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We evaluate different hypotheses concerning the formation of a peculiar, flat-topped ridge at Rock Garden,
offshore of the North Island of New Zealand. The coincidence of the ridge bathymetry with the depth at
which gas hydrate stability intersects the seafloor has been previously used to propose that processes at the
top of gas hydrate stability may cause seafloor erosion, giving rise to the flat ridge morphology. Two
mechanisms that lead to increased fluid pressure (and sediment weakening) have previously been proposed:
(1) periodic formation (association) and dissociation of gas hydrates during seafloor temperature
fluctuations; and (2) dissociation of gas hydrates at the base of gas hydrate stability during ridge uplift.
We use numerical models to test these hypotheses, as well as to evaluate whether the ridge morphology can
develop by tectonic deformation during subduction of a seamount, without any involvement from gas
hydrates. We apply a commonly-used 1D approach to model gas hydrate formation and dissociation, and
develop a 2D mechanical model to evaluate tectonic deformation. Our results indicate that: (1) Tectonics
(subduction of a seamount) may cause a temporary flat ridge morphology to develop, but this evolves over
time and is unlikely to provide the main explanation for the ridge morphology; (2) Where high methane flux
overwhelms the anaerobic oxidation of methane via sulphate reduction near the seafloor, short-period
temperature fluctuations (but on timescales of years, not months as proposed originally) in the bottom
water can lead to periodic association and dissociation of a small percentage of gas hydrate in the top of the
sediment column. However, the effect of this on sediment strength is likely to be small, as evidenced by the
negligible change in computed effective pressure; (3) The most likely mechanism to cause sediment
weakening, leading to seafloor erosion, results from the interaction of gas hydrate stability with tectonic
uplift of the ridge, provided bulk permeability strongly decreases with increasing hydrate content. Rather
than overpressure developing from dissociation of hydrates at the base of gas hydrate stability (as previously
thought), we found that the weakening is caused by focusing of gas hydrate formation at shallow sediment
levels. This creates large fluid pressures and can lead to negative effective pressures near the seafloor,
reducing the sediment strength.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

properties of sediment. For example, overpressure generated from
volume expansion during dissociation of hydrate to gas and water may

Formation (association) of methane gas hydrate beneath the
seafloor is limited by the range in temperature and pressure at which
gas hydrate is stable, and also by the available supply of methane and
water (e.g., Rempel and Buffett, 1997; Sloan, 1998; Xu and Ruppel,
1999). Over time, gas hydrate zones can shrink or expand as local
pressure, temperature, and methane supply changes (e.g., Sultan et al.,
2004). Such variations are thought to have significant effects on physical
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lead to sediment weakening at the base of the gas hydrate stability zone
and possibly trigger submarine slope failure (Mienert et al., 1998, 2005;
Xuand Germanovich, 2006). Conversely, several laboratory studies have
shown that the presence of gas hydrate in the pore space increases
sediment strength (Yun et al., 2007; Winters et al., 2007).

In this paper, we investigate a possible link between gas hydrate
dissociation and sediment strength along the Hikurangi Margin of New
Zealand (Fig. 1). The central part of the Hikurangi Margin of New
Zealand is characterised by a series of long (<100 km), sub-parallel
accretionary ridges (Barnes and Mercier de Lépinay, 1997). Along part of
this margin, in contrast to the usual ridge morphology, some ridges have
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Fig. 1. Tectonic setting (top) and location of Ritchie Ridge and Rock Garden (outlined in
black box at top), offshore North Island, New Zealand, modified from Pecher et al.
(2005). RB = North Island Geophysical Transect. The area enclosed by red lines (top)
shows the approximate extent of bottom simulating reflectors (BSRs) representing the
base of the gas hydrate stability field. BSRs are prevalent along most of the East Coast
margin in water depths ranging from 600 to 3000 m (Henrys et al., 2003b). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

a several-kilometre wide flat top. The observation of pinch-outs of
bottom simulating reflectors (BSRs) at the edges of the flat-topped
ridges led Pecher et al. (2005) to suggest a mechanism of gas-hydrate-
related seafloor erosion. Two processes were proposed (Fig. 2): (1)
During ridge uplift, an upward migrating base of gas hydrate stability
(BGHS) with respect to the seafloor may lead to gas hydrate dissociation,
overpressure, seafloor weakening, and ultimately, slope failure. After
sliding, water depth, and hence hydrate stability, increase again and the
process may repeat itself during continued uplift. Evidence from
bathymetric and seismic data supports the presence of small slides on
the edges of the plateau; (2) Repeated dissociation and formation of gas
hydrates on the ridge crests caused by water temperature fluctuations
may contribute to seafloor weakening. During warm-water periods, gas
hydrates can dissociate, leading to net pore-volume expansion, whereas
pore volume can contract during gas hydrate formation in cold-water
periods. It was hypothesized that repeated pore-volume contraction
and expansion could cause weakening of the seafloor. Weakened
sediments would then slide down the steep ridge flanks and/or be
eroded by water currents. It was known that water temperatures in the
study area varied by at least 4-0.9 °C. Hence, the top of the gas hydrate
stability in the ocean was predicted to repeatedly move up and down by
435 m. In other words, the seafloor around the BSR pinch-outs was
predicted to repeatedly enter and leave the gas hydrate stability field, so
that any gas hydrate close to the seafloor would repeatedly form and
dissociate. Meso-scale (100-200-day) variations of the Wairarapa Eddy
were suggested to be the most likely cause for the temperature changes.
As pointed out by Pecher et al. (2005), several parts of the proposed
gas-hydrate-related weakening mechanisms need to be verified.
Dissociation of gas hydrates at the BGHS requires that the ridges
need to remain within the gas hydrate stability field (for the average
bottom-water temperature), which seems to contradict the presence
of BSR pinch-outs. For repeated dissociation of gas hydrates to cause
weakening, the thermal signal needs to reach the depths of gas-
hydrate-bearing layers, which may not reach the seafloor owing to
oxidation at the sulphate-methane interface (Borowski et al., 1996).
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Fig. 2. Conceptual models proposed by Pecher et al. (2005) for the weakening of surface sediment caused by interaction with hydrate formation/dissociation. (A) Gas hydrate
dissociation during uplift of the ridge causes overpressure and mechanical weakening at the bottom of gas hydrate stability, inducing mass failure and slumping; (B) Repeated
formation and dissociation of hydrate during seafloor warming and cooling cycles weaken the seafloor.
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In addition to Rock Garden, two ridges further to the north —
the western-most and possibly, the eastern-most ridges of Ritchie
Banks — display a similar flattened ridge top flanked by BSR pinch-
outs. Hence, erosion at these depths must be linked to a regional
mechanism. Regional uplift, sub-aerial and/or wave erosion, followed
by subsidence to current depths, was considered unlikely by Pecher
et al. (2005) because of the smooth flanks of another ridge that
crosses the ~600 m water depth. If this mechanism were responsible
for ridge morphology, regional uplift should have exposed this ridge
to sub-aerial erosion, and hence a change in slope dip would be
expected. Likewise, current erosion above ~600 m water depth (as an
alternative regional erosion mechanism) would also affect this ridge,
leading to a change in slope dip which is not observed. This suggests
that although currents may ultimately be responsible for erosion at
Rock Garden, their efficacy must be enhanced by some process that
weakens near-seafloor sediments.

