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SUMMARY

We estimate fluid sources around a subducted seamount along the northern Hikurangi sub-
duction margin of New Zealand, using thermomechanical numerical modelling informed by
wedge structure and porosities from multichannel seismic data. Calculated fluid sources are
input into an independent fluid-flow model to explore the key controls on overpressure gen-
eration to depths of 12 km. In the thermomechanical models, sediment transport through and
beneath the wedge is calculated assuming a pressure-sensitive frictional rheology. The change
in porosity, pressure and temperature with calculated rock advection is used to compute fluid
release from compaction and dehydration. Our calculations yield more precise information
about source locations in time and space than previous averaged estimates for the Hikurangi
margin. The volume of fluid release in the wedge is smaller than previously estimated from
margin-averaged calculations (~14 m® yr~! m™!), and is exceeded by fluid release from un-
derlying (subducting) sediment (~16 m® yr~! m~"). Clay dehydration contributes only a small
quantity of fluid by volume (~2 m® yr~! m~! from subducted sediment), but the integrated
effect is still significant landward of the seamount. Fluid source terms are used to estimate fluid
pressures around a subducting seamount in the fluid-flow models, using subducted sediment
permeability derived from porosity, and testing two end-members for décollement perme-
ability. Models in which the décollement acts as a fluid conduit predict only moderate fluid
overpressure in the wedge and subducting sediment. However, if the subduction interface
becomes impermeable with depth, significant fluid overpressure develops in subducting sed-
iment landward of the seamount. The location of predicted fluid overpressure and associated
dehydration reactions is consistent with the idea that short duration, shallow, slow slip events
(SSEs) landward of the seamount are caused by anomalous fluid pressures; alternatively, it
may result from frictional effects of changing clay content along the subduction interface.

Key words: Fault zone rheology; Rheology and friction of fault zones; Subduction zone
processes; Continental margins: convergent; High strain deformation zones; New Zealand.

control on fault and sediment strength, and thus on wedge morphol-

1 INTRODUCTION

Fluids are thought to critically modulate frictional properties and
sediment deformation at convergent plate boundaries. Fluid pres-
sures approaching lithostatic values have been proposed to explain
transient slow slip behaviour along subduction interfaces by lo-
cally lowering effective normal stresses (e.g. Kodaira et al. 2004;
Liu & Rice 2005, 2007; Kitajima & Saffer 2012; Bassett et al.
2014), while over longer time spans, fluid pressures are a dominant

ogy and the manner by which sediments are incorporated into an
accretionary wedge or subducted to depth (e.g. Davis ef al. 1983;
Dahlen 1984, 1990; Dahlen et al. 1984; Matmon & Bekins 2006;
Saffer & Bekins 2006). Through these mechanisms, fluid flow and
the distribution of elevated fluid pressure can influence the seismic
hazard at subduction zones.

Understanding how fluid pressure affects subduction dynamics
requires determination of fluid release, pathways and flow-rates
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at depth. Studies of current and ancient accretionary prisms show
that fluid pressure must locally reach near-lithostatic values as doc-
umented by tensile quartz and carbonate veins in exhumed rocks,
active fluid vents and near-surface fluid pressures measured in wells
(e.g. Byrne & Fisher 1990; Becker et al. 1997; Saffer 2003). How-
ever, the temporal and spatial extent of such overpressured zones
throughout the plate boundary system is not as well defined. At-
tempts have been made to estimate fluid sources and sinks within ac-
cretionary wedges using wedge bathymetry, information on porosi-
ties derived from seismic data, and calculations of the release of
clay-bound fluids due to increasing pressure and temperature as
sediment is transported to depth (e.g. Bray & Karig 1985; Screaton
et al. 1990; Bekins & Dreiss 1992; Wang 1994; Saffer & Bekins
1998; Skarbek & Saffer 2009; Moore et al. 2011). Such calculations
can be partially informed by deep drilling projects (e.g. Moore et al.
2001; Tobin & Kinoshita 2006). Overall though, many assumptions
must be made to relate geological and geophysical estimates of fluid
pressure along the subduction interface to the change in total fluid
inventory and dewatering rates through time as material enters and
passes through the wedge or underlying layers.

In this paper, we outline a method to combine mechanical models
of sediment accretion and subduction with rock physical properties
derived from detailed seismic sections, in order to estimate fluid
release (fluid sources) along a subduction margin. We apply this
technique to the northern Hikurangi subduction margin, offshore
North Island, New Zealand. This region has recently been the focus
of international efforts to understand transient (slow) slip events at
subduction margins. Subduction of a seamount and excess pore fluid
pressures along and above the subduction interface there have been
implicated in the particularly shallow region over which slow-slip
events (SSEs) have been observed (e.g. Wallace et al. 2009; Wallace
& Beavan 2010; Fig. 1). We attempt to predict likely fluid pressure
variations with depth in order to help inform such observations.
We include interface geometry and porosity data based on seismic
profiles to consider the effect of fluid generation at depth caused
by compaction of incoming sediments, to answer the following
questions:

(1) Given margin geometry, porosity, fluid sources and estimated
permeabilities for the northern Hikurangi margin, is fluid overpres-
sure possible and if so, what is the spatial distribution of overpres-
sure?

(2) What s the influence of seamount subduction on development
of overpressure?

(3) Does fluid overpressure (if present) correlate spatially with
areas of slow slip and other geophysical anomalies?

2 BACKGROUND AND GEOLOGICAL
SETTING OF THE NORTHERN
HIKURANGI SUBDUCTION MARGIN

The Pacific Plate subducts obliquely beneath the eastern North Is-
land, New Zealand, along the Hikurangi trench at 4.5-5.5 cm yr™!
(Wallace et al. 2004; Fig. 1). The lower plate consists of anoma-
lously thick (>15 km) oceanic crust of the Hikurangi Plateau (Davy
& Wood 1994; Mortimer & Parkinson 1996; Davy et al. 2008).
Numerous seamounts are interpreted impinging on the northern
part of the subduction zone offshore of Gisborne (Fig. 1), and sub-
ducted seamounts have also been inferred from seismic profiles,
magnetic anomalies and large-scale embayments within the upper
plate (Collot et al. 2001; Pedley ef al. 2010). In contrast to the broad
(>100 km) accretionary margin farther south, the northern portion

of the Hikurangi margin is relatively sediment-starved with a nar-
row, frontal zone of imbricate thrusts (Lewis et al. 1998; Barker et al.
2009), a steep (~8° dip near the toe) seafloor slope, and evidence of
frontal subduction erosion associated with subducting seamounts
(e.g. Collot et al. 1996, 2001). Seismic reflection profiles in this
region show a thin (on average ~1-2 km thick) Cenozoic to Meso-
zoic sedimentary cover on the incoming plate (Barker et al. 2009).
This is composed of a horizontal succession of Mesozoic volcani-
clastic sediments, overlain by a condensed Late Cretaceous-Early
Oligocene sequence of nannofossil chalks alternating with mud-
stones, and ca. 1-km-thick succession of Cretaceous hemipelagic
and trench-fill sediments (Davy & Wood 1994; Davy et al. 2008;
Barnes et al. 2010; Pedley et al. 2010). In addition, up to ca. 3 km of
older Cretaceous volcaniclastics and limestone/chert comprise the
top of the basaltic Hikurangi Plateau (Davy et al. 2008). The con-
densed Cretaceous/Paleogene sequence is important for this study
since the subducting plate interface develops at or close to the top
of this sequence (Plaza-Faverola et al. 2012).

The northern margin offshore Gisborne has been classified as an
episodically erosional convergent margin, owing to the oversteep-
ened frontal slope, presence of subducting seamounts, and episodes
of frontal tectonic erosion preserved in trench and wedge morphol-
ogy. These are evident from several prominent indentations and ex-
tensive regions of gravitational collapse within the inboard trench
slope (Collot et al. 1996; Barker et al. 2009; Pedley et al. 2010). The
narrow frontal wedge abuts a backstop of Mesozoic greywacke, an
inner, highly deformed pre-subduction Cretaceous and Paleogene
sequence covered with deformed Miocene-Recent basins, and an
outer accretionary wedge composed of mainly Plio-Pleistocene tur-
bidites (Lewis & Pettinga 1993; Lewis et al. 1998; Barnes et al.
2010). Structural analyses indicate that up to 90 per cent of the
total regional convergence is absorbed between the coast and the
deformation front; the inactivity of the upper slope and mid-slope
regions suggests that most of this deformation is currently occurring
within the frontal accretionary wedge across the up-dip extent of the
interplate thrust, that is in the outermost 2—3 thrust slices, <10 km
from the trench (Pedley er al. 2010; Bell, unpublished data). This
frontal region may therefore be considered to be presently accretive
rather than erosive.

The northern Hikurangi margin has a shallow transition from
interseismically locked to aseismically creeping behaviour (<5-
15 km) that coincides spatially with well-characterized SSEs that
last 2-3 weeks and occur every 1-2 yr (Wallace & Beavan 2010;
Wallace et al. 2012; Fig. 1). Multichannel seismic data reveal re-
gions where the interface (between <5 km to >10-16 km depth)
follows the top of a thick high-amplitude reflectivity zone (‘HRZ’)
that coincides with the source areas of some SSEs (Fig. 1). Bell
et al. 2010 suggested that the high-amplitude reflectivity may be
the result of high fluid concentrations within sediments, entrained
between downgoing seamounts. If this interpretation is correct, then
the correlation between HRZ and SSEs would suggest that fluids
exert an important control on the generation of slow slip (Kitajima
& Saffer 2012; Bassett et al. 2014). Alternatively, the SSEs could be
related to lithological or compositional fault frictional properties,
or differences in fault architecture or structural evolution, perhaps
associated with seamount subduction (Wang & Bilek 2014).

