink?) [Hyndman et al., submitted
manuscript, 2004]. Although these processes may persist for a few 10’s of Ma after
subduction stops, the first-order approximation is that the backarc lithosphere cools and
thickens fairly rapidly. This cooling can be approximated using a simple one-
dimensional conductive cooling model. The initial thermal structure is assumed to be
that of a hot backarc (e.g., Cascadia), with a surface heat flow of 80 mW/m?, a fixed
temperature of 1200°C at 50 km depth (taken to be the base of the lithosphere prior to

cooling), and a linear, approximately adiabatic, temperature increase to 1400°C at 250
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km depth. The model is allowed to cool conductively, keeping the upper and lower
boundaries of the model fixed at 0°C and 1400°C, respectively. Figure 8.4a shows the
decline in backarc temperatures over time. The time since the onset of conductive
cooling is taken to define the “tectonic age”. The most rapid cooling occurs in the first
50-100 my, as shown by the sharp decay in surface heat flow (Figure 8.4b). After ~300
my, the change in surface heat flow with time is very small.

The model results can be compared with the observed decay in heat flow for
former backarcs (the examples of the Northern Canadian Cordillera and Appalachians are
shown in Figure 8.4b), as well as compilations of heat flow vs thermo-tectonic age for
mobile belts [e.g., Chapman and Pollack, 1975, Pavilenkova, 1996; Artemieva and
Mooney, 2001]. Hyndman et al. [submitted manuscript, 2004] propose that mobile belts
are hot and weak because they are in present or former backarcs. As noted above, there
is some uncertainty in the length of time between subduction termination and the start of
conductive cooling. In addition, the thermo-tectonic age for mobile belts is usually
determined from orogenic metamorphism and plutonism; this may be a few 10’s of Ma
after subduction termination.

To first order, the modelled decay in heat flow fits the observed decay. This

suggests that the relative timing of subduction termination, cessation of vigourous
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Figure 8.4. a) Geotherms for models of backarc cooling. The zero time corresponds to the termination of
vigourous backarc convection and onset of conductive cooling. b) Heat flow vs. tectonic age for the cooling
model (solid line) [after Hyndman et al., submitted manuscript, 2004]. Also shown is the proposed cooling
trend from studies of the decay in heat flow with thermo-tectonic age for different orogenies (dotted and dashed
lines). The circles are the dataused in these studies (bars show the uncertainty range).
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convection, and thermo-tectonic age is similar (i.e., within a few 10’s of Ma). Future
work should examine backarc/mobile belt cooling in greater detail. In particular, thermal
data for backarc regions with subduction termination and thermo-tectonic ages less than

200 my would aid in better constraining this process.

8.5.3 Global heat budget

The existence of a vigourously convecting backarc provides a pathway for heat to
rapidly escape from the Earth’s interior, resulting in high surface heat flow over present-
day backarcs and enhanced heat flow over regions in former backarcs (<300 Ma) and
mobile belts. Ballard and Pollack [1987] suggest that cratons have low surface heat flow
and low mantle heat flow, relative to surrounding mobile belts and active tectonic
regions, because conductive transport of heat through the thick lithosphere is relatively
inefficient. Instead, deep mantle heat is diverted to adjacent regions with much thinner
lithosphere, i.e., a thermal short-circuit. Although a significant amount of heat may
escape through the backarc, the overall effect on the global heat budget is estimated to be
small. The mantle heat flow for the northern Cascadia backarc is inferred to be a factor
of ~3 larger than that for the North America craton (see Chapter 3). Assuming that
present and former backarcs make up ~20% of the land areas on Earth [e.g., Stein and
Freymueller, 2002], the amount of mantle heat escaping through these areas is probably
less than that through the remainder of the continents, and is still much less than the
mantle heat that escapes through the ocean basins. Thus, the high heat loss to backarcs

can readily be provided by the global convective system.

8.6 Discussion

Rapid upward transport of heat from depth into the shallow backarc is necessary
to maintain the inferred uniformly high temperatures in the backarc of nearly all
subduction zones. Simple slab-driven corner flow has been shown to be too inefficient to
provide enough heat to all parts of the backarc, as required by the inferred high

temperatures. This conclusion, plus the observational constraints that indicate that the



CHAPTER 8: Thermal Convection in the Backarc Mantle 196

many backarcs have low mantle viscosities (10'%-10'° Pa s), suggests that flow driven by
thermal buoyancy may be significant in the backarc mantle.

To satisfy the heat budget at a subduction zone, it is proposed that backarc mantle
flow is dominated by vigourous small-scale convection. As shown above, vigourous
convection, driven by thermal buoyancy in a low-viscosity mantle, is an effective
mechanism to efficiently transport heat to shallow depths in the backarc. Very close to
the arc, slab-driven mantle flow may become significant. This flow could carry heat
from the hot backarc into the thin wedge comer to enhance temperatures below the arc, as
required for arc volcanism.

Future studies should focus on evaluating and refining this convective model. Of
most importance is the development of time-dependent thermal-mechanical numerical
models to determine if free convection at wedge viscosities of 10'%-10'"° Pa s is a viable
mechanism for carrying the required amount of heat into the subduction zone. Initial
models may use an isoviscous wedge and kinematic subducting slab. From these, models
of increasing complexity could be developed, including those with a temperature- (and
stress-) dependent mantle rheology, three-dimensional models, models that include slab-
normal motion of the subducting plate (e.g., slab rollback), and those with heterogeneities
in mantle wedge composition, water content and melt content.

The flow models must be reconciled with a wide range geophysical and
geochemical constraints on mantle dynamics. As argued in this study, the thermal
structure is one critical constraint on wedge flow. There are numerous other types of
constraints that have not been considered in detail here. For example, the free convection
model predicts that the mantle wedge is generally well-mixed. Are there any
geochemical observations that support this (e.g., variations in magma composition from
the backarc to the arc)? In addition, are there any constraints on the degree of hydration

of present-day backarc asthenosphere from seismology or backarc volcanism?
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CHAPTER 9

Conclusions

9.1 The Thermal Structure of Subduction Zones

In this thesis study, the thermal structure of a number of subduction zones has
been examined using two complementary approaches: 1) geophysical, geological, and
geochemical observations, and 2) numerical models that investigate the thermal effects of
geodynamic processes associated with subduction. The integration of these two
approaches is critical for accurately constraining the thermal structure of a subduction
zone and the key processes that govern it. The geodynamic models can then be used
predictively to examine thermal controls on different subduction processes, including
earthquake occurrence, the generation of volcanic magmas, and deformation of the over-
riding plate.

Thermally, the forearc and backarc are distinct regions for most subduction zones.
The forearc regions are generally cool; the backarc regions are extremely hot for 100’s of
kilometres landward of the volcanic arc. The main conclusions of this study are

summarized below.

1. Factors affecting temperatures in the forearc and shallow (<50 km) subducting
plate. Observations of low surface heat flow (generally 30-50 mW/m?) over most
forearcs are consistent with cooling of the over-riding plate by the subducting oceanic
plate. The primary factors controlling the forearc temperatures are the subduction rate,
the thermal structure of the incoming oceanic plate (given by its age and sediment cover),
and the geometry of the subducting plate. Two other potentially significant factors for
some subduction zones are frictional heating along the thrust fault and hydrothermal
circulation within the upper crust of the incoming oceanic plate. The thermal structure of

the forearc region is insensitive to backarc mantle processes. For subduction zones where
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the structural and subduction parameters are well-constrained, numerical models can be
used to obtain temperatures of the shallow part of the subducting slab (<50 km depth) to
within 50-100°C. Some key applications of these forearc models are: thermal controls on
megathrust earthquakes, metamorphism within the subducting plate and its implications
for slab dehydration and in-slab earthquakes, and the nature of the forearc mantle wedge

(e.g., the stability of serpentine and other hydrous mantle minerals).

2. T hermal structure of the Mexico subduction zone and the megathrust seismogenic
zone. Two-dimensional thermal models for the Mexico subduction zone forearc show
that although the subducting Rivera and Cocos Plates are young (11.5 to 15.5 Ma), they
are much cooler than other subducting plates of similar age (e.g., the Juan de Fuca Plate
at the Cascadia subduction zone), due to only a thin layer of insulating sediments on the
incoming plate (~200 m for Mexico compared to >3 km for Cascadia). With the thin
sediment cover, the upper part of the subducting crust may be further cooled by
hydrothermal circulation. Because the subducting plates below Mexico are cool, the
brittle part of the subduction thrust fault extends to depths of 30-40 km. At these depths,
even a small amount of frictional heating can increase the deep (30-40 km) thrust fault
temperatures by over 100°C. Megathrust earthquake rupture areas for Mexico are
generally limited to depths between 5 and 30 km. The updip limit of rupture is consistent
with the proposed thermal limit of about 100°C along most of the margin. The deep limit
of rupture is updip of the intersection of the thrust fault with the continental Moho. If the
downdip rupture limit is controlled by a temperature of 350°C, a small amount of
friction, corresponding to an average shear stress of 15 MPa along the fault, must be
included in the models. This shear stress is well within the estimates for other subduction
thrust faults and is consistent with past conclusions that, although there is some friction,

the thrust fault is generally weak.