Rock Garden is thought to be uplifted by a subducting seamount
(Henrys et al., 2006; Barnes et al., 2009-this issue). Recently, the shape
of this seamount has been constrained more accurately. Depth
conversions using wide-angle velocity data indicate the top of the
seamount to be ~5 km beneath the seafloor and stand approximately
3 km above the subducting Hikurangi Plateau (Fig. 3B). This enables
us to test whether Rock Garden ridge morphology results from the
subducting seamount and not from the interaction with gas hydrates
in the sediment at all. We note that it would be a coincidence if this
mechanism also applies to shape the western-most Ritchie Banks
ridge.

In this paper, we use numerical models to evaluate the proposed
mechanisms for creation of the flat-topped ridges of Rock Garden. A one-
dimensional model of fluid flow and transport of heat, methane, and salt
ina porous medium is used (Xu, 2004) to simulate the effects of uplift and
of a small-scale temperature fluctuation at the seafloor on gas hydrate
formation, dissolution, and dissociation. We constrain uplift rates using a
2D mechanical model. These models, together with a review of tectonic
and methane constraints from data collected on and around Rock Garden
and Ritchie Ridge, are used to evaluate whether either of the following
hypotheses is a plausible explanation for the ridge morphology:

Hypothesis 1. A consequence of tectonics only (subduction of a
seamount or lower plate high), so that the correspondence between a

flat bathymetry and the predicted depth of BSR pinch-outs is purely
coincidental;

Hypothesis 2. Caused by mechanical strength changes owing to
interaction of sediment with gas hydrates, either by:

a. Repeated formation and dissociation of hydrates near the seafloor
as a result of temperature changes; or

b. Dissociation of gas hydrates at the base of the gas hydrate stability
zone resulting from tectonic uplift.

For Hypothesis 2, we assume that once sediment is mechanically
weakened, it is then eroded by bottom currents and/or internal waves,
creating flat-topped ridges by submarine erosion (e.g., Cacchione
et al., 2002).

2. Data constraints

Along the Hikurangi subduction margin, North Island New
Zealand, the oblique subduction of Pacific oceanic lithosphere beneath
continental Australian plate lithosphere has created a series of
uplifted anticlines within the offshore accretionary wedge (Figs. 1
and 3; Davey et al, 1986; Barnes and Mercier de Lépinay, 1997;
Henrys et al., 2003a). While the accretionary morphology along the
southern part of this margin is thought to be entirely controlled by
thrusting, seamount subduction is inferred to generate uplift in the
central part of the margin (Barnes et al., 2009 — this issue) with Rock
Garden being the southern-most seamount-related ridge.

Observations from this area relevant to our tests include:

* Steep slopes of Rock Garden have been interpreted to indicate that
overconsolidated material is being exhumed there (Pecher et al., 2005).
This interpretation was confirmed by the recovery of consolidated
rocks in dredge samples — mainly fractured mudstone, but also some
inundated sandstone, as well as carbonates (Pecher et al., 2007).

» A temperature probe was recovered from 580 m water depth on
Ritchie Banks in 2006 (Pecher et al., 2007; Pecher et al., 2008),
indicating that temperatures were ~0.5 °C lower than the lowest
temperatures predicted by Pecher et al. (2005) based on historic
CTD data. It also appeared that the period of the temperature
fluctuations was longer than the 15-month deployment (Pecher
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Fig. 3. Multichannel seismic sections across the Rock Garden bathymetric high. NIGHT profile locations are shown in Fig. 1. Eastern part of NIGHT seismic data acquired by M/V Geco
Resolution across the Hawke Bay margin (Henrys et al., 2003a). Upper margin structures are correlated to and mapped with an extensive set of high-quality industry and research
seismic sections (Barnes et al., 2009 — this issue). Active thrust faults are shown in bold. NPR, northern Paoanui Ridge; BSR is shown in the dashed blue line and pinches out near the
summit of Rock Garden. (B) Enlarged portion of seismic section of BSR pinch out on the summit of Rock Garden. (C) Depth converted seismic section using velocities derived from
wide-angle reflection data and shown without vertical exaggeration. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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et al., 2008). This suggests a timescale of >2 years and a greater

temperature fluctuation (4 1.2 °C) than that inferred by Pecher et al.

(2005).

Strong bottom currents are thought to be present that should be

capable of eroding weakened, loose sediment (current speeds

averaging ca. 0.2 ms~ ! have been measured at ~200 m depth,
although no direct measurements exist for Rock Garden; Chiswell,
pers. comm.; Faure et al., 2009 — this issue).

Seep sites have been discovered where methane bubbles rise into

the water column (Faure and Greinert, 2006; Faure et al., 2009 —

this issue). Together with the presence of gas hydrates in the top
centimetres of the seafloor, this suggests that at some locations, the
sulphate reduction zone (where methane is consumed near the
seafloor) is shallow and/or by-passed by (fault) focused fluids, and
that methane concentrations at the top of the sediment column
may be significant (cf. Borowski et al., 1996, 1999; Borowski,

2004), although even at seep sites the methane is undersaturated

in seawater.

» ROV and video grab images of seep sites reveal numerous ancient
seeps that are no longer active, suggesting that gas is released in
transient bursts rather than concurrently over the entire seep area.
Some of the seeps span a large surface area, of up to half a square
kilometre (Naudts et al., this issue).