3 MODELLING STRATEGY

The present-day margin morphology and rock properties derived
from seismic velocity profiles are used as initial conditions in
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Figure 1. (a) Tectonic setting of the Hikurangi subduction margin on the East Coast of the North Island. AUS, Australian Plate; PAC, Pacific Plate. Red
arrow on inset indicates Pacific/Australia relative velocity vector in mm yr~! (Beavan ez al. 2002). (b) Closeup (box in a) showing location of seismic profile
05CM-04 offshore Gisborne, New Zealand. Purple contours and numbers (in mm) show inferred interface displacement during March 2010 slow slip event
(Wallace & Beavan 2010). Red arrows are convergence rates and directions between eastern North Island and Pacific Plate at trench derived from GPS in
mm yr~! (Wallace ef al. 2012). Orange square marks location of Morere thermal springs from which gases with an abnormally high mantle component have
been measured (Reyes et al. 2010). Grey circle with cross is location of Hawke Bay-1 well mentioned in text. (c) (top) interpreted seismic profile 05CM-04. Red
line is subduction interface, yellow line marks base of well-stratified sediments, green line is an unconformity within stratified sediments. Dashed red lines are
major splay faults and dashed black line is inferred top of subducting seamount. Yellow star marks the estimated hypocentre of the March 1947 tsunamigenic
earthquake (Doser & Webb 2003). BSR, bottom simulating reflector. Blue shaded zone is region of high-amplitude reflectivity (HRZ-2) discussed in Bell ez al.
(2010). Coloured bars at top show regions of slow-slip and stick-slip inferred from GPS. (bottom) Depth converted interpretation based on velocity model in
Barker et al. (2009).

numerical models. On timescales of less than 100 kyr, the dynamics
of the wedge will not change significantly, and so we can compute
the dynamic steady-state behaviour of rock and fluid advection. The
advantage of this approach is that many more parameters are able to
be constrained than in more generic wedge/fluid models. However,
this approach also presents some challenges. A fully coupled model
of rock and fluid transport starting from the present-day configu-
ration is not possible, because a steady-state solution will be non-
unique. Attempts to solve for coupled steady-state fluid pressure
and rock deformation develop instabilities where fluid pressures are
initially out of balance with overburden pressure and locally be-
come supra-lithostatic, causing unstable mechanical deformation.
This occurs because there is two-way coupling between fluid pres-
sure and rock deformation; the flow of rock through the wedge

causes compaction and porosity changes creating excess fluid that
must flow to the surface and can locally increase fluid pressure; but
fluid pressure changes the effective stress of the material and alters
its frictional behaviour, thus feeding back into rock deformation.
To get around this problem, we firstly model wedge mechanics
assuming a constant fluid pressure ratio of 0.65, as described in
Section 4. Frictional parameters of modelled sediment are chosen
to give a mechanical behaviour consistent with a stable wedge mor-
phology and locus of deformation. We use this model to compute
fluid release from compaction-associated porosity changes as mate-
rial flows through the wedge and fluid generation from dehydration
reactions with increasing temperature. These fluid budgets are used
in Section 5 to constrain a steady-state fluid-flow model through the
wedge. The two models are linked in the discussion by considering
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Figure 2. (a) P-wave velocity determined for line 05CM-04 using HDVA as discussed in the text. A horizontal smoothing window of 1500 m was applied.
Black lines show picks to the décollement and basement derived from seismic interpretation. (b) Porosity derived from (a) using the method of Erickson &
Jarrard (1998). The black arrow shows the location of the profiles in Electronic Supplement 1.

the effect that a non-constant fluid-pressure ratio (as in Section 5)
has on mechanics in the wedge.

4 FLUID BUDGETS DERIVED FROM
WEDGE DYNAMICS

We constrain our model with porosities and geometry derived from
line 05CM-04, and compute thermal structure and sediment trans-
port (cf. Bekins & Dreiss 1992). We use a mechanical model coupled
to conductive heat-flow to model the advection of material through
and beneath the wedge. As discussed in Section 3, the model is
a ‘snapshot’ in time in that it computes velocity and deformation
of sediment and rock for the present-day geometry and material
properties of northern Hikurangi. We do not model seismic rupture
or transient slow slip; that is, our computed material flow is aver-
aged over one or more seismic/interseismic slip cycles. The material
flow-field is used to directly estimate fluid release caused by com-
paction (porosity loss), and opal and clay dehydration reactions.
Each of these steps is described in more detail below.

4.1 Constraints from multichannel seismic data

We base our calculations on multichannel seismic reflection data
from line 4 of the 05CM survey conducted by Crown Minerals in
2005 (Barker et al. 2009; Fig. 1¢). Three independent velocity anal-
yses were performed (high density velocity analysis, which uses
automated normal moveout; and two different iterations of prestack
depth migration). These independent velocity analyses showed rela-
tively minor differences (Electronic Supplement 1). Fig. 2(a) shows
the HDVA picks, based on velocity changes and reflectivity, to the

top of subducted sediment and to high-velocity basement along this
line (Barker ez al. 2009). A small amount of horizontal averaging
(smoothing) was used, with a smoothing window of ca. 1500 m.
Changes in velocity, a variation in amplitude reflectivity at depth,
and magnetic anomalies have been used to infer the presence of
a subducted seamount (Bell et al. 2010). The profile is thought to
cross the flank of a somewhat oblique, linear seamount rather than
intersecting it at its crest.

Porosity can be calculated from the compressional wave veloci-
ties (Vp) or density derived from Vp along this line. Density was de-
termined using two different methods (Gardner et al. 1974; Brocher
2005). Four different methods of calculating porosity were tested:
the first two use the normal and high compaction history equations
of Erickson & Jarrard (1998) to directly relate Vp and porosity (e.g.
Hoffman & Tobin 2004; Calahorrano et al. 2008; Tobin & Saffer
2009); the last two methods derive porosity indirectly from density
following Brocher (2005) and Gardner et al. (1974), assuming a
shale fraction of 0.3, a particle density of 2750 kg m~3, and water
density of 1000 kg m~>. In Fig. 2(b), we show the porosity derived
from the normal compaction relationship of Erickson & Jarrard
(1998). Other methods yield similar results (Electronic Supplement
1); the Brocher (2005) density-porosity had the highest porosities
at depth (Fig. ES1c). The ‘normal compaction’ Erickson & Jarrard
(1998) porosity model is used in this paper, but we also compared it
to predicted compaction-related fluid release using the ‘high poros-
ity” end-member and found that results did not differ significantly.
A common feature of all porosity transformations is that they show
little change in porosity across the deformation front (i.e. near the
wedge toe) so that fairly high porosities are maintained within the
wedge, as was also noted by Bassett et al. (2014).
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Figure 3. Thermomechanical numerical model setup for Section 4. (a) Materials and boundary conditions (described in text). See Table 1 for material properties
as labelled (seamount and plateau basalt have same properties). (b) Modelled flow of material through the wedge; colour contours and vectors show velocity

field.

4.2 Thermomechanical modelling

The geometry along seismic line 05CM-04 is used to construct a
2-D mechanical model for a 120-km-long transect perpendicular
to the trench using finite-element code SULEC (Ellis ef al. 2011;
Buiter & Ellis 2012). We model pressure-sensitive frictional plas-
tic flow based on a Coulomb yield criterion, and allow large strain
to develop by tracking strain and other quantities on tracer par-
ticles (Fig. 3a). In the thermo-mechanical models we prescribed
material layers simplified from Fig. 2(a). Note that the incoming
‘sediment’ layer includes Cenozoic—Mesozoic sediment, volcani-
clastic sediment with interbedded basalt and the older sequence
HKB (Cretaceous volcaniclastics and/or limestone/chert) at the top
of the basaltic Hikurangi Plateau as described in Davy et al. (2008).
Boundary conditions representing the subduction velocity compo-
nent normal to the margin (5 cm yr~') are applied at the right-hand
boundary, along the base, and along the lowermost 3 km of the
left-hand boundary. Above this, the left-hand boundary horizontal
velocity is prescribed to be zero, while vertical velocity is free, as
indicated by circles. The outlet velocity is gradually adjusted along

the base so that at the left-hand side of the model it is at the same
angle as the weak detachment, while at the right-hand side it is hor-
izontal. Outward material flux is 80 per cent of incoming flux, so
that the top 2 km of material accretes to the wedge. The 2 km thick-
ness is derived from the depth to the subhorizontal décollement
picked on line 05CM-04, just before it steps up at the toe of the
wedge, and where the sediment/HKB sequence has been thickened
as it approaches the trench (Fig. 2a). Material frictional strength
is a function of effective pressure and sediment type (Table 1). A
layer with negligible viscosity is used to represent the weight and
fluid pressure of overlying seawater. A constant fluid pressure ratio
higher than hydrostatic (A = 0.65; Bassett et al. (2014)) is assumed
throughout the wedge, where:

— pwgD
A:(pf pwgD)

1
(Uz_pwgD) ( )

is the modified Hubbert—Rubey fluid pressure ratio corrected for
water depth, D. py is fluid pressure, o, is the vertical normal stress,

Table 1. Frictional and thermal properties used in the initial 2-D thermomechanical model.

‘Dry’ angle of internal Effective angle of internal Cohesion Density (kg m~) and thermal
friction, ¢“ friction (A = 0.65)" (MPa) conductivity (W m~! K1)
Wedge 40° (0.83) 16° 0.01 From seismic reflection
Subduction interface 8.57(0.15) 3° 0 analysis as described in text
Subducted sediment 40° (0.83) 16° 0.01
Oceanic crust (seamount and slab) 40° (0.83) 16° 10

“Values in brackets are friction coefficient.

bEffective friction angle computed as atan[(1 — A)tan(¢)], assuming a constant pore fluid pressure ratio 2 of 0.65 (Bassett et al. 2014) in Section 3.
See Electronic Supplement 2 for a sensitivity study of wedge mechanics for different frictional strengths of the subduction interface.
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g is gravity and p,, is fluid density (Hubbert & Rubey 1959; Davis
et al. 1983; Dahlen 1984).