3. Observational constraints on the thermal structure of backarcs. A remarkable

feature of subduction zones is that the arc and backarc regions are extremely hot, despite
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of the cooling effects of a subducting plate. Most studies have recognized that high
mantle wedge temperatures (>1200°C) are required for arc volcanism, but the spatial
extent of these high temperatures (100’s to 1000’s of km behind the arc) has not been
widely appreciated. Several independent types of observations can be used as indicators
of high temperatures in the upper backarc mantle:

e surface heat flow > 70 mW/m? for continental crust with average radiogenic heat
production (> 60 mW/m?® for oceanic crust with little heat production) and
reduced heat flow for both > 50 mW/m”

¢ upper mantle seismic velocities >2% lower than average mantle velocities

o P, velocity <7.9 km/s

o effective elastic thickness <30 km

e maximum earthquake depths in the over-riding plate < 20 km

e high surface elevations in spite of a thin crust

e lithosphere thickness << 100 km

e upper mantle viscosities < 10** Pa s

e estimates of high in-situ temperatures in backarc upper mantle from xenoliths

o widespread sporadic basaltic volcanism in the backarc

e pervasive “thick-skinned” deformation in the backarc crust

The main study area is the northern Cascadia subduction zone, where there has been no
significant recent backarc extension. This region exhibits all of the above characteristics.
Together, the observations are consistent with temperatures of 800-1000°C at the Moho
(~35 km depth) and a lithosphere thickness of 50-60 km, with no significant variation in
thermal structure for ~500 km east of the arc. A compilation of data from five other non-
extensional backarcs shows that the thermal structure of these regions is similar to
Cascadia, with uniformly high backarc temperatures that extend from 400 to >1000 km
behind the arc. For the Cascadia and Central Andean subduction zones, the hot backarc
is limited on its landward edge by thick, cool craton lithosphere, making the high backarc
temperatures even more surprising. The heat source for the high backarc temperatures

must come from great depth, > ~250 km. Many subduction zones exhibit current or
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recent (<50 Ma) backarc extension and spreading. These backarcs often appear to have
temperatures similar to non-extensional backarcs. Some appear to be hotter, but it is
difficult to separate the thermal effects of extension/spreading from underlying processes
and determine if an additional heat source is required. Overall, the only clear evidence
that any backarc is cool comes from a few regions where the subducting slab flattens to
near horizontal in the uppermost mantle (50-100 km depth), e.g., Peru region of South
America. A flat slab may exclude a backarc mantle wedge and limit the convection

required for high backarc temperatures.

4. Backarc heat source. An active volcanic arc and high temperatures throughout the
shallow backarc mantle appear to be characteristic features of nearly all subduction
zones, suggesting that there is a common subduction-related mechanism. Local sources
of heat are insufficient to produce the observed high temperatures. Frictional heating on
the thrust fault, heat associated with metamorphism, and radiogenic heat production do
not appear to be significant heat sources. The strong temperature-dependence of mantle
viscosity suggests that viscous dissipation is a self-defeating mechanism for generating
heat. The main source of heat appears to be located at depth in the backarc regions,
where high temperatures are inferred to be maintained by general mantle circulation not
associated with the subduction zone. This heat is carried into the subduction zone by

convective flow in the backarc mantle.

5. Seismic anisotropy constraints on backarc mantle flow. A teleseismic shear wave
splitting study for the Cascadia subduction zone backarc yields a fast direction for
anisotropy parallel to the subduction direction (~N70°E) and fairly small delay times of
~1.3s. These observations are consistent with the 2D corner flow in the mantle wedge.
However, at most other subduction zone, the fast direction of backarc mantle anisotropy
does not conform to the corner flow model, suggesting that slab-wedge coupling does not
exert a strong control on the backarc mantle flow. In addition, for many subduction

zones, anisotropy in the mantle wedge seems to be 1-2%, much less than that in other
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tectonic environments. These results are consistent with a more complex pattern of

thermal convection than the simple corner flow model.

6. Slab-driven mantle wedge flow. Flow driven by viscous coupling between the
subducting slab and mantle wedge results in a single 2D “convection” cell, with flow
velocities limited by the subduction rate (a few cm/yr). For realistic temperature- (and
stress-) dependent mantle rheologies for the viscous wedge, flow is focussed upward into
the wedge corner, resulting in the rapid transport of heat from depth into the corner and
enhanced temperatures below the arc, compatible with temperatures required for arc
magma generation. However, this strong flow focussing produces a nearly stagnant
shallow backarc mantle, where model temperatures and heat flow are much lower than
observed. For a reasonable range of boundary conditions, it is not possible to
simultaneously produce high temperatures below the arc and throughout the backarc
using slab-driven flow alone, suggesting that simple slab-driven flow alone is insufficient

to carry the required amount of heat into the subduction zone.

7. Vigourous thermal convection in the backarc. Thermal convection in the backarc
mantle is induced by heating from below (near the landward boundary of the backarc)
and cooling by the subducting slab. Constraints from post-glacial rebound, post-seismic
relaxation, dynamic topography, etc. suggest that the backarc mantle viscosity is very low
(10'3-10" Pa s) for most subduction zones. The low viscosities are likely due to the
combined effects of high temperature and hydration of the backarc mantle by dewatering
of the subducting slab. At these viscosities, it is expected that thermal buoyancy is a
significant driving force for flow and should be included in all thermal-mechanical
models of mantle wedge dynamics. To satisfy the heat budget at a subduction zone, it is
proposed that backarc mantle flow is dominated by vigourous thermal convection that
rapidly carries heat from depth upward into the shallow backarc. Close to the volcanic
arc (< 200 km), the slab-driven flow may become more important, providing a

mechanism to efficiently carry hot backarc mantle material into the wedge corner.
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9.2 Recommendations for Future Research

This research has highlighted the importance of combining numerical models with
observational constraints and laboratory studies to develop a better understanding of
geodynamic processes and their thermal consequences at a subduction zone. Three

important directions for future research are:

1. Numerical models of backarc mantle flow with thermal buoyancy. Numerical
models are required to investigate thermal convection in the backarc at low mantle
viscosities (10'%-10' Pa s). At these viscosities, thermal convection is likely time-
dependent. This work will require a careful study of the model boundary locations and
the prescribed thermal and flow conditions along these boundaries. To ensure the
physical validity of the models, observational constraints on mantle dynamics provided
by a range of geophysical, geological and geochemical observations must be considered
when constructing and interpreting the models. Several key observational constraints
come from surface heat flow, seismic velocities, lithosphere thickness and strength

(deformation) and petrology of arc and backarc magmas.

2. Forearc-backarc transition. Subduction zone forearcs appear to be cool because flow
does not extend into the forearc mantle wedge. The transition from a cool forearc to a hot
arc/backarc seems to occur 20-30 km seaward of the volcanic arc, on the basis of surface
heat flow for many subduction zones (e.g., Cascadia, NE Japan, Mexico). This suggests
the maximum seaward extent of wedge flow approximately coincides with this transition.
The nature of the rapid change in wedge behaviour is not understood. Both
serpentinization of the forearc mantle wedge and slab-wedge decoupling have been
proposed as mechanisms for isolating the forearc mantle wedge from flow. Each of these

should be investigated further.

3. The thermal structure of the subducting plate. Temperatures in the subducting plate
at depths > 50 km are strongly affected by the thermal structure of the overlying wedge.

Likewise, the dynamics and thermal structure of the overlying wedge are strongly
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influenced by water released from the subducting slab (which is controlled by
temperature-dependent metamorphism within the slab), as well as possible cooling from
the slab. Future modelling efforts should focus on developing a more complete
description of slab temperatures at depths > 50 km. Two important parameters are: 1) the
seaward limit of wedge flow, as the location of the greatest increase in slab temperatures
approximately coincides with this limit, and 2) the possible development of a thermal

boundary layer on top of the slab, which partially insulates the slab from the hot wedge.
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APPENDIX A
Benchmark Models for a Sheared Box

A.1 Model Description

The first set of benchmarks examines flow in a viscous rectangular box, driven by
horizontal movement of the upper boundary. These models are used to examine the
velocity boundary conditions along the vertical boundaries of the box and to understand
the effects of variations in rheology and viscous dissipation on the velocity and thermal
fields.