* Free gas layers that approach the seafloor, in particular beneath seep
sites, have been imaged on high-resolution seismic profiles
(Crutchley et al., 2009 — this issue).

* A preliminary analysis of gas at seeps at Rock Garden and other east
coast sites suggests that they are almost 100% biogenic methane by
composition, with source methane having 5'3Ccpa values of —68 to
—66% and an absence of higher hydrocarbons in most of the samples
(Faure et al., 2009 — this issue).

3. Hypothesis 1: is ridge morphology caused by tectonics?

The ridge at Rock Garden is flatter than similar structures along the
Hikurangi Margin (Barnes et al., 2009 — this issue). Subduction of
seamounts at other convergent margins causes a wide variety of
deformation styles, depending on the material composition of the
over-riding plate (Lallemand et al., 1989; von Huene et al., 1997;
Dominguez et al., 1998; Kobayashi et al., 1998; Park et al., 1999).
Seamount subduction has affected the style of deformation at the
trench front and within the accretionary prism along the East Coast
margin of New Zealand, causing tectonic erosion and indentation
(Collot et al., 2001; Lewis et al., 2004). Assuming a convergent velocity
of ca. 4cm yr~!, the seamount would have encountered the
accretionary prism about 1.3 Ma, and so is expected to have had a
major influence on ridge development during that period of time.

To test whether the flat ridge morphology can result from sub-
duction of a seamount or equivalent basement high, a two-dimen-
sional mechanical finite-element model has been developed, which
models frictional plastic flow based on a Coulomb yield criterion, and
allows large strain to develop by tracking strain and other quantities
on tracer particles (Fullsack, 1995; Moresi et al., 2003; Smith and
Griffiths, 2004). The initial conditions are shown in Fig. 4A. Velocity
boundary conditions of 4 cm yr~ ! are applied at the sides and base of
the model to simulate low-angle subduction. Material frictional
strength is a function of effective pressure and sediment type
(Table 1). The prescribed geometry of the subduction interface
warps upward with a width of 40 km and height of 3 km to represent
the basement high (seamount). The subduction interface is prescribed
as a continuous, low-strength layer; this may result from fluid
overpressuring, though here it is represented with a lower angle of
internal friction (Table 1).

Fig. 4B-D shows how the seamount localizes frictional deforma-
tion (as measured by the amount of strain softening in the sediment),
while at the same time an accretionary wedge with a shallow slope of

ca. 4° develops against the backstop (to the left of the seamount).
Because material moves from right to left, there is a superposition in
deformation style. Initially, material above the leading edge of the
subducting seamount is uplifted and sheared. Once the seamount
passes below it, subsidence and normal faulting occur (Fig. 4E). The
pattern shown in the simple numerical model is similar to that
described from sandbox experiments by Dominguez et al. (2000), but
the model shown here is approximately scaled to the dimensions of
the Hikurangi subduction margin. The model also demonstrates how
locally “flat” morphology can develop. For example, in the early stages
of deformation (Fig. 4B), a wide uplifted step with low reliefis present
to the left of the seamount (indicated by the horizontal bar above the
figure). Later on, the bathymetry becomes tilted and the flat zone is
substantially reduced in width, with tilting of the surface and
development of slopes exceeding 10° (Fig. 4C-D). The model result
suggests that flat areas can be present merely as a result of tectonics,
but that these flat regions are short-lived, and become less
pronounced with continued subduction of the seamount. The present
morphology of Rock Garden (Fig. 3B) is closest to the deformation
shown in Fig. 4C (i.e. ca. 1 My since the seamount was under the toe of
the wedge), where the seamount is at a depth of ca. 5 km below the
seafloor, and seaward-verging faults have developed. For this model
stage, “flat” bathymetry (defined as having a slope of <1°) occurs over
a width of about 7 km.

The uplift shown in Fig. 4B-D occurs slightly landward of the
seamount. This is because the seamount is pushing landward on the
overlying sediment, as well as displacing it upward (Fig. 4E). In
comparison, the morphology shown in Fig. 3C suggests uplift directly
above the inferred location of the seamount high. Numerical
sensitivity tests show that a more symmetric uplift above the
seamount can be obtained if the weak subduction interface material
is not present above the seamount (Fig. 4F). In this case, uplift rates
above the seamount are slightly higher, and a strongly deforming fault
is predicted to form seaward of the uplifted region, with a locally flat,
~12km-wide uplifted region above the seamount.

Fig. 4E also plots vertical uplift velocity at the surface after a 1My
deformation. Uplift rates above the leading edge of the seamount are
initially high, but fall off over time, as the seamount moves landward,
with subsidence in its wake and accompanying tilting of the initially
uplifted plug above it. During the period where a particular point on
the surface enters the constructive (uplift) phase on the landward
side of the seamount, the average uplift velocity is about 5 mm yr—'.
The constructive phase for a given point on the surface lasts for about
0.5 My, which is roughly the time taken for half of the width of the
seamount to advect beneath it. This gives a total uplift of ca. 2.5 km
(note that total relief after 1 My is more than this, e.g., Fig. 4C, because
at the same time the surface on the seaward side is subsiding with the
subducting plate).

The morphology of the ridge in the simple 2D numerical model
depends partly on how localized deformation is on bounding faults. The
case shown in Fig. 4B-E develops faults (localized shearing zones)
which allow uplift of material between them with low relief, although
this becomes narrower and more tilted with increasing deformation.
Sensitivity studies show that the more localized the deformation, the
broader the zone of low relief, in which case no interplay with hydrates
would be needed to explain the ridge morphology. However, seismic
interpretations suggest a distributed series of faults rather than only 1-2
strongly localized faults above the subducting seamount at Rock Garden
(Fig. 3A; Barnes et al., 2009 — this issue). Also, the association of flat-
topped ridges with BSRs, while a nearby ridge with no BSR present has
been uplifted through the 600 m depth with no change in slope (Pecher
et al,, 2005, 2008), supports a mechanism by which a change in upper
ridge sediment strength (via interaction with hydrates) can explain the
flat-topped nature, although the numerical models shown here suggest
that short-lived zones with low relief (slopes of less than 1°) can be at
least partly explained by tectonics.
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and a change from subduction to uplift as the seamount subducts underneath. (F) Same as