The subduction interface is prescribed as a continuous, low-
strength layer or décollement with a dry frictional coefficient of
0.15 (Table 1). The low value of décollement friction produces
thickening at the toe of the accretionary wedge, consistent with pre-
liminary reconstructions of line 0SCM-04 through the last million
years, which show that most of the thickening and shortening of the
wedge has been focused on the outermost few imbricate thrust slices
as described above (Barker et al. 2009) and as is common at many
subduction margins (e.g. Morgan & Karig 1995; Moore et al. 2011).
Models of wedge deformation and material flow for higher values
of décollement friction produce shortening near the backstop of the
model, which is inconsistent with observations (Electronic Supple-
ment 2). In practice, as noted by Bassett et al. (2014) the wedge is
unlikely to be at a compressive critical taper, owing to the passing of
the seamount through the system over the past ca. 0.8 Ma; mechani-
cal models over longer timescales show how the region landward of
a subducting seamount can be almost flat, while the zone seaward
of it is significantly oversteepened (Electronic Supplement 4). The
simple mechanical setup used here is our best approximation for the
type of deformation above a subducting seamount seen in Fig. ES4.

In order to compute release of fluid from opal and clay dehy-
dration in the subducting and accreting sediment, the numerical
code also solves the steady-state heat-flow equation, taking mate-
rial advection into account. No radiogenic heating or shear heating
is applied and heat advection by fluids is neglected. The assumption
of negligible shear heating is consistent with constraints requiring
low strength along the detachment (as noted above). We assume
a basal heat-flow of 45 mW m~2 (Townend 1997b; Henrys et al.
2003). Thermal conductivity is computed from the porosity field of
Fig. 2(b) using the relationship:

k= kK, @)

where n is porosity, and k is the geometrically averaged thermal
conductivity derived from thermal conductivity of seawater (k;,
0.67 Wm~!' K~!) and of rock grains (k;, 2.8 Wm~! K~!; Pecher
et al. 2010). The seafloor is prescribed a constant temperature (de-
rived for an average depth of 1 km for most of the wedge) of 4°C
(Ridgway 1969). Because we model the shallow wedge and not the
entire subduction system, these calculations only encompass the
simplest approximation of the Hikurangi margin thermal structure;
however, we are able to roughly match heatflow estimates based on
gas hydrate BSRs, which show a decrease from ca. 45 mW m™2
at the trench to ca. 35 mW m™2 100 km landward caused by the
downward advection of heat and thickening of the margin (Field
et al. 1997; Townend 1997b; Henrys et al. 2003; Fagereng & Ellis
2009). We predict temperatures of ca. 150 °C at 12 km depth and
a thermal gradient there of about 12-15 °Ckm™!, consistent with
previous thermal models (e.g. Fagereng & Ellis 2009) and an esti-
mated interface temperature of ca. 170-200 °C at 15 km depth for
the Hawke Bay-1 well further south (Henrys et al. 2006).

The resulting material flow is shown in Fig. 3(b). For the present-
day geometry from line 05CM-04 and a weak décollement, we
predict a mostly stable wedge with thickening and accretion con-
centrated at the toe, consistent with structural observations and
similar to the evolutionary models with seamounts shown in Fig.
ES4. As noted above, higher friction values for the décollement (e.g.
Electronic Supplement; Rowe ef al. 2012) are inconsistent with de-
formation focused at the toe of the wedge. The model results based
on Table 1 parameter values are used in the next section to compute

fluid release as material subducts beneath and is incorporated within
the wedge.

4.3 Compaction fluid sources

Accreting and subducting sediment loses water by compaction, be-
cause net reduction in porosity leads to expulsion of fluids. Sedi-
ment also releases fluid from metamorphic dehydration reactions
as temperature increases. Previous estimates of fluid release for the
Hikurangi margin are based on bulk calculations that use margin-
averaged estimates for temperature gradients, rates of accretion and
subduction (Townend 1997a; Pecher et al. 2010). Here, we use the
results from the mechanical model to calculate fluid production
from porosity reduction and increasing temperature and pressure at
each point along profile 05CM-04. We combine the spatial gradi-
ent in the porosity field derived from seismic reflections (Fig. 2b)
with the material flow-field from the mechanical model (Fig. 3b),
assuming that porosity is in steady-state; that is, the profile has
a fixed porosity field through which sediments move so that the
distribution shown in Fig. 2(b) is constant in space, so that the lo-
cal time derivative of porosity is zero (e.g. Bethke 1986; Bekins
& Dreiss 1992; Wang 1994). In reality, this is unlikely to be true,
particularly since the subducting seamount is advecting along with
the lower plate, transiently affecting the compaction and subduction
of sediment around it. For this reason, calculated rates are proba-
bly best regarded as modern (rather than long-term) estimates of
compaction-related fluid release. We calculate fluid release from
porosity reduction as:

dv 1 dn N dn 3)
= U— + v—
dr (1—n) \ dx dy )’

(Bekins & Dreiss 1992) where 7 is porosity at each point derived
from seismic reflectivity, # and v are horizontal and vertical veloci-
ties derived from the mechanical model, and ‘3—'[/ is fluid release (m?
fluid m™ rock per second)for a unit metre along-strike. Since the
vertical sediment velocity v is small compared to the horizontal ve-
locity u, the fluid release from porosity reduction depends mainly on
the horizontal porosity gradient dn/dx. Before deriving fluid release
from (3), we apply further horizontal smoothing (with a sample
window of 7.5 km) to the porosity field to remove some of the
small-scale fluctuations apparent in Fig. 2(b). This reduces the peak
amplitude of fluid release slightly, but does not change the location
of maximum volume change. Compaction-related fluid release from
the high-velocity subducting oceanic crust is not considered in the
models.

Fig. 4(a) shows the fluid source term calculated for the 05CM-
04 line assuming the material flow-field from Fig. 3(b). Owing to
the smoothly varying material flow field transporting material from
right to left, most of the variation in volumetric fluid release in
eq. (3) arises from the spatial gradients in porosity (Fig. ES3). The
most conspicuous features are zones of high fluid release just sea-
ward of the seamount in the subducted sediment ca. 10 km landward
of the trench; and above the seamount in the wedge. Some regions
show fluid sinks (negative fluid release): at the toe of the wedge,
where rapid uplift of material occurs; and within the incoming sed-
iment column and near the backstop of the model. We interpret
them as artefacts that occur partly because porosity is not decreas-
ing monotonically landward due to small-scale lateral variations (as
seen in Fig. 2b). These are unlikely to reflect actual expansion of the
sediment matrix (i.e. porosity increase) as it is transported arcward
in the forearc, and instead probably represent spatial variability in
porosity that limits the reliability of fluid source calculations at
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Figure 4. Fluid production rates for Section 4 predicted from the numerical model. Black lines show picks to detachment and basement. (a) Fluid sources from
the change in porosity as material moves through the wedge, assuming a steady-state porosity distribution. Note that top zone of wedge with porosity >0.3
is excluded from fluid release calculation to avoid interpolation errors from water to sediment. (b) Fluid sources from dehydration of smectite to illite. Model
has been run until temperature and smectite distribution attain advective steady-state. Colour contours show isotherms and dashed line above model shows
predicted heat-flow near seafloor, which decreases from 60 m Wm™? at the trench to 35 mW m~2 further landward.

high spatial resolution; previous applications of this approach (e.g.
Bekins & Dreiss 1992) have typically assumed a smoothly vary-
ing porosity reduction with burial, rather than defining a detailed
porosity distribution from observations. To some extent, lateral vari-
ations in apparent porosity may also reflect uncertainty in estimates
of porosity from P-wave velocity. The lack of significant velocity
(and thus computed porosity) change near the toe may represent
undrained conditions during initial loading (i.e. compaction dise-
quilibrium), or some other effect of deformation and/or elevated
fluid pressure; we discuss this further in Section 6.

4.4 Dehydration reactions and fluid budgets

Following Saffer et al. (2008) we use the kinetic reaction model of
Pytte & Reynolds (1988) to compute the transformation of smectite
in the wedge and subducting sediments, using the steady-state tem-
perature field, and the material flow-field of the mechanical model
(Fig. 3b). The material derivative (the change in smectite content
of a tracked material point with time, assuming constant potassium
content) is given by:

DS

-G,
5
—_ == J—— 4
, C\ S exp( ) 4)

where S is the mole fraction of smectite in the mixed-layer illite-
smectite (I/S) clay component of the sediment, T is temperature in
Kelvin and C; and C, are constants (3.9 x 10° s~! and —19 089 K,
respectively; derived from Pytte & Reynolds 1988, and incorporat-
ing the activity of potassium into constant C; assuming equilibrium
between albite and K-feldspar). At steady-state, the local (Eulerian)
time derivative is zero so that the material derivative is balanced by
the advective rate of smectite change:

-G, ds ds
C, S’ xp| — | = — 4+ v—
e < T ) (udx vdy)’

where u, v are the 2-D velocities. We solve this equation iteratively
for molar fraction S and the associated steady-state fluid release.
We assume an initial smectite weight fraction F’ at shallow depths
of 20 per cent in incoming sediments (Pecher et al. 2010). We take
an initial mole fraction of S in mixed I/S of 1.0, which decreases
with depth (temperature). That is, we assume that the smectite-clay
molar fraction in incoming sediment and slab has equilibrated with
the local temperature field for 1 Myr prior to entering the margin so
that the smectite-illite reaction is already underway (as a function of
temperature) when material enters the trench, yielding a reduction
in the smectite mole fraction with depth in the incoming section.