The finite element mesh and boundary conditions are shown in Figure A.1. The
box has a width of 200 km and a height of 100 km. The lower boundary of the box is
stationary, while the upper boundary moves at a constant horizontal velocity of 10 cm/yr
to the right. This induces flow within the interior of the box. Material is allowed to enter
the box through the left-hand boundary and exit at the right-hand boundary. A pressure
of 0 GPa is assigned at the upper right-hand corner of the box. The upper and lower
boundaries are prescribed temperatures of 300°C and 1300°C, respectively. These
temperatures were chosen because the effective viscosity of upper mantle minerals varies
most rapidly over this temperature range (e.g., Figure 6.2) and these temperatures are
similar to those in the upper part of the mantle wedge in the subduction zone models.
Temperatures along the inflow (left) boundary are assigned temperatures corresponding
to a geotherm that has a temperature of 300°C at the top of the box and a linear thermal
gradient of 10°C/km. The right-hand boundary uses the outflow thermal boundary
condition:

VT-v=0 (A1)
where T is the temperature and v is the velocity field. The entire model domain has a
thermal conductivity of 3.0 W m™ K™, a density of 3300 kg/m>, and a heat capacity of

1250 J kg K. There are no internal heat sources except viscous dissipation.
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v=10 cm/yr T=300°C

"free"v&T
Outflow boundary

Inflow boundary
"free" v, fixed T

— = =1300°
s km v=0 cm/yr T=1300°C

Figure A.1. The finite element mesh used for the sheared viscous box models. The model
domain is 200 km wide and 100 km high. The velocity and temperature boundary conditions
used on each boundary are indicated.
A.2 Velocity boundary conditions
The first tests study the effect of velocity boundary conditions along the left and
right vertical boundaries of the box. In the models, the velocity along the vertical
boundaries is “free”. Two options for a free velocity boundary are to assume: 1) no
velocity gradient across the boundary, or 2) no stress on the boundary. For this test, the
box has a constant viscosity (n=10*' Pa s). With a constant viscosity, flow is
independent of the temperature field.
The first boundary condition assumes no velocity gradient perpendicular to the
vertical boundaries:
a;::O andg‘;::O (A2)
With this boundary condition, flow lines within the box are everywhere parallel to the

upper and lower boundaries of the box (Figure A.2a). Velocity vectors are horizontal,
with magnitudes that linearly decrease from 10 cm/yr at the top of the box to 0 cm/yr at
the base. Although this is a two-dimensional model, the flow field in the box is one-
dimensional (varies only in the vertical direction), and the location of the vertical
boundaries does not affect the flow field at any point in the box. This flow pattern is also
called Couette flow. Note that with this boundary condition, there is a velocity gradient
along the two vertical boundaries (v, /0z # 0), indicating that the shear stress along

these boundaries is not zero.



APPENDIX A: Benchmark Models for a Sheared Box 228

The other option for a “free” velocity boundary is a stress-free boundary

condition:
¢'-PI=0 (A3)
where o' is the deviatoric stress tensor and P is the dynamic pressure. For a vertical

boundary, this can be rewritten in terms of the effective viscosity and velocity gradients

(using Equations 6.12 and 6.13) as:

dv
N—=2—-P=0 Ada
e (A.4a)
v, v
and X2 |=0 A.4b
n( . 8x] (A.4b)

where the first equation is the normal stress and the second equation is the shear stress on

the vertical bounda:ry.
Figure A.2b shows the resulting velocity field in the viscous box. The flow

vectors near the inflow and outflow boundaries have a vertical component. This is due to

the requirement that there be no stress on the vertical boundary; flow near the boundaries
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Figure A.2. The effect of the vertical boundary conditions on the velocity within the sheared
box. a) No velocity gradient across the vertical boundaries. b) Stress-free boundaries. The

vectors at the top of the box are 10 cm/yr.
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must have a vertical component to compensate for the horizontal shearing induced by
movement of the upper boundary. The effects of the boundary conditions are confined to
within ~30 km of the boundaries. In the middle of the box, the flow field is
approximately that of 1-D Couette flow. Due to the strong effects of the “no stress”
condition on the velocity field near the boundaries, the preferred boundary condition for
the viscous box models is “no velocity gradient”. This boundary condition is used in the

models below.

A.3 Rheology

The next series of tests examines the effect of rheology on viscous flow within the
sheared box. Viscous dissipation is not included in the temperature calculations for these
models. First, three models with a constant viscosity of 10%, 10*' and 3x10*! Pa s are
used. These viscosities span the range over which viscous dissipation becomes important
(see next section). Figure A.3a shows the velocity, strain rate, effective viscosity,
viscous dissipation and temperature as a function of depth (arbitrarily taken at x=100
km). In all cases, the flow field is identical to that in Figure A.2a. The velocity linearly
decreases from 10 cm/yr at the upper boundary to 0 cm/yr at the lower boundary,
producing a constant strain rate of 1.58x10"* s throughout the box. The amount of
viscous dissipation depends on the strain rate and the effective viscosity (Equation 6.17),
and thus models with the higher viscosity have a higher dissipation. Since viscous
dissipation was not included as a heat source in the thermal calculations, the temperature
profile shows a linear increase from 300°C at top of the box to 1300°C at the base for all
three models.

The second group of models uses the hypothetical Newtonian rheologies in Table
6.1. With this rheology, the effective viscosity decreases with increasing temperature.
This affects the flow pattern because shear will be concentrated in regions with a low
effective viscosity. For the viscous box, deformation becomes localized near the base of
the box, due to the high temperatures here (Figure A.3b). This is illustrated by the large
vertical strain rates in the lower 20 km of the box. Note that the total (integrated) strain
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a) Constant viscosity box (n in Pa s)
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b) Temperature-dependent rheology (controlied by the activation energy, Q [kJ/mol])
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c¢) Stress-dependent rheology (controlled by the stress exponent, n)
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d) Diffusion and dislocation creep of dry and wet olivine
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Figure A.3. Sheared box models with a) isoviscous, b) temperature-dependent, and c) stress-dependent
rheology (with a weak temperature-dependence). d) Models with diffusion (diff) and dislocation (disl) creep of
dry and wet olivine from laboratory data [Karato and Wu, 1993]. For each rheology, the velocity, strain rate,
effective viscosity, viscous dissipation and temperature as a function of depth at x=100 km are shown. Viscous
dissipation is notincluded as a heat source, and thus the temperature field is identical for allmodels.
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rate is equal to that of the isoviscous box. The strain localization is stronger for
rheologies with a larger temperature-dependence (higher Q). The high strain rates in the
lower part of the box, as well as the high effective viscosity, result in significant viscous
dissipation at depths greater than 80 km.

Next, the effect of a stress-dependent rheology was examined, using a
hypothetical power law rheology with only a small temperature-dependence (Table 6.1).
With no temperature-dependence (Q=0 J/mol), the entire box would experience a strain
rate of 1.58x107* 5!, resulting in a constant effective viscosity for the whole box, and the
flow field would be that of Couette flow. Thus, a weak temperature-dependence was
included , corresponding to a Q/n ratio of 100000 J/mol for the hypothetical rheologies
(with n =1, 3 and 5). With this small temperature-dependence, flow is localized in the
high temperature regions near the base of the box. As the stress-dependence increases
(higher n), the strain localization becomes stronger (Figure A.3c). Note that for n=1, the
strain localization is much less than that for the Newtonian rheologies in Figure A.3b,
due to the weaker temperature-dependence (Q=100000 J/mol). The high strain rates,
combined with high effective viscosities, result in large amounts of viscous dissipation in
the lower part of the box.

In the fourth test, realistic rheologies for the upper mantle are investigated, using
the rheological parameters from laboratory experiments of Karato and Wu [1993] (T able
6.1). These parameters represent diffusion and dislocation creep of dry and water-
saturated (wet) olivine. The strong temperature-dependence of all four rheologies results
in a localization of strain near the base of the box (Figure A.3d). The dislocation creep
rheologies show slightly more localization, due to the combined effects of temperature
and stress. The effective viscosity of the diffusion creep rheologies is larger than that of
dislocation creep, resulting in greater viscous dissipation, especially for diffusion creep of
dry olivine. The other upper mantle rheologies given in Table 6.1 give similar results

(not shown), due to the similarities in the rheological parameters (e.g., Figure 6.2).
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A.4 Viscous Dissipation

As a final test, viscous dissipation was included as a heat source in the models
described in the previous section. For the isoviscous models, the entire box experiences a
strain rate of 1.58x10™* s and thus, the amount of viscous dissipation is directly
proportional to the viscosity of the box. With viscous dissipation, the temperatures
within the box are elevated, particularly for models with a higher viscosity, but the flow
field is unchanged (Figure A.4a). For the above strain rate, viscous dissipation has a
negligible effect on the thermal field for a viscosity of 10%° Pa s (or less). However, for
viscosities greater than 10*' Pa s, viscous dissipation results in significantly increased
temperatures in the box.