4. Hypothesis 2: is ridge morphology controlled by sediment
strength changes from gas hydrate evolution?

To investigate whether mechanical weakening of sediment can be
caused by changes in gas hydrate stability, we have conducted
numerical experiments using a one-dimensional, three-phase finite-
difference code that predicts fluid flow, transport of heat, methane,

(C) but for a model that has no detachment layer on top of the seamount.

and salt in a porous medium (Fig. 5; see Xu, 2004 for details). We
considered model behaviour under a range of conditions, starting
from the simplest — a uniform depth, seafloor temperature, and
methane flux — and progressing to a more realistic setting that
incorporates cyclical changes in bottom-water temperature, and
gradual uplift causing a pressure reduction, based on uplift rates
inferred from the mechanical models of seamount behaviour.

submarine ridge (Rock Garden), New Zealand, Marine Geology (2009),
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Table 1
Frictional properties used in the 2D mechanical model.
Peak and softened Finite strains over Cohesion  Density
angles of internal ~ which friction angle (MPa) (kgm~3)
friction® linearly decreases
Sediment 23-19° 20-50% 1 2800
Subduction 5° - 1 2800
interface
Oceanic crust  50° - 10 3000

2 Hydrostatic fluid pressure is assumed. Frictional values for sediment are based on
minimum and maximum estimates from Kukowski (2004). The sediment has a small,
initial random variation in frictional strength (4 1°).

The criterion for significant weakening of sediment that we use
here, is that weakening occurs when effective pressure becomes
negative, so that fluid pressures exceed lithostatic pressure, i.e.,

pejf <0 (1)
where
Pef = Pro + ps(1—d)gz + pydSw82 + PrdSpgz + pgdSe8z—Pr.  (2)

Pyo is the fluid pressure at the seafloor; P is the fluid pressure at
depth z where effective pressure is being calculated; g is gravity, ps,
Pw, Pn, and pg, are densities of sediment, water, hydrate and gas
respectively, Sw, Sn and S, are relative saturations of water, hydrates
and gas; and ¢ is porosity. This criterion is in most cases too stringent,
as the sediment is likely to yield first at lower fluid pressures, either by
shear failure (when deviatoric stress is sufficiently high to overcome
yield) or by tensile failure (where fluid pressure exceeds minimum
compressive stress). However, since we do not know a priori the
stress state of the sediments, we use the negative effective pressure
criterion as an absolute limit. It should be noted, however, that Eq. (2)
also neglects cohesive strength. Gas hydrate can also considerably
increase the shear strength of sediment (e.g., Winters et al., 2004; Yun
etal., 2005; Sultan, 2007; Yun et al., 2007; Winters et al., 2007). Sultan
(2007) found empirically that angles of friction increased from ca. 32°

depth below  Tor Pros Xor Qe
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\? metre of sediment
Tw
10— E Qum
2
-
£ :
—r— w 1 I 1 1
28 0 737 )
log10 methane concentration (kg kg™)
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50— %6570 15 20 25

TQab.me‘ Qw, Grs % gas hydrate

Fig. 5. 1D gas hydrate model setup and initial conditions. Fluxes of salt (gx,), methane
(qmp), fluid (gg,) and heat (qyp) are specified at the base of the model. At the seafloor,
temperature (Tp), pressure (Pp), salt concentration (Xp) and methane flux (gm) are
specified. A sink term with a maximum value equal to g, is applied in the top metre as
shown in the inset at top right. All other parameter values are listed in Table 2. Inset at
lower right shows the change in relative bulk permeability with increasing hydrate
concentration.

to 48° approximately linearly as gas hydrate volume increased to 7%.
However, these friction angles are extremely high compared to most
sediment near the seafloor and probably an overestimate (Kukowski,
2004; Wang and Hu, 2006). Yun et al. (2007) found significant
alteration in frictional strength for gas hydrate concentrations >40%
of pore space, although Winters et al. (2007) show that this effect is
reduced somewhat when free gas is present. Nevertheless, if
formation and dissociation of gas hydrate near the seafloor cause a
variation in frictional strength, then this will affect the predictions of
mechanical weakening made in the following sections. It may also
promote seafloor erosion on slope, because a large contrast between
strong, cohesive sediments containing hydrates and weaker, overly-
ing (non-hydrate) sediments could act as a plane of weakness for
slope failure.

4.1. One-dimensional gas hydrate model — setup and steady-state solution

The 1D gas hydrate model assumes a constant sediment density
and thermal diffusivity with depth, and a latent heat source term
representing the formation and dissociation of gas hydrate. Gas
composition is assumed to be 100% methane. Fluid, heat, and methane
fluxes are specified at the base of the model, while temperature,
pressure, salt concentration and methane flux are specified at the top
of the model (Table 2). Heat-flow boundary conditions are based on
BSR observations along the subduction margin, which predict a
corrected basal heat-flow value of ca. 45 mW/m? (Townend, 1997;
Henrys et al., 2003b).

Because the process of gas-hydrate-related seafloor weakening is
thought to occur over large areas in order to cause flattening of the
ridges, we aim to investigate the behaviour of a gas hydrate system
away from small-scale features such as gas chimneys. Hence, we make
no attempt to model the transport of gas via an upwardly propagating
gas chimney (Wood et al.,, 2002; Liu and Flemings, 2006, 2007).

4.1.1. Top methane boundary condition

Methane concentration can decrease near the seafloor because of
anaerobic oxidation of methane (AOM) owing to activity from
bacteria and other chemical reactions (e.g., Borowski et al., 1996,
1999). The extent of this zone can be approximated by the depth
beneath the seafloor where all methane has been consumed (the
depth to the sulphate-methane interface, Zsy;). Within active seeps at
Rock Garden, methane is present throughout the sediment column
and is released at the seafloor, implying that at some locations the
depth Zsyy tends to zero. We have modified the code described by Xu
(2004) to account for this observation: Rather than prescribing a zero
concentration of methane at the seafloor, we represent the oxidation
of methane via sulphate reduction in the top metre of sediment in

Table 2
Initial and material properties for gas hydrate 1D model.

10~ 16 (high flux case)?

10~ '8 (low flux case)?