)
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Fig. 4(b) shows colour contours of associated fluid release in
units of m? s m~ calculated from eq. (6) at thermal steady state
including rock advection, where we take W = 0.35 volumetric frac-
tion of water bound in the hydrated smectite that is available to be
released upon transition to illite. We assume a hydration state with
two water interlayers and a 15 A d-spacing, as is common in marine
sediments (Colten-Bradley 1987; Fitts & Brown 1999):

%/ — WFC, S exp (%) (1= n). (6)
The effects of rock advection in the downgoing slab and subduct-
ing sediment depresses both temperature and the transition at which
smectite to illite transition occurs (owing to the rate-dependence
of smectite transformation and material advection). Results suggest
that the transition from smectite to illite is gradual; it begins about
40 km landward of the trench and continues landward of the 05CM-
04 seismic section, with about 75 per cent of the incoming smectite
converted to illite over a temperature range of ca. 80-135 °C.

We used a similar approach to test whether fluid release from the
metamorphic transition of opal to quartz is significant, based on the
reaction kinetics derived from laboratory experiments in Ernst &
Calvert (1969). An initial opal content of 10 wt%, decreasing with
temperature (assuming equilibrium at that temperature for 1 Myr)
was prescribed within the incoming sediment layer. Opal diagenesis
runs to completion at temperatures greater than ~100 °C, so the fluid
release from this reaction occurs in the shallow part of the wedge,
and is an order of magnitude smaller than the fluid production from
smectite reactions. It is not shown in Fig. 4.

Dehydration reactions may also occur in the subducting basaltic
crust of the Hikurangi Plateau. The composition of the plateau crust
is comparable to the Ontong-Java Plateau and representative of
N-MORB tholeiitic basalt (Hoernle ef al. 2010), so that it does not
differ significantly from normal mid-ocean ridge basalt. There is,
however, a question of how the hydration state of Hikurangi plateau
compares to normal, thinner, oceanic crust, and future dredging
and drilling programmes may address this. We assume that hydrous
phases in the Hikurangi Plateau are saponite and zeolites formed
by sea floor hydration and alteration. Zeolites will dehydrate to
form greenschist facies minerals at 300 °C or more (e.g. Kerrick &
Connolly 2001; Hacker et al. 2003; Fagereng & Diener 2011),
retaining their crystal-bound water beyond the modelling domain
considered here. Similarly, saponite carries a significant crystal-
bound water content into the subduction zone (Kameda et al. 2011),
but predominantly dehydrates at temperatures in excess of 200 °C
(Hillier 1993), and then to create chlorite which itself is more hy-
drous than illite-muscovite. Dehydration of the oceanic crust may
therefore contribute to the fluid budget in the Hikurangi margin
at depths greater than 15-20 km, and maybe at shallower levels if
the released fluids flow along the decollement. For the depth range
considered in this paper, however, we have chosen to ignore the
contribution from basaltic crust of the Hikurangi Plateau.

4.5 Integrated fluid production and comparison with
previous estimates for the Hikurangi Margin

The estimates in compaction-derived fluid release from Section 4.3
predict small-scale fluctuations that result from short wavelength
variations in the porosity field derived from the seismic reflec-
tion analysis. Some of these fluctuations are likely to be caused by
changes in the incoming sediment layering, properties, and thick-
ness through time, and are probably not steady-state features, or are
artefacts associated with uncertainty in estimating porosity from

Vp. In addition, the subduction of seamounts in this region is a
transient phenomenon on the scale of hundreds of thousands of
years, so that porosity loss may be more localised and transient
than for subduction margins with smoother interface topography.
Nevertheless, previous estimates of fluid release from compaction
across the Hikurangi system averaged along-strike have assumed
initial porosities as high as 0.55 in incoming sediment reducing to
less than 0.1 after accretion (Pecher ef al. 2010). Such large changes
in porosity are not evident along the northern Hikurangi margin. In
particular, the porosity field of Fig. 2(b) shows no major change
in porosity across the toe of the wedge. This seems inconsistent
with interpretations that deformation is currently concentrated in
the outer-most few thrust slices along the profile (e.g. Pedley et al.
2010). Unless deformation is completely concentrated along faults,
there ought to be a component of compactive strain associated with
this deformation. One possible explanation is that Vp stays low in
the toe of the wedge because of intense damage/fracturing there,
in which case the matrix porosity may well be decreasing (causing
wedge drainage) but the predicted increase in Vp is offset by dam-
age sampled at seismic wavelengths (e.g. Gettemy et al. 2004). This
region may also experience periodic compressive stress release in
the wake of subducting seamounts (Dominguez et al. 2000). Alter-
natively, pore space may remain open due to low effective stresses
because of high pore fluid pressures there (Bassett ef al. 2014).

We consider integrated rates of fluid production along profile
05CM-04 by combining the results from Sections 4.3 and 4.4 for
different regions of the subduction system (Table 2; Fig. 5). For
comparison with previous studies, we divide the profile into the
following subdomains: the wedge (region I); the subducting sedi-
ment between trench and seamount (region I, x = —20 to 0 km);
the subducting sediment above the seamount (region III, x = —40
to —20 km); and subducting sediment landward of the seamount
(region IV, x = —60 to —40 km). The relative thicknesses of sed-
iment destined to be accreted or subducted at the toe, along with
the amount of incoming water bound in clay and in pore spaces,
are computed from averages over x = —2 to 10 km, and assuming
that all material above the white dashed line in Fig. 5(a) is accreted,
consistent with the material flow computed in Section 4. Regions
with porosity increasing in the direction of flow have fluid sources
set to zero. In Table 2 we use the same terminology as Pecher et al.
(2010), where the symbol # refers to thickness of incoming layers
(subscripts accr = accreted, sub = subducted); V refers to volumes
of fluid entering and released from the system (subscripts accr,
hydac = accreted and bound to hydrous minerals, sub, hydsub =
subducted and bound to hydrous minerals; comp = released from
compaction, sydaccrel = released from dehydration reactions, and
compsub, hydsubrel are released from subducting sediment). Note
however, that the comparison in Table 2 is between our estimates for
a particular profile (the northern margin) and margin-wide averages
in Townend (1997a) and Pecher et al. (2010).

Table 2 shows several surprising features in our analysis com-
pared to previous estimates of fluid productivity for the Hikurangi
Margin. We find roughly half as much fluid production in the wedge
from compaction (porosity reduction; Vcomp). This is because the
changes in porosity from incoming sediment column to wedge es-
timated via seismic reflectivity are less than those averaged for
the entire Hikurangi margin by Pecher et al. (2010) and Townend
(1997a). In addition, the mechanical model and reconstructions of
the northern margin show that most of the accretion is occurring
at the toe of the wedge; inspection of Fig. 2(b) shows little change
in average porosity across this region. Our study suggests that wa-
ter release from subducting sediment is actually higher than that
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Table 2. Prescribed parameter values and resulting fluid production in this study for line 05CM-04 compared with previous estimates for the Hikurangi Margin
(note that previous estimates are averages along-strike, whereas our values are for northern Hikurangi).

This study (line 05CM-04) Pecher et al. (2010) Townend (1997a)
Thickness of accreting sediment, /1cer (M) 912 2200 1500
Thickness of subducting sediment and 2200 900 -
volcaniclastic layers, /g (m)
Initial porosity of incoming accreting (and 0.27 (0.12) 0.55(-) 0.4 (-)
subducting) layers
Final porosity of compacted sediments in wedge ca. 0.3-0.1 0.1 0.1
Final porosity of subducting sediment <0.05 0.35 -
Clay weight fraction in incoming sediment (F) 0.2 0.2 0.2
Water fraction in smectite (/) 0.35 0.35 0.35
Subduction velocity normal to trench m yr~! 0.05 0.035 0.04
Integrated fluid (pore, bound in clay, total) Vacer = 12.2 Vacer = 42 Vacer = 24
entering trench from accreting sediment? Vhydac = 2.2 Vhydac = 2.4 Viydac =3
m? yr~! m~! Total = 14.4 Total = 44.4 Total = 27
Integrated fluid (pore, bound in clay, total) Vsub = 13.4 Vsup = 11 -
entering trench from subducting sediment® Vhydsub = 2.5 Vhydsub = 1.4
m? yr~ ! m~! Total = 15.9 Total = 12.4

Total ~ 30 m3 yr~!

Total ~ 57 m3 yr~!

Total ~ 27 m? yr~! m~!

Integrated volumetric fluid release in wedge
(region 1) from porosity change” m® yr~!' m

Integrated volumetric fluid release in wedge
(region 1) from smectite to illite transformation
(and opal) m® yr=! m~!

Integrated volumetric fluid release in subducting
sediment (regions 2, 3 and 4) from porosity

change m® yr=! m~!

Veomp = 12.6
—1

Vcompsub =139

Vhydaccrel =12 (0-3)

Region II (near trench): 6.6
Region III (above seamount): 3.6

Vcomp =39

Region IV (landward of seamount): 3.7

Integrated volumetric fluid release in regions I1I Viydsubrel = 1.8

and IV from smectite to illite transition
m? yr~ ! m™!

Region III (above seamount): 0.4

Region IV (landward of seamount): 1.4

Total ~ 30 m> yr~! m~!