For a Newtonian or power law rheology, the effective viscosity is strongly
dependent on temperature, leading to a localization of strain near the base of the box.
The high strain rates result in significant viscous dissipation, increasing the temperatures
in the lower part of the box. As the temperature increases, the effective viscosity
decreases, further localizing the strain but decreasing the amount of viscous dissipation.
Thus, viscous dissipation becomes a self-defeating mechanism for generating a
substantial amount of heat. This feedback effect is illustrated for models that use the
hypothetical Newtonian rheologies (Figure A.4b). Strain is localized in a slightly
narrower region than in the models with no dissipation. In addition, the region with
greatest strain is ~10 km above the base of the box, corresponding to the region of
highest temperature. As the temperature-dependence of the rheology increases, the width
of the shear zone becomes narrower. In all three cases, the amount of viscous dissipation
is fairly small (<4 pW m™) and is concentrated within the narrow shear zone. There is
only a minor increase in temperature within the box compared to models with no
dissipation.

For the hypothetical power law rheologies, the inclusion of viscous dissipation
produces a stronger strain localization, due to the combined effects of the high strain rates
and temperature on the effective viscosity (Figure A.4c). As the stress-dependence

increases, strain localization is enhanced, and the shear zone is further from the
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Figure A.4. Sheared box models with a) isoviscous, b) temperature-dependent, and c) stress-dependent
rheology (with a weak temperature-dependence). d) Models with diffusion (diff) and dislocation (disl) creep
of dry and wet olivine from laboratory data [Karato and Wu, 1993]. For each rheology, the velocity, strain rate,
effective viscosity, viscous dissipation and temperature as a function of depth at x=100 km are shown. Viscous

dissipation is included in the models.
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base of the box. The amount of viscous dissipation is increases as the stress-dependence
increases. With the largest stress-dependence (n=>5), temperatures in the lower part of the
box are increased by up to 300°C relative to those no dissipation.

For diffusion creep of dry olivine, the effective viscosity is fairly large, even at
high temperatures (e.g., Figure 6.2). Thus, the inclusion of viscous dissipation results in
a stronger strain localization, and higher temperatures in the lower part of the box
(Figure A.4d). Viscous dissipation has little effect on diffusion creep of wet olivine, or
dislocation creep of wet or dry olivine, as all have a low effective viscosity (<10°° Pa)
over the range of strain rates and temperatures in the model (Figure A.4d). For the
majority of laboratory-derived upper mantle rheologies (e.g., Table 6.1), the inclusion of
viscous dissipation leads to a slightly stronger strain localization, but does not have a
large effect on the temperature field. In general, for the expected strain rates for
asthenosphere processes (107 to 107? s7), viscous dissipation becomes a significant heat

source (>0.1 uW m™) if the effective viscosity is greater than 10* Pa,
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APPENDIX B
Benchmarks for Subduction Zone Models

B.1 Model Description

The second set of benchmark models uses a subduction geometry to examine the
numerical modelling approach used in subduction zone models that include viscous flow
in the mantle wedge. In these types of models, the geometry and plate motions of the
subducting and over-riding plate are prescribed, and viscous flow in the mantle wedge is
calculated numerically. The benchmark models were developed after the MARGINS
workshop on subduction zone thermal modelling (University of Michigan, October
2002). A more detailed description of the benchmarks can be found at
www.geo.lsa.umich.edu/~keken~subduction02.html. = These models are part of a
benchmarking exercise involving modelling groups from the University of Michigan,
Pacific Geoscience Centre/University of Victoria, Purdue Universty, Brown University,
and the California Institute of Technology [van Keken et al., manuscript in preparation,
2004].

The model geometry is shown in Figure B.1. The computational domain is 660
km wide and 600 km high. In the models, a straight plate with a constant dip of 45°
subducts at 5 cm/yr below a 50 km thick rigid over-riding plate. Velocities are prescribed
to both the subducting slab (5 cm/yr in the subduction direction) and over-riding plate (0
cm/yr). Flow within the viscous wedge (i.e., the region between the slab and over-riding
plate) is driven by viscous coupling with the subducting plate. Thermal buoyancy forces
are not included in the models.

With this geometry, there is a numerical singularity that occurs at the point where
the subducting slab, stationary over-riding plate, and mantle wedge intersect (the tip of
the mantle wedge). At this point, the pressure approaches infinity, due to the

discontinuity in the velocity boundary conditions. One of the objectives of the
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Figure B.1. Geometry and boundary conditions for the subduction zone
benchmark models. Viscous flow in the mantle wedge is driven by traction along
the top of a slab that is subducting at a rate of 5 cm/yr. See text for details of the
thermal and velocity boundary conditions.

benchmarking exercise is to examine how the numerical modelling code handles the
near-singularity behaviour of the flow field.

The finite element mesh is shown in Figure B.2. There are a total of 10100
elements (40805 temperature/velocity nodes) in the model, with 4880 elements (19845
temperature/velocity nodes and 5043 pressure nodes) in the viscous wedge. A variable
element spacing is used, with element sizes from 0.001 m to 40 km. The highest node
density is in areas with large thermal and pressure gradients, e.g., near the top of the
subducting slab and at the tip of the mantle wedge. To deal with the numerical
singularity at the wedge tip and to aid in grid construction, an artificial vertical boundary
in the mantle wedge is placed 1 m landward of the tip, resulting in a 1 m long “seaward
boundary” for the wedge. Viscous flow is only calculated in the area landward (to the
right) of this boundary. Even 1 m away from the wedge tip, the pressure gradients are
extremely large. In addition, the velocity discontinuity in boundary conditions on the top

of the slab remains. In the numerical model, the boundary conditions along the top of the
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slab are applied so that the velocity increases from 0 cm/yr at the artificial vertical
boundary to the full subduction rate (5 cm/yr) over the width of one element. To
accurately model the near-singularity behaviour, a very high node density is used in this
area, with element sizes of ~0.001 m.

The entire model space has a density of 3300 kg/m3, thermal conductivity of 3.0
W m™ K, and heat capacity of 1250 J kg! K. The upper boundary of the model has a
constant temperature of 0°C. Af the slab inflow boundary (x=0 km), the temperature (T)
as a function of depth (z) is calculated using the standard half-space (error function)

cooling model for 50 my old lithosphere [e.g., Turcotte and Schubert, 2002):

T(z) =T + (T, - T¢)x erf(—zﬁ) (B.1)

where T is the surface temperature (273 K), Ty is the mantle temperature (1573 K), k is
the thermal diffusivity (0.73x10"® m%/s using the values for density, thermal conductivity
and heat capacity given above), and t is the age of the lithosphere in seconds ( 1.58x10" s
for 50 my lithosphere). Note that the absolute temperature is used in this equation.

The temperature of the over-riding plate along the right boundary (x=660 km)
increases linearly from 0°C at the surface to 1300°C at 50 km depth. Below this, the
inflow boundary of the wedge has a constant temperature of 1300°C. The position of the
inflow-outflow transition is determined within the modelling code. For the outflow
boundaries, there is assumed to be no conductive heat flow across the boundary parallel
to flow lines (i.e., Equation A.1). Neither radiogenic heat sources nor viscous
dissipation are included in the models.

It is necessary to specify a pressure at one point in the wedge. The point is
arbitrarily chosen along the wedge inflow boundary, at the interface between the over-
riding plate and wedge (i.e., x=660 km, z=50 km). In the models below, a fixed pressure
of 0 GPa is used, unless otherwise stated. The right-hand and bottom boundaries of the

wedge are open such that material can flow through them.
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B.2 Constant viscosity wedge

For subduction zone models that have a subducting slab with a constant plate dip
and a constant mantle viscosity, there is an analytic solution for the pressure and velocity
field in the mantle wedge [Batchelor, 1967, see also McKenzie, 1969 and Turcotte and
Schubert, 2002]. Figure B.3 shows the analytic solution for the isoviscous subduction
benchmark models. Also shown are the temperature field and surface heat flow,
calculated using the analytic flow velocities for the wedge. This model is used for
comparison with isoviscous models where wedge flow is calculated numerically.

The first numerical isoviscous model is designed to reproduce the analytic

solution. For this purpose, velocities are prescribed on all boundaries of the viscous
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Figure B.3. Analytic corner flow solution for a) velocity and b) pressure for an isoviscous mantle wedge.
c) Surface heat flow and d) thermal structure (200°C temperature contours) calculated from the analytic
velocity field and prescribed thermal boundary conditions.
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wedge. The top boundary has a velocity of 0 cm/yr, the slab-wedge boundary has a
velocity of 5 cm/yr (the subduction velocity), and the inflow/outflow and “seaward”
wedge boundaries are prescribed the velocities given by the analytic solution. The
prescribed pressure at (660, 50) is -0.0247 GPa (the analytic value for pressure at this
point). Given these boundary conditions, the velocity field in the interior of the wedge is
calculated numerically. Figure B.4 shows the difference in velocity and pressure
between the numerical solution and analytic model. The pressure differences are shown
as percentages due to the large range in pressure values (e.g., Figure B.3b). The average
difference in velocity is 1.3x10™ cm/yr, with a maximum difference of 2.58x10° co/yr
near the tip of the wedge. The largest differences are near the wedge tip due to the large
pressure gradient in this region. The velocity differences at x=600 km result from a slight
numerical instability from a sharp change in element size. The numerical solution has
matched the analytic pressure gradient extremely well, including the very large pressure
gradient near the tip of the wedge. The absolute value of pressure depends on the
prescribed pressure at (660, 50). With the analytic value of —0.0247 GPa, the average
pressure difference between the numerical and analytic solutions is 0.31%, with a
maximum difference of 1.18% near the tip of the wedge. If instead a pressure of 0 GPa is

used, the numerical model pressures are 0.0247 GPa larger than the analytic values, but
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Figure B.4. Difference between the first numerical model (see text for description) and the analytic solution
for isoviscous corner flow. a) Velocity differences in cm/yr. b) Percentage difference in pressure. Open
symbols indicate that the absolute value of pressure for the numerical model is larger than the analytic pressure;
solid symbols indicate the absolute value of the analytic pressure is larger.
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the pressure gradient (and velocity field) is not affected. The small velocity and pressure
differences between the numerical and analytic models have a negligible effect on the
resulting thermal structure. The average temperature difference between the two models
is 5.8x10” °C, with a maximum difference of 9.8x10™ °C.