Porosity (%) 56

Hydrate composition 100% methane

Basal heat flow (mW m~2) 45

Basal salt flux (kg m—2s~ 1) 3.2x10~? (high flux case)
3.2x10~ " (low flux case)

1.17x 10~ '° (high flux case)

1.17x10~ 2 (low flux case)

1x10~7 (high flux case)

1x10~ 2 (low flux case)

Oor5

117x10~'°

(0-1.08x10~3)

Bulk permeability (m?)

Basal methane flux (kg m~2s~ 1)

Basal fluid flow (kg m—2s~ ')

Uplift rate (mm yr—!)

Sink methane term in top m of sediment (kg m—>s~ 1),
Lower-upper thresholds (kg kg~ ')

Sediment density (kg m~>) 2650
Thermal conductivity (Wm~ 'K~ 1) 1.174
Enthalpy of hydrate dissociation (kj kg~ ') 430

2 Modified by relative permeabilities for liquid and gas, as described in text.
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terms of a finite sink. The strength of the sink term is proportional to
the local methane concentration up to a limiting value (here
prescribed as 1.08x1073kg m~3s™') above which methane flux
overwhelms AOM so that methane is present to the seafloor (Fig. 5).
This allows a dynamic boundary where considerable methane
concentrations can build up close to the seafloor, providing there is
a sufficient flux of methane from below. By varying the methane flux,
(mb, entering the base of the 1D model, we can therefore simulate the
effects of seep vs. non-seep sites (Tables 2 and 3). Although our
method is relatively simple compared to the technique employed in
other models such as Davie and Buffett (2003), we will show in
Section 4.2 that it is sufficient to reproduce to first-order the observed
presence of seep sites, where methane reaches the seafloor, at Rock
Garden. However, the models do not investigate short-term variations
in methane fluxes as described in Linke et al. (2009 — this issue).

4.1.2. Dependence of bulk permeability on hydrate concentration in the
model

We use a permeability model based on the assumption that hydrate
forms in the centre of capillary tubes, where bulk permeability depends
on hydrate concentration and relative liquid and gas permeabilities are a
function of effective saturations (Kleinberg et al., 2003; Liu and
Flemings, 2007, as outlined in their equations (21), (25-26) and
shown in their Fig. 3). A substantial decrease in bulk permeability of the
sediment is predicted as a function of reduced porosity owing to
increasing hydrate content, as shown in Fig. 5.

4.2. Results — no temperature or pressure variations

Fig. 6A shows the predicted depth to the bottom of the gas hydrate
stability zone (BGHSZ) when hydrate build-up is not limited by methane
flux from below, and assuming a bottom-water temperature of 8 °C at
600 m water depth, decreasing at 0.4 °C/100 m extra water depth (Faure
et al,, 2009 — this issue). This figure predicts that the gas hydrate zone
should pinch out at a bottom-water depth of ca. 630 m, close to the
depth predicted in Pecher et al. (2005, 2008), and corresponding to the
depth at which BSR pinch-outs are observed at Rock Garden.

For 1D modelling taking into account reasonable flux of methane
and fluids from below, Fig. 6B-C illustrates the resulting hydrate
percent saturation for two water depths. Models M1-640 and M1-680
(Tables 2 and 3) have fluid fluxes and initial bulk permeability
representing conditions near methane seeps and zones of elevated
fluid flow (e.g., Mann and Kukowski, 1999), at water depths of 640 m
and 680 m, respectively. For Model M1-640, the predicted base of the
theoretical gas hydrate stability field is only a few metres below the
seafloor (Fig. 6A). After ca. 200 kyr, sufficient concentrations of
methane have built up to form a maximum concentration of 10% gas
hydrate at these shallow depths (Fig. 6B). In contrast, Model M1-680
has a water depth of 680 m, and the predicted depth to the base of the
theoretical gas hydrate stability field is 35 m. This model takes longer
(700 kyr) to build up a maximum of 10% hydrate in the pore spaces,
but the gas hydrate occurs over a greater thickness (Fig. 6C). However,
owing to the flux conditions imposed here, the actual gas hydrate zone
is thinner than that predicted from the theoretical stability limits (e.g.,
Xu and Ruppel, 1999).

Table 3
List of 1D gas hydrate models.

A Predicted depth below seafloor of BSR (m)
0 100 200
500 I Ll L 1 I Ll L 1 I Ll L 1 l Ll L 1 [ Ll L 1 l

600

700

800

water depth (m)

w0
[=1
o

1000

B methane saturation (%) € methane saturation (%)

0 5 10 0 5 10
o4—1 1 0
1 640m 680m
. 10
| - M1-640
E E 20
w0 Y
o 5 4~ |7} M1-680
£ =
S 2 30
° L M1-640-08 8
1 40
10 = 60

Fig. 6. (A) Theoretical depth to the bottom of the gas hydrate stability zone applying
depth-dependent hydrostatic fluid pressure above the seafloor, a bottom-water
temperature variation with depth based on Faure et al. (2009 — this issue), and
assuming an unlimited methane flux from below. The BSR is predicted to outcrop at the
seafloor at a depth of ca. 630 m bsl. (B) Predicted hydrate saturation after 212 kyr for 1D
gas hydrate model and seafloor depth of 640 m, starting from an initial methane
concentration of 10~ *kg kg~ '. Parameter values from Tables 2 and 3. Model M1-640
has about 10% hydrate in upper few metres. Model M1-640-0S (with lower bottom
methane flux, Table 2) does not form hydrate. (C) Model M1-680, predicted hydrate
saturation after 675 kyr for 1D gas hydrate model and seafloor depth of 680 m. Note that
the plots shown in Fig. 6B-C were constructed assuming a constant seafloor
temperature of 8°C, since the decrease in temperature with depth is relatively
minor. Other parameter values are listed in Tables 2 and 3.

An additional model (M1-640-0S) was run representing off-seep
(0S) conditions at 640 m water depth, with lower background
permeability and lower fluid and methane flux rates from below
(Table 2). No methane hydrate accumulated in this model before it
reached a steady state. The low fluxes from below were easily
absorbed by the surface sink in methane (representing the zone
where methane is oxidised), so that little methane was present in the
top 10 m of sediment.