Vcomp =20

% incoming pore-bound fluid released

100 per cent

in wedge and subducted sediment
(Vcomp + Vcompsub)/( Vacer + Vsub)

% incoming clay-bound fluid in subducted sediment 73 per cent
released at depth (Vhydsubrel)/( Vhydsub)

“Derived from spatially averaged porosity in material above/below décollement entering subduction system, and assuming 35 per cent water tied up in smectite,
that clay makes up 20 per cent of incoming non-porous sediment layer on average, and using calculated initial smectite/illite ratio as described in text for initial

equilibration time of 1 Myr.

bNote that top zone of wedge with porosity >0.3 is excluded from fluid release calculation to avoid interpolation errors from water to sediment.

within the wedge, most likely because the total thickness (and thus
fluid inventory) of the subducting section is substantially larger than
previous assumed (Table 2). The dewatering of the subducted sedi-
ment occurs mostly beneath the steep outer wedge slope and above
the subducting seamount, where the section becomes substantially
thinner with increasing burial depth (Fig. 5b, regions II and III).
The calculated fluid entering the subduction system bound to
smectite (Table 2; Viygac, Vhyasun) 15 mostly in the sediment des-
tined to be subducted beneath the wedge, because this sediment is
thicker than overlying (to be accreted) layers, and the volumetric
fraction of solid rock containing clay-bound water in the sediment
increases with decreasing porosity. The total modelled fluid release
owing to clay dehydration in regions III and IV is less than the total
clay-bound water entering the system (75 per cent), indicating that
some of this is lost further landward than our modelled region. The
use of the thermo-mechanical model allows us to predict that the
dehydration reaction peaks ca. 40-50 km landward of the trench

at depths of around 10 km, and that it is concentrated near the top
of the subducted sediment above and landward of the subducting
seamount, between temperatures of 80 and 150 °C (Fig. 4b). These
temperatures are comparable to the 60—150 °C range estimated for
smectite dehydration elsewhere (e.g. Saffer et al. 2008; Saffer &
Tobin 2011), although the onset of dehydration in the model oc-
curs at slightly higher temperatures, since faster convergence rates
move the dehydration peak to greater depths owing to advection
of clay downward within the underthrust sediment. Dehydration of
smectite produces fluid at a rate per volume an order of magnitude
less than peak production from porosity changes (Figs 5c versus b),
but the fluid release is sustained over a larger region at depth (e.g.
Bekins ef al. 1995). As a result, the integrated effect of dehydration
reactions in region IV, while only half of the fluid released there
from porosity changes, is still a significant source of fluid (Table 2;
Fig. 6a). Since the effect of fluid sources on overpressure devel-
opment is also influence by flow path distance and permeability
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Figure 5. (a) Colour-coded regions referred to for integrating fluid production in Figs 5 and 6 and Table 2, and definitions of incoming thicknesses (Zaccr, #sub)
as used in Table 2. (b) Average volumetric fluid production in the wedge (Region I) and subducted sediment (Regions II, III and IV) from porosity changes.

(b) Average volumetric fluid production from dehydration reactions.

along that path (Neuzil 1995), there is also a commensurately larger
impact of fluid sources from greater depth, as is seen later in the
fluid-flow modelling (Section 5).

Note that the fluid production estimated from clay dehydration
depends critically on the assumed clay fraction and smectite dis-
tribution within incoming sediment. The results shown here as-
sume that clay makes up 20 wt% of incoming sediment on average,
and compute an initial smectite-illite fraction that assumes reac-
tions have occurred for at least 1 Myr in incoming sediment. If
more smectite were initially present within incoming sediment at
2—4 km depth, and thus was subducted to depth beneath the wedge,

the fluid release from dehydration reactions would form a higher
proportion of total fluid released. Deep boreholes and better esti-
mates of incoming sediment composition are critically needed to
more accurately constrain the fluid production from clay dehydra-
tion reactions at depth along 05CM-04.

Moore et al. (2011) compute fluid production rates from porosity
loss for the Nankai margin based on structural restorations in the ac-
cretionary prism and underthrust sediments, and compare cumula-
tive dewatering rates with distance from the trench for the Aleutian,
Costa Rican, Nankai and Barbados subduction zones. For Nankai,
they find that most dewatering occurs in the outermost 2—6 km of
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Figure 6. (a) Vertically integrated fluid production (i.e. total fluid production in vertical columns) for the wedge and subducted sediment from porosity changes
and dehydration reactions. (b) Cumulative (integrated) fluid production for each region and source with distance from the trench.

the accretionary wedge (a cumulative total of ca. 11 m? yr™!' m™);
average porosities for the Nankai wedge change by over 15 per
cent (from 50 per cent to 32 per cent) over the same region. In
comparison, for 05CM-04 in Hikurangi we compute a cumulative
wedge dewatering rate over the total wedge (0—60 km landward of
the trench) of ca. 13 m® yr~! m~!? (Table 2 Vomp; Fig. 6b), but no
dewatering in the first § km away from the trench. The porosity de-
rived from seismic velocities (Fig. 2) does not decrease at all in the

first 5 km, and vertically averaged wedge porosities only gradually
decrease thereafter, from an average of about 35 per cent at the toe
of the wedge to 20 per cent 50 km landward.

Within the underthrust sediments, Tobin & Saffer (2009) compute
a cumulative dewatering rate from compaction of ca. | m* yr~! m~!
for the Muroto transect of the Nankai subduction zone, occurring
mostly within 4 km landward of the trench; Zhao et al. (1998)
report similar estimates for Barbados. Cumulative fluid release from
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subducted sediment computed for the northern Hikurangi profile is
higher (Veompsuy~14 m® yr~! m~!, Table 2; Fig. 6b), primarily owing
to the much greater thickness (on average) of subducted sediment
at northern Hikurangi in region IV compared to these localities (at
Nankai the underthrust section is less than 350m thick). We predict
that compaction-related water loss from the subducted sediment
peaks ca. 12 km landward of the trench, about mid-way beneath
the most steeply-tapered part of the outer wedge. Our computed
values are similar to the underthrust region of the Costa Rican
subduction margin which has cumulative dewatering rates reaching
ca. 10 m* yr~! m~! (Saffer 2003). These high Costa Rican rates
are attributed to a high convergence rate (almost 9 cm yr~') and
a highly porous incoming sediment section (Moore et al. 2011).
Lauer & Saffer (2012) estimate ca. 22 m? yr~' m~'? total water
entering the Costa Rican subduction zone, which is comparable to
the estimate in Table 2 for northern Hikurangi.

The peak in smectite-illite dehydration within the subducted sed-
iment occurs within the ‘normal’ temperature range of this reaction
inferred from other margins as noted above (e.g. Saffer et al. 2008;
Saffer & Tobin 2011). The predicted location of this peak (40—50 km
landward of the trench, at depths of around 10 km) depends mostly
on the calculated thermal structure of the margin, which is poorly
constrained by data at present, as discussed in Section 4.2. Hotter
margins such as Nankai that have a greater increase in tempera-
ture with depth predict dehydration at shallower depths and closer
to the trench (Saffer & Tobin 2011; Spinelli & Harris 2011). The
cool geothermal gradient along the Hikurangi subduction interface,
and the present-day location of the subducted seamount in section
05CM-04, are such that clay dehydration occurs in subducted sedi-
ment directly above and landward of the seamount.

5 FLUID-FLOW MODELS

To investigate the magnitude and distribution of pore pressure in the
forearc, and to gain quantitative insight into the factors that control
pore pressure, we constructed fluid-flow models driven by the fluid
source terms from Section 4.

Fluid pressure magnitudes depend on the competition between
rates of fluid production and fluid flow (Neuzil 1995; Saffer & Tobin
2011). Values for permeability of sediment in the wedge and sub-
ducting sediments must be assumed in order to determine whether
the fluid sources derived above can generate excess fluid pressure in
the wedge and subducted sediment. Defining average permeability
values is difficult, because large-scale structures and faults can act
as fluid pathways, so that bulk permeabilities may be much higher
than laboratory-derived measurements (Saffer & Tobin 2011; Lauer
& Saffer 2012). Ideally, fluid flow rates should be constrained by
comprehensive isotopic data and other fluid chemistry yielding in-
dependent estimates of fluid sources, mixing and residence times
(e.g. Kastner ef al. 1991; You et al. 1995, 1996; Sample 1996;
Hensen ef al. 2004; Saffer & Kopf 2006). Without such data, we
perform sensitivity studies using fluid production rates from Section
3, and two end-member fluid flow models, to provide insight into
the magnitude and distribution of fluid pressures at depth. The main
variable that we explore is the effect of décollement permeability
and its variation with distance from the trench.

As in Section 4, we derive subduction interface geometry and
wedge morphology from depth-converted seismic interpretations
of line 05CM-04, and we use the same two-dimensional model do-
main as in Fig. 3. We solve the equations of transient fluid until a
steady-state pore pressure distribution is achieved, using the pre-

viously computed volumetric fluid production rates (Fig. 4), and
no-flow conditions at the base and sides of the model. The nu-
merical code assumes Darcy fluid flow driven by excess pressure
gradients. Fluid source terms are input from Section 4. Either con-
stant or porosity-related permeabilities are imposed, but these are
modified where lithostatic fluid pressures are transiently attained, as
discussed in more detail below. The models are considered to have
converged to a steady-state solution when fluid pressure changes
between successive steps are negligible (threshold 1 MPa typically
after about 50 kyr, though most of this time is needed to evolve
permeabilities in the models as discussed below). Note that we
constrain the fluid production rates to be positive, so that, as for
Section 4, the regions with negative fluid sources arising from arte-
facts of the assumed steady-state material advection through the
porosity field are not included.

For both sets of simulations, we assume that the starting model
permeability, k, of sediment in both the underthrust section and over-
riding wedge is a function of porosity, #, as derived from laboratory
measurements of sediment core samples from ODP sites at other
margins (e.g. Saffer & Bekins 1998; Fig. 7a):

k= 10(720+5.5n)' (7)

Porosity-permeability relationships from a synthesis of data for
several subduction margins (Gamage et al. 2011) yield similar re-
sults. The sediment permeabilities derived from (7) are modified
iteratively at each point during the solution to attain a steady-state
that is consistent with fluid pressure ratios less than or equal to 1.
That is, if fluid pressure exceeds lithostatic pressure, permeability
is locally and permanently increased by a small factor (1.05x) to
simulate the effects of hydraulic fracturing that would open perme-
able pathways and limit ‘valve’ pressures (cf. Spinelli et al. 2006).
Apart from this modification, we do not consider effects of transient
changes in permeability (e.g. Bekins et al. 1995).