In the next numerical isoviscous model, the velocities on the inflow/outflow
boundaries of the wedge are “free”. Two different boundary conditions are tested: 1) a
“no velocity gradient” condition, and 2) a “stress-free” condition (see Appendix A for
details). In these models, a velocity of 0 cm/yr is prescribed along the “seaward
boundary” of the wedge, and a pressure of 0 GPa is assigned at the point (660, 50).

Figure B.5 shows the results for models with a “no velocity gradient” boundary
condition. Fairly large velocity differences between the analytic solution and numerical
model are found near the inflow/outflow boundary, where the numerical solution gives
larger velocities. These differences arise due to the combined effects of the velocity
boundary conditions and edge effects from the subducting slab. The analytic solution
assumes an infinitely long slab. In the numerical model, traction on the wedge is only
applied along the finite length of the slab, and thus the distribution of forces on the wedge
is slightly different. There are also large velocity and pressure differences near the
wedge tip, because of the prescribed velocity of 0 cm/yr along the “seaward” wedge
boundary in the dynamic model. These are confined to within 5 m of the wedge corner
(and are not shown on Figure B.5 where only the velocity and pressure differences more
than 5 m from the corer are given). The average difference between the numerical and
analytic model is 0.10 cm/yr for velocity (maximum of 4.89 cm/yr in wedge tip), 4.0%
for pressure (maximum of ~3550% in wedge tip), and 0.9°C for temperature (maximum
of 28.6°C near the point (600,50). Note that to calculate the pressure differences, a
pressure of 0.0247 GPa is subtracted from the numerical model, so that the absolute value
of pressure at the point (660, 50) is the same as that of the analytic model. The flow field
in the wedge depends only on the pressure gradient, not the absolute value of pressure.

Figure B.6 shows the results for models with “stress free” boundary conditions.

With these boundary conditions, flow toward the bottom boundary of the model becomes
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sub-horizontal as it nears the boundary and a large negative pressure is generated at the
point where the slab exits the bottom boundary. This results in cooler temperatures in the
bottom righthand part of the wedge. The average difference between this model and the
analytic solution is 0.09 cm/yr for velocity (maximum of 4.80 cm/yr in the wedge tip),
4.6% for pressure (maximum of ~3600% in the wedge tip; note that 0.0247 GPa is
subtracted from the numerical model for the difference calculations, as above), and
-0.6°C for temperature (maximum of -187.8°C in the lower right-hand corner of the
wedge). With these boundary conditions, the wedge is slightly cooler than the analytic
solution. Additional tests show that if the model width is increased (without increasing
the depth of the model), an eddy develops in the wedge, where flow lines from near the
slab surface follow a sub-horizontal trajectory along the bottom boundary and are then
deflected upward and turn toward the wedge corner, without exiting the model domain.
This causes the wedge to become even cooler than the analytic solution.

Overall, the numerical solution for isoviscous mantle wedge flow obtained using
the PGC modelling code is in excellent agreement with the analytic corner flow solution.
Of key importance is the accuracy to which the PGC modelling code can reproduce the

analytic pressure gradient, especially near the theoretical singularity at the wedge tip.

B.3 Variable Mantle Rheology

The second group of subduction zone benchmarks investigates the effects of a
variable mantle wedge viscosity, using Newtonian and power law rheologies. For both
rheologies, the mantle viscosity is temperature-dependent, and thus, the flow field is
coupled to the thermal field, making the problem highly non-linear. For a power law
rheology, the viscosity also depends on stress (or strain rate).

Due to the non-linearity of the problem, benchmark exercises are critical to ensure
accuracy and stability of the numerical modelling code. For non-linear (i.e., temperature-
dependent) mantle rheologies, there is no analytic solution for corer flow with which to
compare the numerical results. Thus, two approaches for testing the numerical modelling
code are: 1) compare the output for finite element meshes with a different node density,

using the same numerical modelling program, and 2) compare the output from different
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numerical modelling programs. For the benchmark tests, the second approach is used,
where the results from the PGC modelling code are compared with those obtained by
other modelling groups.

In the benchmark models, the velocity at the top of the wedge is 0 cm/yr and the
velocity at the slab/wedge interface is 5 cm/yr. Along the “seaward wedge boundary” a
velocity of O cm/yr is prescribed. Along the inflow/outflow boundaries, velocities are
free and a “no stress” condition is assumed. A pressure of 0 GPa is assigned at the point
(660, 50). Table B.1 gives the rheological parameters for each model (as defined for
Equations 6.5 and 6.6). For the Newtonian rheology, the pre-exponential factor (A) was
chosen to give an arbitrary viscosity of 10°! Pa s at a temperature of 1200°C. The
parameters for the power law rheology are the dislocation creep parameters of dry olivine
from Karato and Wu [1993].

Figure B.7 shows the model results for the Newtonian rheology using the PGC
modelling code. These results were obtained with residuals of both velocity and
temperature of less than 10°® (see Chapter 6 for details of the convergence criteria). For
this residual, a total of 15 iterations were required for convergence. In the mantle wedge,
flow is concentrated in a narrow channel near the top of the subducting plate. There is no
significant flow in the shallow (<150 km) part of the backarc mantle. The large upward
flow velocities in the channel above the plate mean that heat is efficiently transported
toward the wedge tip, leading to higher temperatures and heat flow here. However, this
flow pattern produces low temperatures and heat flow in the upper part of the backarc.
This flow pattern is characteristic for corner flow with a temperature-dependent mantle
rheology (see Chapter 7).

Figure B.8 shows the PGC model results for the power law rheology. These
results were obtained in 19 iterations, with a residual of 10°® for velocity and temperature.

This rheology produces a similar flow pattern and thermal structure to those for the

Table B.1. Rheological parameters for subduction zone benchmark models.

Rheology A (Pa™s™) n Q (J/mol) B (Pas’™)
Newtonian 2.5244x10° 1.0 335000 1.32043x10”

Power Law 2.8483x107" 3.5 540000 14484.3
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Figure B.7. Benchmark model for temperature-dependent (Newtonian) mantle rheology: a) velocity, b)
pressure, ) surface heat flow, and d) temperature contours (200°C).

Newtonian rheology above. Flow is focused towards the wedge comner, significantly

enhancing temperatures and heat flow in this region, but the shallow backarc mantle is

nearly stagnant and cool.

For the non-linear models, it is critical to ensure that the solution has fully

converged to the steady-state solution. To examine this, a model was run using stricter

convergence criteria. In this model, convergence is obtained with residuals for velocity

and temperature of 10®, which is a factor of 100 smaller than the models above. Figure

B.9 shows the difference in the model results for the two convergence criteria, using the
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Figure B.8. Benchmark model for temperature- and stress-dependent (power law) mantle rheology, using the
dislocation creep parameters for dry olivine [Karato and Wu, 1993]. a) velocity, b) pressure, c) surface heat
flow, and d) temperature contours (200°C).

power law rheology for the mantle wedge; the results of the models with convergence to
107 (the standard model) are subtracted from those for the model with convergence to
10®. Due to the large range in pressure within the models, the pressure differences are
reported as percentages of the pressure in the standard model at each node (e.g., Figure
B.8). Only the region where the absolute value of the pressure is larger than 0.001 GPa
in the standard model is used for the comparison because as the pressures approach zero,

the percentage differences become extremely large. The average difference in pressure
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Figure B.9. Test of the convergence criteria for the non-linear models. Difference between a model with
convergence to a residual of 10-% and a model with convergence to 1076 (the standard model). The mantle
wedge has a power law rheology, using the dislocation creep parameters for dry olivine [Karato and Wu, 1993].
a) velocity, b) pressure (symbols as in Figure B.5), c) surface heat flow, and d) temperature. For the pressure
differences, only the area with adynamic pressure less then 0.001 GPa for the standard model is considered.

between the two models is 7.0%, with a maximum of 78.9% in the upper part of the
backarc mantle. The largest velocity differences are found in the central part of the
largest velocity differences are found in the central part of the backarc mantle wedge.
These differences indicate that flow is focussed more strongly into the wedge comer with
the stricter convergence criteria, resulting in a slightly narrower high velocity channel in
the mantle wedge. The effect on the temperature field is fairly small (<1°C) for most of

the wedge. The stronger flow focussing in the model with stricter convergence criteria
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results in slightly higher temperatures in the wedge corner and lower temperatures in the
upper part of the backarc mantle, with a maximum difference of —~54.5°C. The low
temperatures arise due to the thicker near-stagnant mantle “lid” relative to the standard
model. These temperature differences are reflected in the very small differences (<1
mW/mZ) in heat flow between the two models.