Model number Seafloor temperature (°C)

Seafloor pressure (MPa)

Salient details

M1-640 8 6.4
M1-640-0S 8 6.4
M1-680 8 6.8
M2-10 yrs 8+1 6.4
M2-100 yrs 8+1 6.4
M3-UP 8 6.8-6.05

High flux case, 640 m water depth, run until 10% hydrate

Low flux case (did not generate hydrate)

High flux case, 680 m water depth, run until 10% hydrate

Starts from M1-640, 10 year cyclic temperature periodicity at seafloor
Starts from M1-640, 100 year cyclic temperature periodicity at seafloor
Starts from M1-680, uplifts at 5 mm/yr
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4.3. Results — cyclical temperature variations on a timescale of 10-100 years

Cyclical temperature changes were imposed at the seafloor to the
steady-state models described above, in order to test Hypothesis 2a —
that repeated formation and dissociation of gas hydrates near the
seafloor, caused by variations in bottom-water temperature, are
sufficient to cause pressure fluctuations that destabilise sediment. We
based the amplitude and periodicity of bottom-water temperature
fluctuations on the CTD probe results as discussed by Pecher et al.
(2008). These suggest a temperature variation of at least 41 °C, over
timescales much greater than the 160-day cycle suggested in 2005
(Pecher etal., 2005, 2008; Faure et al., 2009 — this issue). To simplify, we
test the effect of temperature cycles varying over intervals of 10 and
100 years.

Initial conditions for models M2-10 yrs and M2-100 yrs (Table 3) are
based on the high flux case with 640 m water depth, starting from
Model M1-640 (Fig. 6B). That is, we assume that prior to the onset of the
thermal fluctuation a small amount of gas hydrate (10%) has formed just
above the theoretical base of the gas hydrate stability zone. A sinusoidal
variation in seafloor temperature of 41 °C is then imposed, with a
period of 10 years (Fig. 7A-D) or 100 years (Fig. 7E-H). The temperature
fluctuations penetrate the seafloor with an amplitude that diminishes
with depth, and shifts in phase, depending on thermal parameters and
the effect of the hydrate already present (e.g., Sultan et al., 2004; Pecher
et al, 2005). Penetration for the 100-year fluctuation is deeper
compared with the 10-year fluctuation (Fig. 7A, E). A slight evolution
in the temperature field with time is also observed in both cases, which
we attribute to the effect of latent heat during the formation and
dissociation of gas hydrate.

Model M2-10yrs shows a gradual evolution in the location of
hydrate in the uppermost 10 m of the model. The hydrate dissociates
during each upward swing in temperature, and re-forms during the
following down-swing at a slightly shallower level (Fig. 7B). In contrast,
Model M2-100 yrs, with a longer period over which the temperature
fluctuation occurs, shows a sudden jump in the depth of hydrate
between the first and second cycles, with fairly steady behaviour
thereafter (although a slight oscillation develops in the solution, which
is evident from the granularity for times >400 years) (Fig. 7F).

Analysis of the effective pressure for both models illustrates the
effect on gas hydrate occurrence (Fig. 7C, G). Effective pressure reduces
(i.e., fluid pressure increases) during gas hydrate formation at shallow
levels — with a much lesser effect in the initial stages of each model,
when hydrate is located at depths >3 m. We emphasize that the
reduction in effective pressure — i.e., the increase in fluid pressure —
occurs during gas hydrate association, not dissociation and is thus not
caused by volume expansion from a release of gas. We think that the
increase in fluid pressure accompanying hydrate growth is caused by
the reduction in permeability as hydrate fills the pore space, constricting
fluid flow. This effect is much more pronounced for the case with
100-year periodicity, not because the thermal pulse penetrates deeper,
but because hydrate formation is enhanced in the top 2 m. As a result,
fluid pressure actually exceeds lithostatic pressure in the top 2 m for a
part of the second cycle (Fig. 7G; white area indicates negative effective
pressure). A plot of the effective pressure profile with depth at this time
(Fig. 7H) illustrates this, although it is clear that the reduction in
effective pressure is relatively minor. The negative effective pressure is
not repeated in subsequent cycles, because the amount of hydrate in the
top 2 m of sediment diminishes as methane concentration reduces
owing to the flux through the top boundary.

In both models, the initial presence of hydrate at depth is critical
for the strong effect of gas hydrate formation on pressure. Further
tests have shown that without this initial layer, methane concentra-
tions are insufficient to generate significant amounts of hydrate at
shallow depths during temperature down-swings.

Although the effect on pressure shown in Fig. 7G-H is interesting,
the fluctuation in effective pressure is very small and short-lived. We

show in the following section that a larger and more prolonged effect
on effective pressure can result from uplift of hydrate-bearing layers
through the gas hydrate stability limit.

4.4, Results — transient models: effect of ridge uplift on hydrate stability

When material uplifts above a subducting seamount (e.g., Section 3),
there will be a significant change in the hydrostatic pressure acting at the
seafloor, creating a change in the conditions for gas hydrate stability and
possibly leading to fluid pressure changes owing to the change in state
from solid gas hydrate to water and free/dissolved gas (Hypothesis 2b;
Xu and Ruppel, 1999; Xu and Germanovich, 2006).

To test this hypothesis, in Model M3-UP we imposed a linear
decrease in the top pressure boundary condition of the 1D models. We
did not model the entire uplift history of the ridge, but instead tested
the effect of the last 75 m of uplift starting from the end point of
Model M1-680 (i.e., the seep case starting at a water depth of 680 m
with a maximum hydrate content of 10%) (Table 3). Pressure at the
top boundary was linearly decreased from 6.8 MPa to 6.05 MPa over
15 kyr, corresponding to an uplift rate of 5 mm/yr (i.e. somewhat
lower than maximum uplift rates derived from the mechanical
modelling in Section 3; Fig. 4), where it is assumed that no erosion
is occurring. The bottom-water temperature was kept constant at 8 °C.

Fig. 8A shows the evolution in gas hydrate content as a function of
time since the onset of uplift. As in previous models (e.g., Xu and
Germanovich, 2006) the seafloor pressure change causes dissociation of
gas hydrate at the base of the stability zone, after a time lag of about 5 kyr
(Fig. 8A, C). Once dissociation begins, owing to the increase in permea-
bility when the hydrate dissociates, some of the methane released in this
zone re-forms at the new base of the hydrate stability zone, causing an
increase in the hydrate content there (Fig. 8C). Gas hydrate lingers into
sediment depths of 5 m even when the water depth decreases to almost
600 m, i.e. above the theoretical limit calculated in Fig. 6A. This is
because of the time lag between instantaneous changes in ambient
pressure and temperature conditions and the melting of hydrate.