The décollement and slab permeabilities that we use are listed
in Table 3. Model F1 uses décollement permeabilities similar
to those estimated for other subduction margins, in which the
décollement is assumed to have a high permeability underlain by
much lower-permeability subducting sediment (Saffer & Bekins
1998; Kukowski & Pecher 1999; Lauer & Saffer 2012). In a sen-
sitivity study of model F1 (not shown), we tested the effect of a
high-permeable slab (with a permeability of 10~'° m?) but found
that it made little difference provided the slab was not connected
by a permeable pathway to the seafloor. This agrees with the model
predictions of Spinelli & Harris (2011), who showed that a sub-
ducting seamount can have a considerable effect on fluid flow and
heatflow seaward of the trench if a permeable pathway links the
basaltic crustal aquifer to the overlying ocean, but that this effect is
much smaller once the seamount is landward of the trench where
such high-permeable pathways are closed.

Model F2 is similar to F1, but tests the effect of low décollement
permeability landward of the seamount. Such a low permeabil-
ity would be appropriate for a clay-dominated shear zone where
fracture-related transient permeability is healed over interseismic
timescales, resembling the melange shear zones commonly found
in exhumed subduction-related rocks from depth (e.g. Fagereng &
Sibson 2010). We also tested two variants of model F2 designed to
maximise the chances of attaining overpressure in and below the
wedge. The first (not shown, as results were similar) had a slab
permeability of 10~2° m?; although slab permeabilities may be high
in the top-most few hundred metres as discussed above (and e.g.
Fisher 1998), some geophysical studies suggest much lower slab
permeabilities at depth (e.g. Audet et al. 2009). The second variant
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Figure 7. Fluid-flow model F1 as discussed in Section 5. (a) Initial permeability of model. Permeability in wedge and subducted sediment is derived from
eq. (7) while a constant permeability of 10~'> m? along the décollement and 10~'7 m? in oceanic crust and seamount are assumed. (b) Permeability of
model F1 adjusted iteratively during transient fluid calculation so that fluid pressure cannot exceed rock pressure (black dashed regions). Décollement and slab
permeabilities are not changed. (c) Modified fluid pressure ratio (eq. 1) after model has attained steady-state, where 0.4 is hydrostatic and 1 is lithostatic fluid
pressure. Regions with A > 0.9 are outlined in yellow. (d) Colour plot of excess fluid pressure (above hydrostatic) predicted by the model for steady-state flow.
Black vectors show direction of Darcy fluid flow. Coloured vectors are Darcy fluid flow scaled by the magnitude of flow (in cm yr~!, see legend). Black bar at
base indicates region of interface inferred to move during slow slip events, which also corresponds to zone of high-amplitude reflectivity on Fig. 1 (Bell et al.
2010; Wallace & Beavan 2010).

of model F2 turned off the iterative adjustment of permeability in hydro-fracturing. After a few steps, this converged to a steady-state
subducting sediment, as discussed below. solution (Fig. 7b). The zones where permeability was automatically
Fig. 7(a) shows the initial permeability for model F1. This per- adjusted are outlined with black dashes. Above the seamount, these

meability was evolved as detailed above to account for effects of regions are all located within the wedge (not subducting sediment)
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Table 3. Fluid-flow model parameter values.

Highest fluid overpressure

Model Décollement permeability (m?) Slab permeability (m?)  attained in Region IV (1) Fig.
Region IV~ RegionIII  Region I

F1 10-1° 10715 10°15 10-17 0.8 (0.8)* 7

F2 10-20 10715 10713 1017 0.9 (1.0)* 8

“For model variants where hydrofracturing (opening of permeabilities) was not allowed in subducting sediment.

but two areas of adjustment also occur within the incoming sub-
ducting sediment: one directly under the steep frontal thrust, and
the other seaward of the trench, in the region where proto-thrusts
are observed to form along the Hikurangi wedge (Barnes et al.
2010). These areas are generally coincident with local maxima in
fluid sources (Fig. 4), and the final steady-state solution is con-
sistent with the idea that in areas of large observed porosity loss
(manifested as large source terms), higher permeability is required
to accommodate the higher fluid fluxes from dewatering.

To estimate the effect of fluid overpressure on rock strength, in
Fig. 7(c) we show the fluid pressure ratio A corrected for water
depth, D (eq. 1; Davis et al. 1983). Red shows overpressured areas
where the effective strength of sediment is significantly weakened;
the yellow contours outline & > 0.9. Over most of the wedge and
subducting sediment, values of A are 0.6—0.8, while they are < 0.6
within the more permeable décollement. It must be noted that since A
is aratio, the subducted sediment landward of the seamount—which
has the greatest thickness of sediment above it—can have significant
fluid overpressure (>70 MPa) without exceeding lithostatic pressure
(Fig. 7d, which also shows how fluid is funnelled along the highly
permeable décollement at velocities as high as 4 cm yr™!).

Since grid resolution in the fluid-flow models is 160 m and the
strong contrast in material properties at the seafloor is interpolated
onto this grid, the predicted overpressure near the seafloor is not
well constrained in the models within the top few elements of sed-
iment. For this reason, we do not think our models can be used to
estimate likely fluid overpressures that would be encountered while
drilling <2 km into the wedge. At greater depths the effects of in-
terpolation and discretisation are relatively minor, so that we can
be more confident about fluid pressure predictions for the assumed
permeability distribution in Model F1.

Bell et al. (2010) proposed that the region of high reflectivity
and interface slow-slip landward of the seamount (Fig. 1c) could
be explained as the result of near-lithostatic fluid pressures along
the interface, with increased fluid pressures associated with pond-
ing of fluids there. We have used our model to test under which
circumstances we can attain very high fluid pressures landward
of the seamount. We have found two possible fluid-flow scenar-
ios consistent with higher fluid pressure in Region IV. The first is
to have greater fluid production in that Region than we have esti-
mated here; if fluid production is doubled (for example by greater
sediment thickness and/or initial smectite content), the greatest
fluid pressure ratio A is found there. The second alternative is to
have an extremely low décollement permeability; for example, if
the décollement lies above the condensed sequence of strongly
reflective Late Cretaceous-Early Oligocene (70-32 Ma) sediments
(Plaza-Faverola et al. 2012) it is possible that the sequence of thin
nannofossil chalks and mudstones act as a seal. Décollement per-
meability may also decrease with increasing temperature, pressure
and deformation away from the trench, as sediment compaction and
cementation occur, and the onset of pressure solution seals perme-
able fractures and pore spaces by quartz and calcite (e.g., Moore &
Saffer 2001). We explore the ‘end-member’ effects of this in model

F2 (Fig. 8) by reducing the permeability along the décollement to
a very low value of 1072 m? for calculated temperatures >80 °C.
Since fluid is being produced in this region, a transient pulse of fluid
pressure exceeding lithostatic values ‘opens’ regions in the wedge
and subducting sediment (Fig. 8a, outlined regions). After some
time, steady-state flow is attained, and fluid pressure ratios >0.9
are predicted landward of the seamount (yellow outlined region,
Fig. 8b; red overpressured zone, Fig. 8c). This effect is even more
marked if the iterative adjustment of permeability is not allowed in
subducting sediment; then a small zone with A > 1 is predicted, al-
though it is unlikely to be sustained as hydraulically-induced shear
failure and/or hydrofracturing that would increase permeability and
buffer pore pressure at or below lithostatic would tend to develop
under these conditions (Fig. 8d).

6 DISCUSSION

The models we used to predict fluid sources and fluid overpressure
contain many assumptions, so that the results are indicative only.
We acknowledge that several criticisms can be levelled at our ap-
proach. Chief among these are steady-state heat-flow, fluid flow and
material advection is unlikely to be valid for a wedge undergoing
periodic subduction of seamounts. Episodic seamount subduction
will change wedge geometry, taper, incoming sediment thickness
and composition, and the relative importance of sediment underplat-
ing, accretion and erosion through time. Our method for deriving
compaction-related fluid sources also assumes that the porosity de-
rived from the seismic reflection analysis is sufficiently resolved
and that this porosity field is stationary with respect to the margin.
For the fluid-flow models, the permeabilities we have used in the
wedge and subducting sediments are poorly constrained, and the
effect of upper plate structure and faults has not been considered.
We have also neglected fluids produced at depth from dehydration
of the oceanic crust, which may enter the model domain along the
inferred high-permeability décollement.

While bearing these limitations clearly in mind, the modelling
also provides the best-constrained estimate of fluid budgets to-date
for northern Hikurangi. Although the predicted pore pressure at all
depths may not be well constrained, the approach is still useful for
testing hypotheses about the distribution, magnitude, and underlying
drivers of pore pressure, and the relative role of compaction-driven
fluid loss vs. dehydration at depths <12 km within underthrust and
accreted sediment. We discuss some of these aspects in more detail
below.

6.1 Comparison of our results with geophysical evidence
for high fluid pressures and low effective stresses along
05CM-04

The fluid-flow models discussed in Section 5 indicate that, unless
the deeper parts of the subduction interface act as a barrier to fluid
flow, maximum fluid pressure ratios are 0.6 < A < 0.8 through
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Figure 8. Fluid flow model F2 where décollement has a low permeability for temperatures >80 °C. (a) Final permeability for model F2. Black dashed regions
show where permeability has been adjusted to prevent fluid pressure exceeding lithostatic pressure. (b) Fluid overpressure ratio once steady-state has been
attained. Regions with A > 0.9 are outlined in yellow. (c) Colour plot of excess fluid pressure (above hydrostatic) predicted by the model for steady-state flow.
Black vectors show direction of Darcy fluid flow. Coloured vectors are Darcy fluid flow scaled by the magnitude of flow. (d) Fluid overpressure ratio for model
F2, but where permeabilities have not been adjusted in subducting sediment, so that fluid pressures greater than lithostatic are permitted. Regions with & > 0.9
are outlined in yellow and those with A > 1 in white. Black bar at base is region of interface slow slip and high-amplitude reflectivity.
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most of the wedge and subducting sediment. We assumed A = 0.65
during our initial mechanical calculations (Table 1). To produce
wedge mechanics broadly consistent with models of the long-term
subduction of a seamount (Electronic Supplement 4) we require
quite low effective friction coefficients along the décollement. These
low friction values give basal shear stresses increasing from 0 MPa
(at the toe), to ca. 10 MPa beneath the steep frontal wedge, and up
to 20 MPa above and landward of the seamount.