Overall, better numerical solutions for the flow and thermal fields for a non-linear
rheology are obtained using stricter convergence criteria, at the expense of greatly
increasing the computing time. The standard model required 19 iterations (~68 minutes
using one processor on a Sparc-60 workstation), compared to 86 iterations for
convergence to 108 (~5.1 hrs). The slight improvement in the numerical results with the
stricter convergence criteria does not seem to warrant the significantly longer computing
time, and thus models with convergence to 10 appear to be satisfactory.

Another factor that must be considered is the adequacy of the node spacing,
especially in the tip of the mantle wedge. For the isoviscous models, excellent agreement
with the analytic solution for pressure was obtained using the finite element mesh in
Figure B.2. However with the non-linear wedge rheology, the pressure and thermal
gradients in the tip become larger and a smaller node spacing may result in better
resolution of the gradients. No detailed tests were carried out using smaller elements for
the benchmark models. As shown in Appendix C, as the element size is decreased, a
better resolution of the flow and thermal fields, especially the effects flow focussing, is
obtained. However, the computation time greatly increases due to the larger number of
nodal points.

The models with the non-linear rheology are part of ongoing work to establish
benchmarks for numerical modelling of subduction zone thermal structure with a non-
linear (stress/temperature dependent mantle wedge rheology. Early comparisons with
models developed by Peter van Keken at the University of Michigan (UM) show that the
thermal fields between the PGC and UM models are in very good agreement, with the
temperature differences less than 2°C for most of the model domain. The largest
differences occur near the wedge tip, where differences of over 200°C are found. These

appear to result from the modelling approach used to handle the numerical singularity, as
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well as the type and size of elements used in the models. The PGC models use a rigid
vertical boundary 1 m from the wedge tip and an increase from 0 to 5 cm/yr along the
slab-wedge interface over the width of the element closest to the boundary (~0.001 m).
The UM models use a smeared velocity boundary, where the prescribed velocity along
the slab-wedge boundary increases from 0 cm/yr at the tip to the full subduction rate over
a distance of a few kilometres (see van Keken et al. [2002] for details). In addition, the
PGC code uses extremely small quadratic elements, as opposed to the larger triangular
elements in the UM model. Fortunately, the largest differences (>10°C) between the
models are confined to within 40 km of the wedge tip. The very good agreement
observed for the rest of the model suggests that there are no numerical artifacts that affect

the solution for the non-linear problems in either modelling code.
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APPENDIX C
Numerical Tests for the NE Japan and Cascadia Meshes

C.1 Introduction

This appendix discusses numerical tests that were carried out using the finite
element meshes of the NE Japan and Cascadia subduction zones shown in Figure 7.1. It
is important to verify that these finite element meshes are adequate to produce accurate
results and to understand the effects of different model assumptions on the thermal and

flow fields.

C.2 Isoviscous Mantle Wedge

The first set of tests focusses on isoviscous corner flow using the NE Japan mesh.
The seaward extent of wedge flow is 240 km from the trench, where the subducting plate
is at a depth of 70 km. At greater depths, the subducting plate has a constant dip of 30°.
Thus, for an isoviscous wedge, it is possible to use the analytic solution for corner flow
[Batchelor, 1967] to verify the numerical calculations. Of particular importance is the
region near x=240 km, where a vertical boundary separates the rigid wedge tip from the
viscous wedge. This boundary marks a transition from no coupling to full coupling
between the slab and wedge. Such a sharp transition causes mathematical difficulties.
Thus, it is important to ensure the numerical accuracy of the model calculations in this
region. A secondary objective of the tests is to understand the effect of the prescribed
velocity boundary conditions along the landward boundary of the wedge.

In the models, the upper and lower boundaries of the model have fixed
temperatures of 0°C and 1450°C. The oceanic boundary is assigned a geotherm
corresponding to a 130 Ma oceanic plate. Prescribed temperatures along the landward
boundary are given by the “warm” continental geotherm, which gives a surface heat flow

of 75 mW/m’® (see Chapter 7). The upper boundary of the wedge has a velocity of 0
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cm/yr, and the lower boundary (slab/wedge interface) is assigned the subduction velocity
(9.1 cm/yr) tangential to the slab surface.

Figure C.1a shows the analytic velocity field for an isoviscous wedge. Figure
C.1b gives the temperature field that results from the analytic flow velocities and thermal
boundary conditions. In the following, the boundary conditions along the landward
boundary and the boundary that defines the seaward limit of flow are varied. The results
of each test are compared to those of the analytic solution.

First, the analytic velocity values for corner flow are prescribed to the two vertical
wedge boundaries, and flow in the interior of the wedge is calculated numerically. This
test is designed to examine the numerical accuracy of the flow calculations, especially
near the seaward limit of flow. Figure C.2a shows the difference in velocity between the
numerical model and the analytic solution. Overall, the agreement between the numerical

and analytic flow fields is excellent. The average velocity difference is 5 5%x107 cm/yr,

with a maximum difference of 3.78x10™ cm/yr. The largest velocity differences are

a)

Depth (km)

Depth (km)

0
0 100 200 300 400 500 600 700 800
Distance (km)
Figure C.1. Isoviscous corner flow models for NE Japan. a)Analytic solution for the corner

flow velocity field for an isoviscous mantle wedge. b) The thermal field calculated using the
analytic velocities and the thermal boundary conditions described in the text.
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found near the seaward limit of flow (x=240 km), due to the large pressure gradients
here. The element size in this region is ~0.3 km. An even better agreement to the
analytic solution can be obtained by using even smaller elements, at the expense of

increasing computing time due the larger number of elements in the mesh. The small
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Figure C.2. Difference in velocity (left column) and temperature (right column) for NE Japan models with an isovisous
mantle wedge. a) Difference relative to the analytic solution for a model with analytic velocities prescribed to wedge
boundaries. b) Difference relative to the analytic solution for a model with analytic velocities on landward wedge
boundary (x=800 km) and a velocity of 0 cm/yr on seaward wedge boundary (x=240 kmy). ¢) Difference relative to analytic
solution for a model with a "free” (no velocity gradient) landward wedge boundary and a velocity of O cm/yr on seaward
wedge boundary. d) Difference between a model with a "free” (no velocity gradient) landward wedge boundary and a
model with the analytic velocities on this boundary. The seaward wedge boundary has a velocity of 0 cm/yr for both models.
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velocity differences between the numerical and analytic velocity fields have only a minor
effect on the thermal field, where the average temperature difference is 3.9x10™ °C, with
a maximum difference of 1.5x102°C.

For the second model, the seaward boundary of the wedge (at x=240 km) is
assigned a velocity of 0 cm/yr (i.e., the boundary is rigid). The analytic velocities are
prescribed to the landward boundary. This test examines the effects of assuming a rigid
seaward boundary. The largest velocity differences relative to the analytic solution occur
near the seaward limit of flow due to the prescribed no-velocity condition along the
seaward wedge boundary (Figure C.2b). The maximum velocity difference is 7.77
cm/yr. Large velocity differences (>0.05 cm/yr) are confined to within 35 km of the
seaward wedge boundary. More than 35 km from the boundary, the average velocity
difference is 2.0x10* cm/yr. With these velocity differences, there are fairly large
temperature differences near the seaward wedge boundary. Away from the boundary,
higher temperatures (10-50°C) are found along the slab surface for the numerical
solution. These differences are due to the rigid seaward wedge boundary in the
numerical model; the downward flow velocities near the boundary are slightly less than
the analytic model, and thus, cool temperatures from forearc are less efficiently advected
downward. Overall, the average temperature difference is 3.0°C for the entire model
domain.