Fig. 8B plots the effective pressure for Model M3-UP. As for the
models discussed in Section 4.3, the greatest pressure increase is
observed at shallow depths once gas hydrate begins to form there —
within, not beneath, the gas hydrate-bearing zone. We think that this
is caused by the strong dependence of permeability on hydrate
content used in our models (cf. Xu and Germanovich (2006)). For a
hydrate content of 10%, the relative permeability of fluid is reduced to
30% of its value when no hydrate is present (Liu and Flemings, 2007).
The reduction in permeability prevents the escape of methane and
fluid, while hydrate claims a greater proportion of available pore
space, raising ambient fluid pressures. The pulse of increased fluid
pressure moves upward in time (along with the peak in hydrate
concentration; Fig. 8B and C). As this pressure pulse moves upward, it
becomes a great fraction of total (overburden) pressure, until at ca.
625 m water depth, fluid pressures exceed lithostatic pressure,
causing negative effective pressure. Before this occurs, the sediment
is likely to lose all mechanical strength, either by shear or tensile
failure (as discussed at the start of Section 4).

This model result suggests that Hypothesis 2b may be an effective
way to weaken sediment as a result of the change in hydrate
saturation caused by tectonic uplift. The effect is only significant when
the hydrate layer approaches the seafloor, thus providing a possible
explanation for the coincidence in BSR pinch-out and flattening
slopes.

5. Discussion
5.1. Effect of seafloor temperature fluctuations

The models testing Hypothesis 2a (sediment weakening due to
thermal cycling at the seafloor) show how temperature perturbations

Please cite this article as: Ellis, S., et al., Testing proposed mechanisms for seafloor weakening at the top of gas hydrate stability on an uplifted
submarine ridge (Rock Garden), New Zealand, Marine Geology (2009), doi:10.1016/j.margeo0.2009.10.008



http://dx.doi.org/10.1016/j.margeo.2009.10.008

S. Ellis et al. / Marine Geology xxx (2009) xXx-xxx

E
5}
o]
=
M
[}
w
3
(=]
©
o
£
=1
(0]
o
195 50 100
Time (years)
B
0 ; .
- % hydrate
. g
T Fr—
3 bg@g 2 4 6 8 10
=
3
w5
z
o
7]
o ¢ 0
" o
=
[0]
o
104 50 100
Time (years)
_.0 Effective
E Pressure (MPa)
7] ]
o
< 0.00 0.05 0.10
=
(0]
o
30 50 100
Time (years)
D pressure (MPa)
-0.05 0.0 0.05 0.1
0 ; ; ;
E |
S
o A
g
» 5
2
Q -
[F]
=]
2
a
(5] .
o
10-

E
E

S

s)
=

(1]

)

(7]
3

[+
o
oy

B

)

=]

L 200 500 700

Time (years)

F

0
E

5

= )
=

o

Q

w5

2
o

[+]
ﬁ O O 0O o o =
g
° P aEs B D 6G o]
10[}0 200 500 700
Time (years)

depth bsf (m)

N b e
200 500 700
Time (years)

H pressure (MPa)
0-0.05 DJ.O 0.95 0..1

depth below seafloor (m)

10 -

Fig. 7. (A-D) Model M2-10 yrs — result of a cyclical change in bottom-water temperature of 4 1 °C over 10 years, on (A) temperature beneath the seafloor; (B) % hydrate saturation;
and (C) effective pressure as defined in Eq. (2) in the text. Model M2-10 yrs began from the end state of Model M1-640 of Fig. 6(B). (D) Profile of effective pressure (bold solid line)
and total fluid pressure minus seafloor pressure (thin solid line) after 10cycles. (E-H) Model M2-100 yrs — result of a cyclical temperature change of + 1 °C over 100 years, showing
(E) temperature, (F) % hydrate saturation, and (G) effective pressure. (H) Profile of effective pressure (bold solid line) and total fluid pressure minus seafloor pressure (thin solid

line) after 2 cycles.

can cause periodic formation and dissociation of gas hydrates when a
high flux of methane can be generated by dissociation of deeper
hydrate layers. Similarly, Sultan et al. (2004) investigated the effect of
a 230-day-period temperature variation on gas hydrate distribution
near the surface for the Congo continental slope. They found that the
transient thermal signal penetrated ca. 2 m in saturated sediment and

around 6 m in hydrate-bearing sediments, but that the switch from
gas hydrate to gas and back only occurred in the top metre of their 1D
model. With the longer time variations investigated here, penetration
of the thermal perturbation was deeper, but the effect on the effective
strength of sediment was shown to be small and limited in time
(Section 4.3). Our models therefore suggest that repeated dissociation
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hydrate at this time is at a depth of 12 m.

and formation of gas hydrates are unlikely to cause widespread
weakening of the seafloor. We also note that the shortest time-scale
we present here is 10 years, probably longer than the actual setting
and much longer than the originally proposed 100-200 days.

This mechanism may work if there is a stronger dependence of
permeability on hydrate content, and a larger initial hydrate “pool”

that can be dissociated. For example, if lateral flow of gas occurs along
the BSR (e.g., as pointed out by Crutchley et al. (2009 — this issue)),
larger bottom fluxes of methane and fluids may be present than
investigated here (Table 2). Subsequent hydrate dissociation could
then lead to significant excess pore fluid pressure as discussed by Xu
and Germanovich (2006).
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Most current models of gas hydrate formation focus on porous
media with reasonable porosities and permeabilities. Should mud-
stone be prevalent beneath Rock Garden, these models may not be
appropriate. Mudstones display little primary permeability; however,
if fractured, they tend to exhibit significant secondary (or structural)
permeability. It is conceivable that capillary forces in consolidated
mudstones (Henry et al., 1999; Clennell et al., 1999; Anderson et al.,
2003a,b) could lead to fracturing and/or dilation of existing fractures,
ultimately decreasing the strength of the seafloor. In this case, the ice-
like growth of hydrate crystals during association would push aside
the walls of thin fractures. Dissipation of overpressure during gas
hydrate dissociation would not affect this process. On the other hand,
capillary forces are also linked to hysteresis — in fine-grained
sediments, gas hydrate formation may require up to several degrees
Celsius cooler temperatures than its dissociation — and both curves lie
below the phase boundary in water (Anderson et al., 2003a,b).
Significant hysteresis would make repeated dissociation and forma-
tion of gas hydrates less likely because large temperature fluctuations
would be required. It is particularly tempting to implicate capillary
forces during gas hydrate “freeze-thaw” cycles in fracturing of
mudstones because repeated freezing is an established laboratory
procedure for disaggregating mudstones (Yang and Aplin, 1997).
Accordingly, repeated dissociation and formation of gas hydrates can
still not be ruled out entirely as an explanation for the flat morphology
at Rock Garden however, if they do take place, the process is more
complicated than previously thought.