The prediction of moderately overpressured fluids and a weak
basal décollement agrees with previous estimates of fluid pressures
above hydrostatic for the northern Hikurangi margin (Sibson &
Rowland 2003). Seismic velocity ratios Vp/Vs and P-wave atten-
uation values are suggestive of overpressured sediments along the
interface (Eberhart-Phillips et al. 2005, 2008; Reyners et al. 2006;
Bassett ef al. 2014), but also a relatively dry, permeable hanging
wall (Eberhart-Phillips et al. 2008; Reyners & Eberhart-Phillips
2009). Aqueous fluids emerging in the Northern Hikurangi forearc
have mantle/slab He isotope ratios that indicate a permeable upper
plate (Reyes et al. 2010). This is consistent with sublithostatic fluid
pressures, although the warm springs from which the fluid chem-
istry was derived are further landward and south of the modelled
section (Fig. 1).

Bassett et al. (2014) used Vp ratios derived from refracted arrivals
(Fig. 2) to directly derive effective stress (e.g. Moore & Tobin 1997,
Kitajima & Saffer 2012), assuming that the northern Hikurangi
margin wedge is close to extensional failure whereas the southern
margin is close to compressional failure. From this analysis they
estimated fluid pressure ratios of around 0.5-0.67 in the north, and
as high as 0.87 for southern Hikurangi. Their extensional wedge
solutions for northern Hikurangi predicted low basal shear stress
values along the décollement (<10 MPa), slightly lower than our
estimates, based on modelling and wedge mechanics.

Fagereng & Ellis (2009) computed strength profiles along the
subduction interface for northern and southern Hikurangi. For
a geothermal gradient along the subduction interface of ca. 13
°Ckm™! (Fig. 4b), the onset of crystalline plasticity in quartz at
300-350 °C occurs at about 23-27 km depth. Fagereng & Ellis
(2009) computed a shallower brittle—ductile transition than this in
the north because they used a high interface friction coefficient of
0.6 and hydrostatic fluid pressure (A = 0.4), leading to a frictionally
stronger subduction interface there.

With the low basal friction coefficient of ~0.15 we used here,
and fluid pressure ratios of ~0.6 along the subduction interface, we
cannot explain the onset of slow-slip at ~10 km depth by dislocation
creep mechanisms in quartz-controlled crystalline plasticity. Alter-
native mechanisms include: (1) elevated fluid pressures landward of
the seamount along the subduction interface, possibly owing to rapid
sealing of the permeable décollement with increasing temperature
and clay deformation (e.g. Fig. 8; Kodaira et al. 2004; Bell ef al.
2010); and/or (2) aseismic and/or transient creep mechanisms occur
along the subduction interface at temperatures below the commonly
accepted lower limit of ca. 300-350 °C. Low-temperature aseismic
creep may be aided by subduction of rough seafloor, which will
broaden the deforming shear zone to a distributed zone of fractured
rocks that deform aseismically by mixed continuous-discontinous
shear (e.g. Fagereng & Harris 2014; Wang & Bilek 2014). In fact it
is possible that both of these mechanisms operate in tandem, since
the second mechanism is aided by locally high fluid pressures. In
any case, sufficient permeability must exist across the subduction
interface to explain mantle He signature fluids arriving at the surface
(Reyes et al. 2010); this suggests that the fluid pressure distribu-
tion shown in Fig. 7 (model F1) is more likely than that in Fig. 8

(model F2), though it is possible than transient pulses of higher fluid
pressure do occur along the interface as shown in Fig. 8.

Bell et al. (2010) proposed that the seamount may act as a barrier
to fluid flow along the décollement, promoting fluid ‘ponding’ and
high overpressures in the region of slow-slip and enhanced seis-
mic reflectivity there. We have found through sensitivity tests that
cutting off a small region of the permeable décollement above the
seamount does not produce high fluid pressures in the sediment
package landward of it. A continuous, low-permeability seal is re-
quired above subducting sediment to prevent fluids escaping to the
wedge (e.g., Fig. 8). In three dimensions, if the seamount were act-
ing as a fluid-flow barrier, fluid would be expected to flow around
it; this effect remains to be tested in future (3D) models. However,
based on our results we think that the main effects of the seamount
are: (1) to allow a significantly thick package of fluid-rich sediment
to subduct to depth below the wedge, such that pore fluids are sub-
ducted deeper than, for example, in Nankai and (2) to transiently
perturb deformation along the subduction interface and within the
wedge, increasing the complexity and roughness of the interface in
the manner outlined by Wang & Bilek (2014).

6.2 Why are porosities maintained in the wedge?

The seismic reflection analysis along line 0SCM-04 indicates a
negligible reduction in porosity as material accretes from incoming
sediment into the wedge or is subducted beneath it (Fig. 2a). One
explanation for the maintenance of relatively high porosity is that
the sediments are undercompacted (where undercompaction means
greater porosity at depth than is typical for other subduction mar-
gins). This can occur if cementation prevents pores from closing
with increased overburden pressure, or via severe disequilibrium
compaction with essentially undrained behaviour and high pore
pressures. The latter mechanism is enhanced by high sedimentation
rates and is likely to be limited in depth.

Bassett et al. (2014) suggest that high fluid pressures can lead
to apparent high porosity in accreting and subducting material in
northern Hikurangi by promoting pervasive fracturing. However,
fracture-related secondary porosity will also increase the perme-
ability of the wedge, for example along continuous fractures and
faults to the seafloor. In fact, our fluid flow models in Section 5
require some increase in wedge permeability to avoid overpressures
near the prism toe (Fig. 7b), although we do not model the inter-
action with wedge mechanics during this process. Increased wedge
permeability through a fracture system reduces fluid overpressure to
moderate (sublithostatic) values in the wedge above the subducted
sediments, although locally higher fluid pressures may occur within
the underthrust sediments provided they are hydraulically sealed
from the overlying wedge (e.g. Fig. 8).

An additional tectonic factor may help account for the lack in
consolidation: that fracture-related secondary deformation occurs
as the wedge transiently adjusts to the passage of seamounts with
cycles of frontal and basal erosion and accretion (Fig. ES4; Collot
et al. 1996, 2001). This could also explain the particularly high
porosities near the toe of the wedge.

6.3 Clay dehydration: comparison with geophysics, and
effect on fault friction

The models predict that clay dehydration is a significant source
of fluid starting at depths of around 10 km, ca. 40 km landward
of the trench. This depth corresponds roughly to a change from
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electrically conductive to less conductive material just above the
subducting plate imaged in a recent magnetotelluric study (Heise
et al. 2013). Our models support the conjecture of Heise et al.
(2013) that this change is related to the transition from conductive
smectite to less conductive illite. The modelled clay dehydration in
the subducting sediment shown in Fig. 4(b) coincides with a highly
reflective zone imaged by Bell et al. (2010) that they ascribed to
high fluid pressures. Is this reflectivity caused by high fluid pressures
alone, or could it be partly related to an intrinsic property of the
clay mineralogy as it changes with depth? These effects are difficult
to separate, because the smectite to illite transition both changes
the clay mineralogy and releases water, so that a combination of
changes in fluid content and mineralogy is likely in this zone.

The transition from smecite to illite may also have consequences
for frictional behaviour of the interface. Water-saturated smectite
has been measured to have friction coefficients as low as 0.1 (Moore
& Lockner 2007), sufficiently low to be consistent with the low
frictional coefficients required by our sensitivity analyses. Saffer
& Marone (2003) measured an increase in frictional strength from
smectite (0.15-0.32) to illite (0.42-0.68) and found that illite was
velocity-strengthening at all measured normal stresses, consistent
with aseismic slip, whereas smectite was velocity-weakening at low
effective normal stresses. It is therefore possible that the change
from smectite to illite is at least partially responsible for the downdip
change from locked to creeping in this part of the Hikurangi margin.

6.4 What are the mechanical properties of the décollement
at depth?

Although we have modelled the subduction interface as a narrow
décollement to 12 km depth, if it is permeable it will have a lower
fluid pressure than underlying sediment, especially landward of
the seamount (Fig. 7). This reduces the likelihood that the inter-
face continues as a narrow shear zone, since sediment beneath it
will be frictionally weakened by having lower effective stresses;
instead, the locus of deformation may widen and transiently shift
across a broad sheared melange, as is seen in some exhumed exam-
ples interpreted as ancient subduction interfaces (e.g. Fagereng &
Sibson 2010). Such widening agrees with Rowe et al.’s (2013)
model of a thick subduction thrust interface based on drill cores and
exhumed subduction thrust interfaces from a range of locations and
representing depths down to ~15 km. In their model, the actively
deforming subduction thrust is a zone hundreds of metres wide,
containing several thin, discrete fault surfaces. For our fluid flow
models, a wide interface internal structure implies that permeability
is likely to be maintained along discrete, interface-parallel surfaces,
although the active slip surface may be transient and move with time
within a thicker zone of deforming subducting sediments. However,
this model also implies an interplay between frictional sliding on
discrete slip surfaces, and distributed deformation by dissolution-
precipitation creep in surrounding sediments (e.g. Fagereng 2011a),
at least at depths where temperatures are conducive to pressure so-
lution in quartz (Moore et al. 2007). Competition between frictional
sliding and dissolution—precipitation creep is likely modulated by
fluid pressure, where elevated fluid pressure would reduce frictional
strength and promote frictional sliding, and the relative importance
may vary in time as a function of fluid pressure transients. The
increased fluid release downdip of the seamount may promote ei-
ther dissolution precipitation, in the case of high permeability, or
frictional sliding, if permeability is low.