In the third model, the velocities along the landward wedge boundary (at x=800
km) are free, and a “no velocity gradient” boundary condition is assumed. The seaward
wedge boundary is rigid. Relative to the analytic model, there are small velocity
differences near the landward boundary (Figure C.2¢), similar to those seen in the
models in Appendix B. These velocity differences result in slightly lower temperatures
in the upper part of the wedge for the numerical model. The velocity and temperature
differences in the wedge tip arise from the assumed rigid seaward wedge boundary in the
numerical model, as noted for model 2. The combined effects of the two boundaries lead

to an average temperature difference of —3.2°C between the numerical and analytic

models.
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The final comparison looks at the difference between a model with analytic
velocities on the landward boundary and one with a “no velocity gradient” boundary
condition (i.e., the difference between model 2 and model 3). In both cases, the seaward
boundary of the wedge has a velocity of 0 cm/yr. The velocity differences near the
landward wedge boundary are identical to those seen in the previous comparison (Figure
C.2d). This test illustrates that the “free” velocity boundary condition produces slightly
lower temperatures in the mantle wedge. The numerical model is an average of 6.3°C
cooler than the fully analytic model. '

In summary, these tests have shown that the node spacing in the finite element
mesh is adequate to accurately reproduce the analytic solution, including the large
pressure gradients near the wedge corner. The boundary conditions on the vertical wedge

boundaries have only a small effect on the results.

C.3 Non-linear Mantle Wedge Rheology

The second set of tests investigates slab-driven flow in a mantle wedge with a
stress- and temperature-dependent (power law) rheology, using the NE Japan mesh. The
purpose is to examine the adequacy of the node spacing in the finite element mesh and
the convergence criteria. Since there is no analytic solution with which to compare the
results, models were run with a greater node density and using stricter convergence
criteria. For these tests, the dislocation creep parameters for wet olivine are used [Karato
and Wu, 1993]. These models use the thermal boundary conditions described above.
The wedge boundary at x=240 km is assumed to be rigid (v=0 cm/yr) and the landward
wedge boundary is free (no velocity gradient). The variations in node spacing and
convergence criteria are compared to the “warm geotherm” model shown in Figure
7.11b, which uses the mesh shown in Figure 7.1b and has converged to a residual in
velocity and temperature of 10°.

First, the adequacy of the finite element mesh was examined by comparing the
results for a model using the mesh shown in Figure 7.1b with a model that contains twice
as many elements (i.e., node spacing is approximately half of the standard model). As

shown in Figure C.3a, variations in node spacing lead to only small differences in
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Figure C.3. Difference in velocity (left column) and temperature (right column) for NE Japan models that use
a stress- and temperature-dependent wedge rheology (dislocation creep of wet olivine). a) Grid resolution.
The difference between a “high resolution” model (twice as many elements in the mantle wedge) and a model
that uses the standard NE Japan mesh. b) Convergence criteria. The difference between a model that
converged toaresidual of 10°® and that to 10°5.

velocity. The average difference is less than 0.01 cn/yr, with a maximum difference of
0.27 cm/yr. The effect on the thermal field is also small. The high resolution model is an
average of 0.85°C cooler than the standard model, with a maximum difference of -9.8°C
near the wedge comer. These differences arise from the slightly better resolution of the
flow focussing effect obtained using a higher density mesh.

Next, the convergence criteria were examined by comparing results for
convergence to a residual to 10°® for both temperature and velocity (i.e., Figure 7.11b), to
those with convergence to 10®. For these tests, the mesh in Figure 7.1 is used. For
convergence to 10, 20 iterations are required, as opposed to 49 iterations for
convergence to 10, Figure C.3b shows the difference in the velocity and thermal fields
between the two models. With the smaller residual, the amount of flow focusing is
slightly increased, as illustrated by the velocity differences. For example, the model with
greater convergence has smaller velocities in the shallow backarc. The maximum

difference in velocity is 0.82 cm/yr. With the greater flow focussing, the temperatures in
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the upper part of the backarc mantle are slightly lower. On average, the model with
stricter convergence criteria is 2.3°C cooler.

For a non-linear wedge rheology, the above tests show that satisfactory results can
be obtained using the mesh in Figure 7.1b and convergence to a residual of 10 for
temperature and velocity. Although slightly better results can be obtained by increasing
the node density and using stricter convergence criteria, the computing time required for
convergence increases because 1) more time is required for each iteration due to the

increased number of nodes, and 2) the total number of iterations is much larger.

C.4 Lower Boundary of Wedge

As noted in Chapter 7, the base of the viscous mantle wedge is the top of the
subducting plate. For the NE Japan and Cascadia models, the subducting plate exits
through the landward (backarc) boundary of the model. Thus, the depth of the plate at
the backarc boundary gives the maximum depth of the mantle wedge flow. For NE Jpan,
the maximum depth of flow is ~400 km. For Cascadia, the steep dip of the subducting
plate and the 800 km model width mean that wedge flow extends to 900 km depth. Thus,
the mantle wedge in the model reaches into the lower mantle. Phase transitions in the
mantle transition zone (410-660 km depth) are proposed to have a strong effect on mantle
convection patterns, as they involve a change in density and may result in an increase in
viscosity of several orders of magnitude between the transition zone and lower mantle
[e.g., Turcotte and Schubert, 2002). This may lead to layered mantle convection, where
there is little transfer of material between the upper and lower mantle. It is important to
ensure that possible effects from the mantle transition zone do not significantly change
the shallow backarc thermal structure for the Cascadia models. ;

A second finite element mesh was developed for the Cascadia subduction zone
(Figure C.4). In the new mesh, the base of the model is a horizontal boundary at a depth
of 600 km. Thus, the subducting plate exits the model domain through the basal
boundary, and this boundary forms the base of the mantle wedge between x=620 and 800
km. Two different boundary conditions were tested for this boundary: 1) an open

boundary, such that flow is allowed through it using a no velocity gradient boundary
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Figure C.4. Finite element mesh for Cascadia models with a horizontal basal boundary ata

depth of 600 km. The shaded region is the viscous mantle wedge. Note that the basal

boundary of the model forms the base ofthe viscous wedge between x=620 and 8§00 km.
condition, and 2) a no-flow boundary, where there is no vertical flow through the
boundary.

Figure C.5 shows the model results for each case for both an isoviscous and non-
linear wedge rheology. For comparison, the results obtained using the original model
geometry are also shown. With an open basal boundary, the modelled thermal structure
of the wedge is very similar to that in the original model. The largest differences are less
than 50°C and are confined to the depths greater than 300 km. These differences occur
because the length of the subducting slab varies between the two models, resulting in
differing amounts of total traction on the viscous wedge.

The second condition for the basal boundary is a no-flow boundary. This
condition approximates a very large viscosity increase at the base of the mantle transition
zone which prohibits flow from entering the lower mantle. With this boundary condition,
temperatures in the mantle wedge are somewhat larger than in the original models, and
surface heat flow is very slightly higher (<1 mW/m?). This is because there are slightly

larger inflow velocities through the landward boundary of the model with the closed
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Figure C.5. Effect of basal boundary of wedge on thermal structure for a) an isoviscous wedge rheology and b)
anon-linear (power law) wedge rheology (dislocation creep of wet olivine [Karato and Wu, 1993]). The top
plot is the surface heat flow for eachmodel. The three lower plots show the modelled thermal structure (100°C
contours): (top) The original model with the slab exiting at the landward model boundary (x=800 km), as in the
models in Chapter 7. (middle) Model with a horizontal basal boundary at z=600 km (slab exits through this

boundary); flow is allowed through the boundary. (bottom)
km); no vertical flow is allowed through the boundary.

Model with a horizontal basal boundary (z=600
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boundary, due to the shorter length of the inflow/outflow boundary. The effect on the
thermal structure is relatively small, with differences less than 15°C at shallow depths
(<200 km).

Overall, the effect of the assumed geometry of the base of the viscous mantle
wedge does not have a large effect on the modelled thermal structure at shallow depths

(<300 km) for slab-driven mantle flow.

C.5 Real versus Potential Temperatures

This test examines the effects of using real temperatures during model
calculations, as opposed to potential temperatures. The potential temperature of the
mantle is the temperature at a pressure of 0 GPa. With increasing pressure (depth),
temperatures should increase due to compression of the material, following an adiabatic
temperature gradient. In this study, the potential temperature and adiabatic gradient were
taken to be 1295°C and 0.3°C/km [lfo and Katsura, 1989; Turcotte and Schubert, 2002].

In the models in this study, real temperatures were used throughout the model
calculations, with the effects of adiabatic compression approximated by using an
adiabatic thermal gradient along the backarc boundary. This boundary condition is not
completely compatible with the equations used in the model calculations, because the
effects of adiabatic heating are not included as a pressure-dependent heat source term in
the heat equation (Equation 6.16). Ideally, the modelling should be carried out using
real temperatures and the adiabatic heating source term. However, this can become time-
consuming and thus approximate methods (like the one above) are used to account for the
effects of adiabatic heating. Another common approximate method is to use potential
temperatures (Tp) during model calculations and then convert the final results to real
temperatures (Tr) [e.g., van Keken et al., 2002]:

Ty =T, +6z (C.1)

where ¢ is the adiabatic gradient (0.3°C/km in this study) and z is the depth (in km). This
method is more compatible with the heat equation (with no adiabatic heat source term)

used in this study.
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To assess the effect of the “potential temperature” approach used by van Keken et
al. [2002] and others, a Cascadia model was developed, using an isoviscous wedge and
the “warm” landward geotherm (see Chapter 7 for more details). The prescribed
temperatures on the two vertical model boundaries and the base of the slab were modified
from the “real temperature” boundary conditions by subtracting the adiabatic temperature
at each node (i.e., depth x 0.3°C/km). The model calculations were then performed using
the potential temperature boundary conditions, and the final thermal structure was
converted to real temperatures by adding the adiabatic gradient (Equation C.1). This
model can be compared to the model in Figure 7.3 (warm geotherm), where the “real
temperature” approach is used.