Alternatively, the interface may be located along or just above the
condensed sequence of Late Cretaceous—Early Oligocene chalks
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and mudstones, or along an overpressured clay gouge horizon with
low permeability (e.g., Fig. 8). In this case, it may be a narrow zone
above the seamount, and continue as a narrow zone to depth, because
low friction clays combined with localized high fluid pressure can
maintain such a horizon as a weak, preferred plane of failure (Moore
& Lockner 2007). The subducted sediments below the décollement
are still likely to be fluid-saturated and fine-grained, and conducive
to interseismic distributed deformation by dissolution-precipitation
creep or distributed cataclasis (e.g. Gratier et al. 2013). However,
in this model, the subduction thrust would contain a single discrete
slip surface above the subducting sediments, rather than numer-
ous faults within a thicker deforming zone. Overall, this is not
our preferred model, as fluid chemistry reported by Reyes et al.
(2010) indicates at least transient permeability where the surface
is connected to the mantle. Also, discrete slip surfaces within or
above dehydrating subducting sediments are likely to be sealed by
quartz and/or calcite cements precipitated from hydrothermal fluids
along the impermeable horizon, for example as fluid pressure fluc-
tuates associated with episodic slip along the subduction interface
(e.g. Sibson 1996). Such fault sealing is likely to strengthen the
slip surface, and promote generation of new slip surfaces within the
subducting sediments, for example along cleavage or relict bedding,
rather than reshear of the sealed horizon (Fagereng 2011b).

6.5 Effect of splay faults in upper plate

We have not modelled development of secondary splay faults in the
wedge, since our models are ‘snapshots’ in time starting from the
present-day geometry and geophysics. Lauer & Saffer (2012) in-
vestigated the effect that permeable faults in the wedge can have on
décollement overpressures for the Costa Rican subduction margin.
They found that permeable splay faults can significantly affect the
geochemistry and geophysics of the subduction margin, accounting
for between 6 and 35 per cent of the total dewatering of sediment.
They assumed splay fault permeabilities of between 1071 m? and
10713 m?, which are significantly higher permeabilities than those
we derived for the wedge from eq. (7). The iterative increase in
permeabilities we used to prevent fluid pressure ratios >1 in some
ways simulate the effect and opening of permeable pathways along
splay faults, though they are purely fluid-controlled (Figs 7 and 8).
We found that we needed to iteratively increase permeabilities by
an order of magnitude in the wedge to prevent unphysical fluid
pressures. These regions were spread over a broad zone; if taken
up along a narrow splay fault, this would require even greater in-
creases in permeability, consistent with the findings of Lauer &
Saffer (2012).

6.6 Influence of seamount subduction on fluid generation
and overpressure

Based on the results shown here, we think that the main effect of
the subducting seamount imaged on line 05CM-04 is to have facili-
tated the local underplating of a thick layer of sediment beneath the
wedge. This sediment package acts as a reservoir for compaction-
and dehydration fluid release at depth, causing elevated fluid
pressures and a change in clay mineralogy immediately landward
of the seamount in its current location. If the seamount also causes
a significant reduction in decollement permeability, by decreasing
the thickness of the subducting sediment layer or impinging directly
on the crystalline hanging wall, it may act as a barrier to fluid flow,
possibly enhancing overpressure. If, on the other hand, the seamount
is a zone of increased fracture intensity (Wang & Bilek 2014), it is
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possible that it represents a zone of elevated fracture permeability
and connectivity of fluid pathways from the subducting sediments
into the wedge. In this latter case, fluid overpressures may not be as
high as predicted in Figs 7 and 8. Thus, although we predict signifi-
cantly elevated fluid release along the subduction interface downdip
of the seamount, the overall effect of the seamount on permeability,
and therefore the effect on fluid pressure, remains uncertain.

6.7 Consistency of the mechanical model in Section 4 and
fluid overpressure predictions from Section 5

Sections 4 and 5 separate out models of the mechanical and fluid-
flow steady-states for the wedge and subducting sediment in order
to demonstrate the different controls on the system. A progressive
iteration of mechanical strength and fluid pressure starting from the
present-day wedge bathymetry is non-unique and develops insta-
bilities, since fluid pressures are initially not in balance, creating
transient mechanical behaviour.

However, we performed a simple check to make sure that me-
chanical and fluid-flow models are broadly consistent with each
other, using results from the fluid flow model (F1) at steady-state,
where fluid pressures had reached equilibrium and permeability had
evolved to prevent supra-lithostatic values (Fig. 7b). We used the
fluid pressure ratio A, from Fig. 7(c) as input to the mechanical
model and recomputed the material flow and predicted volumetric
fluid production from the porosity field. We found that the me-
chanical model predicted similar wedge dynamics to that shown in
Fig. 3(b), and that predicted fluid release from compaction in the
wedge and subducted sediment differed by <10 per cent from the
values listed in Table 2. A further improvement to the models shown
here would be to iterate several times back and forth between me-
chanics and fluid-flow, but we do not think it would change results
significantly, provided the initial (dry) friction values used in the
mechanical model are sufficiently strong, as in Table 1.

7 CONCLUSIONS

We have used a 2-D thermomechanical-fluid model to estimate fluid
overpressure for a profile along the northern Hikurangi subduction
margin. The results show that:

(1) The northern Hikurangi margin has relatively small rates of
fluid production in the wedge compared to previous (average) esti-
mates for the margin and other subduction margins (Table 2), be-
cause the persistence of high porosity across the wedge retains fluid
in the system. Fluid is released by compaction mainly in the sub-
ducting sediment seaward and landward of a subducting seamount,
and beneath the steep frontal wedge.

(2) The models predict that clay dehydration reactions pro-
duce fluid in the subducting sediment starting at depths of around
10 km, ca. 40 km landward of the trench, although volumetric fluid
production rates are an order of magnitude less than those from
porosity loss.

(3) Based on the model results, we think that the main effect
of a subducting seamount on fluid sources and overpressure is to
enhance the subduction of thick packets of sediment to depth. Over-
pressures are predicted landward of the seamount in the subducting
sediment. This location corresponds to the high reflectivity zone
imaged on line 05CM-04 by Bell et al. (2010). This spatial coinci-
dence is compatible with moderately high fluid pressure affecting
the enhanced reflectivity, but it could also be related to changes in
mechanical properties of the subduction interface there, particularly
the change in clay mineralogy.

(4) Fluid overpressure is likely within the northern Hikurangi
profile, although we do not predict that substantial parts of the wedge
or subducting sediment remain at or near lithostatic fluid pressure
values. Our simple fluid-flow model shows that fluid overpressure is
most likely to be retained within the subducting sediment on either
side of the seamount. Changes in permeability from hydrofracturing
are predicted within the wedge, providing permeable pathways for
fluids to the surface, and seaward of the wedge in the proto-thrust
region. More significant overpressures, with fluid pressure ratios of
0.95 or higher, may develop along the subduction interface landward
of the seamount if a thin, extremely low-permeability seal is present
along the décollement there.

(5) Inthe future, more detailed analyses constraining rates of fluid
expulsion along faults and seeps using fluid chemistry and residence
times will improve fluid budget estimates and determination of fluid
overpressure with depth.
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Additional Supporting Information may be found in the online ver-
sion of this paper:
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Figure ES1. (a) Velocity determined by high density velocity analy-
sis derived from the multichannel seismic data along line 05CM-04
atx = —35 km (see Fig. 2 for location of this profile). The shaded re-
gions represent the range of velocity functions and transformations
derived for this site using two separate pre-stack depth migration
velocity analyses. (b) Calculated density derived using the relation-
ships of Brocher (2005) and Gardner et al. (1974). Red highlight of
reference indicates method used in the main paper for fluid budget
analysis. (c) Porosity calculations. The four porosity curves were
derived using: Erickson & Jarrard (1998) using normal (NC) and
high compaction (HC), Gardner ef al. (1974) and Brocher (2005)
(assuming a particle density of 2750 kg m~3). Red highlight of
reference indicates method used in the main paper. Note that the
porosity varies more between transformation methods than from ve-
locity variations alone, i.e. the blue shaded area (c), derived from the
range of velocity values (a) using Erickson & Jarrard (1998) normal
compaction gives less spread than the porosity values derived from
the four different velocity-porosity relationships at depths greater
than 4 km.

Figure ES2. Comparison between weak, moderate and strong fault
friction (angles of friction 2°, 8.5° and 25°, respectively, and fluid
pressure ratio of 0.65. Colour contours are velocity magnitude
(0-50 mm yr—') and with velocity vectors at selected points su-
perimposed. The strong detachment case predicts deformation all
the way to the backstop, which is not consistent with preliminary
structural reconstructions that suggest that most recent deformation
has occurred in the frontal part of the wedge (between x = —20
and 0 km).

Figure ES3. The horizontal gradient in the porosity field of Fig. 2(b)
(dn/dx).

Figure ES4. (a) Initial setup of numerical experiment with sub-
ducting seamount. Backstop (red), sediment (blue, yellow layers)
and slab (white) have dry friction angles of 35°, 30° and 30°, re-
spectively, while weak detachment has a dry friction angle of 8°.
Hydrostatic fluid pressure is assumed, so that these correspond to
effective friction coefficients of 20°, 17.5° and 4.8°, respectively.
Cohesion is 1 MPa for all material except detachment where it
is negligible. A boundary velocity of 5 cm yr! is applied along
the right-hand edge of the model and at the base and below of the
backstop parallel to the detachment layer. An initial taper of 1° is ap-
plied at the top of the model (which is a free surface). (b) Geometry
after 1 Myr of deformation. The seamount has created, and then
passed landward of, a steep frontal wedge. (c) Strain-rate invari-
ant (colour contours) and velocity vectors after 1 Myr. (d) Nom-
inal model from the main paper (Fig. 3), and equivalent for a
higher detachment strength, using present-day geometry and in-
ferred materials at depth for comparison. Dry friction angles along
detachment labelled to left of panels are for a fluid pressure ratio
A = 0.65. (http://gji.oxfordjournals.org/lookup/suppl/doi:10.1093/
gji/ggv127/-/DC1)

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.
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