Figure C.6 shows the difference in temperature between the two models (taken as
the potential temperature model minus the real temperature model). At shallow depths
(<250 km), the two approaches are in good agreement, with differences less than 50°C in
the wedge. At greater depths, there are significant differences between the two models,
where the model with potential temperatures is hotter than that with real temperatures in
the upper part of the slab and lowermost wedge. The shallow (<250 km) thermal
structure is of most importance to this study. Thus, it is concluded that the use of real
temperatures in model calculations yields satisfactory results in the shallow wedge.
However, this approach should not be used in modelling studies of the deep mantle

thermal structure.

C.6 Temperature-dependent Conductivity

The thermal models presented in Chapter 7 assume a constant thermal
conductivity of 2.5 W m™ K™ for the over-riding continental crust and 3.1 W m™ K! for
the mantle wedge and subducting plate. The thermal conductivity of most rocks
decreases with increasing temperature, although at temperatures greater than 800-900°C,
radiative heat transfer may act to increase the conductivity of some rocks [e.g., Clauser
and Huenges, 1995; see also Chapter 3].

In order to examine the effect of varying conductivity on the thermal structure,

models of the Cascadia subduction zone were developed using a temperature-dependent
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Difference in temperature between using potential temperatures during model
calculations and real temperatures. For the model with potential temperatures, the calculated thermal
fieldis converted to real temperatures by adding an adiabatic gradient of 0.3 ° C/km (Equation C.1).

conductivity. For these tests, the conductivity as a function of temperature is determined

using the Sass et al. [1992] relation (Equation 3.6), with 0°C conductivity and

temperature coefficients from Lewis et al. [2003] and Fltiick [2003] (see Chapter 3). The

effects of radiative heat transfer are not included explicitly, but as discussed in Section

3.6.3, the Sass et al. relation may be a good approximation for radiative transfer by

giving higher conductivities at high temperatures than the Zoth and Haenel [1988]

relation. All other models parameters are identical to those used in the Cascadia models

above, and the “warm” geotherm is prescribed to the backarc boundary. Both an
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isoviscous rheology and non-linear wedge rheology (using the dislocation creep
parameters of wet olivine [Karato and Wu, 1993]) are tested.

Figure C.7 shows the difference in temperature between the variable and constant
thermal conductivity models for each rheology (the constant conductivity models are
shown in Figure 7.3). For an isoviscous rheology, the temperature-dependent
conductivity model results in a slightly hotter mantle wedge (<10°C) and slightly cooler
over-riding plate (<30°C). The average difference between the models is +0.1°C, with a
maximum (absolute value) difference of —31.9°C in the over-riding plate. With the non-
linear rheology, both the mantle wedge and over-riding plate are slightly cooler (<30°C)

with a temperature-dependent conductivity. The average difference is —4.0°C, with a
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Figure C.7. Difference in temperature between using a temperature-dependent conductivity
(following Sass et al. [1992]) and a constant thermal conductivity for each model unit for the Cascadia
subduction zone models with a) an isoviscous mantle wedge rheology and b) a non-linear wedge
rtheology with the dislocation creep parameters of wet olivine [Karato and Wu, 1993].



APPENDIX C: Numerical Tests for the NE Japan and Cascadia Meshes 264

maximum of —31.9°C in the shallow backarc mantle wedge. Overall, for either rheology,
the difference between using a constant and temperature-dependent conductivity for the

thermal models is quite small (<30°C).

C.7 Comparison with Published Models

As a final test, models were developed based on published subduction zone
thermal ﬁodelling studies. Peacock and Wang [1999] and van Keken et al. [2002] have
developed finite element models for the thermal structure of NE Japan. van Keken et al.
[2002] also present models for Cascadia.

The model geometry used in these studies is similar to that in Figure 7.1, except
that the model width is 500 km. Thus, the Cascadia and NE Japan meshes were modified
to have a backarc boundary 500 km from the trench. The thermal parameters and
subduction rates for each published model are identical to those in this study, except that
the heat generation in the lower crust of the over-riding plate is 0.27 pW/m® (instead of
0.4 uW/m®). The upper and lower boundaries of the model are assigned temperatures of
0°C and 1450°C, respectively. The prescribed geotherm for the oceanic boundary is a
geotherm for 130 Ma lithosphere for NE Japan, as used in this study. For Cascadia, a
geotherm for 10 Ma lithosphere covered with 3 km sediments is used, following van
Keken et al. [2002]. Note that this plate is 2 my older than that used in the model in
Chapter 7. The prescribed backarc geotherm of Peacock and Wang [1999] and van
Keken et al. [2002] is also different. These studies use a geotherm that gives a surface
heat flow of 65 mW/m” at the surface. Using Equation 3.3, a backarc geotherm was
calculated using this heat flow and the thermal properties of the crust and mantle. The
transition from a conductive to an adiabatic gradient is taken to occur at a depth of 95 km,
where the temperature is 1450°C. Below this, an adiabatic gradient of 0.3°C/km is used.

The first comparison is for models of isoviscous flow for NE Japan. Figure C.8a
shows the thermal structure calculated using the PGC modelling code, with the 500 km
model width and the backarc geotherm described above. The calculated temperatures on

the top of the subducting slab, as well as those at the base of the subducting crust (7 km
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into the slab), are shown in Figure C.8b. These are compared to the isoviscous models
of Peacock and Wang [1999] and van Keken et al. [2002]. Peacock and Wang [1999]
incorporate flow into their models using the analytic solution [Batchelor, 1967]. On the
other hand, van Keken et al. [2002] numerically calculate flow in the isoviscous wedge,
as in the current study.

At depths greater than 60 km, the van Keken et al. results agree very well with
those obtained using the PGC modelling code. The Peacock and Wang model gives
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Figure C.8. Thermal models for NE Japan calculated with a 500 km wide mesh and the landward geotherm
used by Peacock and Wang [1999] and van Keken et al. [2002] (see text). a) Thermal model for an isoviscous
wedge. b) Temperatures on top of subducting slab and at the base of the subducting crust (7 km depth into the
slab) for the isoviscous model in (a). Also shown are the slab temperatures in the models of Peacock and Wang
[1999] and van Keken et al. [2002]. c) Thermal model for a power law rheology (dislocation creep of dry
olivine [Karato and Wu, 1993]). d) Comparison of the slab temperatures in (c) with those of van Keken et al.
[2002]. Note that 1 GPa~30km.
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slightly lower temperatures along the top of the subducting slab at these depths. Note
that the slab surface temperatures at shallow depths (<60 km) are slightly cooler for the
PGC model because frictional heating was not included. Peacock and Wang [1999] and
van Keken et al. [2002] incorporated a small amount of frictional heating in their models
to a depth of 70 km (corresponding to a shear heating rate of 29 mW/m?).

Next, comer flow models were developed for NE Japan using a non-linear wedge
theology. In this case, the dislocation creep parameters for dry olivine [Karato and Wu,
1993] were used, following van Keken et al. [2002]. Figure C.8¢c shows the thermal
model calculated using the PGC modelling code and Figure C.8d shows the
temperatures at the top and bottom of the subducting crust. These results agree very well
with those of van Keken et al. [2002]. As above, the differences in slab surface
temperatures at shallow depth arise due to the inclusion of frictional heating by van
Keken et al. [2002].

As a final test, a model for the Cascadia subduction zone was developed using the
dislocation creep rheology for dry olivine (Figure C.9a). The temperatures along the top

and bottom of the subducting crust are shown in Figure C.9b. These temperatures are
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Figure C.9. a) Thermal model for the Cascadia subduction zone, with a 500 km wide mesh and the landward
geotherm used by van Keken et al. [2002]. The dislocation creep parameters for dry olivine are used for the
viscous wedge [Karato and Wu, 1993]. b) The temperature along the top of the subducting slab and at the base
of the subducting crust (7 km depth into the slab) for the PGC model (solid lines) and the van Keken et al. [2002]
model(dashed lines).
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consistent with those obtained by van Keken et al. [2002]. Differences in the shallow
temperatures are likely due to slight differences in the geometry of the subducting plate.
These tests have shown that the thermal models for Cascadia and NE Japan
calculated using the PGC modelling code are in good agreement with those presented by
Peacock and Wang [1999] and van Keken et al. [2002] for both isoviscous and non-linear

wedge rheologies.