5.2. Effect of tectonic uplift

Hypothesis 2b, mechanical weakening caused by uplift of
sediments containing gas hydrates, appears to be a possible way to
cause seafloor erosion (Section 4.4; Pecher et al., 2005). Rapid uplift
leads to progressive dissociation of gas hydrate at the base of the
hydrate stability zone, and formation of hydrate at shallower depths.
At some stage, the concentration in hydrate approaching the surface
causes a large increase in fluid pressure, leading to low or negative
effective pressures, which will facilitate sediment shear or tensile
failure. For this mechanism to work; it is critical that bulk permeability
is reduced quite strongly during hydrate association of more than a
few percent. In order to investigate this effect further, experiments
that critically constrain the dependence of gas and liquid permeability
on hydrate content are needed, and more observations are required
from dredged sediment at the seafloor.

According to Xu and Germanovich (2006), dissociation of hydrate
should be accompanied by an increase in fluid pressure owing to the
relative expansion of gas. This effect is predicted to be greatest for
low-permeability (“closed” systems (Xu and Germanovich, 2006)). In
our model runs, we found that this effect was far outweighed by the
effect of decreasing permeability during hydrate formation, although
it may have become important had we considered systems with much
lower sediment permeabilities.

5.3. The effect of bottom currents on sediment erosion

It has been previously shown that bottom currents are able to
efficiently erode the seafloor. Clift et al. (2003) quantified very roughly
the amount of seafloor erosion in order to subtract the subduction
erosion signal. Averaged over millions of years, the seafloor erosion
rate was found to be quite high (300 m in 10 My). Weakened
(unlithified) sediment is necessary for the rates to become significant.
Holbrook et al. (2002 ) suggested that the Blake Ridge depression in the
western Atlantic is a large sediment-wave field, with erosion and
deposition rates varying strongly in space and time. At Rock Garden,
bottom-water currents may provide the explanation for removal of
weakened sediment, where the weakened sediment results from one
or several of the processes investigated in Section 4. Unlike Blake

Ridge, sedimentation is unlikely to occur in this environment. An
alternative weakening method, not investigated here, is that the
contrast between hydrate-rich layers and less consolidated surface
layers within the sulphate reduction zone may enhance surface
erosion by bottom currents; but it is unclear why this contrast would
promote erosion at water depths of ~600 m only.

5.4. Sediment failure mechanisms within and beneath hydrate layers

We have used negative effective pressure as a proxy for
mechanical failure. In real sediments, failure will occur before this
proxy limit is reached, at pressures close to but below lithostatic, as a
result of shear or tensile failure. Sediment frictional strength and
cohesion are likely to control the maximum effective pressure the
sediment supports, and gas hydrates are known to increase sediment
cohesion. While Model M3-UP (Figs. 8 and 9) predicts maximum
overpressure within the hydrate zone, failure may still occur within
weaker hydrate-free sediments beneath this layer, at the BGHS, as it
approaches the surface.

Previously, the main concern with implicating hydrate dissociation
at the BGHS in seafloor weakening on Rock Garden was the presence of
BSR pinch-outs at the ridge crests. BSR pinch-outs are thought to mark
the top of gas hydrate stability in the ocean for an average water
temperature, although Pecher et al. (2005) note that warm fluids may
locally cause the BGHS to approach the seafloor at the edges of the
ridge crests, while the ridge summits still remain within the regional
gas hydrate zone. The presence of shallow reflections that are
interpreted as BSRs beneath parts of the ridge plateau, with pinch-
outs beneath vent sites (Crutchley et al., 2009 — this issue), under-
scores the viability of BSR/ridge intersections as a potential control on
sediment weakening.

5.5. The presence of gas hydrate outside of the steady-state stability zone

An interesting aspect of the model shown in Section 4.4 (M3-UP) is
that gas hydrate occurs at shallower depths than predictions of the
base of the gas hydrate stability zone from theoretical considerations
(Fig. 8C vs. Fig. 6A), making it possible that methane gas hydrate is
present beneath much of the ridge crest even though the ridge is
located above the “static” methane hydrate stability zone. This is a
temporal effect and with further uplift (or quiescence) the hydrate
layer vanishes. It also illustrates the potential problem in interpreting
BSR depth in terms of heat-flow and steady-state conditions, when in
an actively uplifting tectonic area.

We caution that the depth and duration of this meta-stable gas
hydrate layer are strongly dependent on both input parameters for
our modelling and probably, the type of gas hydrate formation model.
However, our modelling shows at least qualitatively that it is
conceivable to encounter gas hydrates beneath an uplifting seafloor
above the top of gas hydrate stability as marked by BSR pinch-outs.

5.6. Other possible causes of overpressure

The effects of elevated salinity caused by hydrate formation have
been modelled by Liu and Flemings (2006), who suggest that this can
generate three-phase equilibrium, allowing free gas migration to the
surface. This process may drive gas venting through hydrate stability
zones, and locally cause disruption and weakening of sediment.
However, studies from the Blake Ridge (Henry et al., 1999) suggest
that the presence of a gas column requires an interconnected gas
phase with a volume fraction larger than ~20% of pore space. Usually
these are localized phenomena that would be unable to explain the
presence of flat ridge morphology over a significant area, but the
presence of vent fields up to half a square kilometre large (Greinert et
al., this volume) may suggest that gas migration is more than localized
near Rock Garden. Numerous gas pockets have been observed near
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Fig. 9. A cartoon illustrating the preferred mechanism for sediment weakening caused by progressive uplift of a layer containing gas hydrate. Bold line is lithostatic pressure, thin line
is fluid pressure, both corrected for seafloor pressure (Pj). Shaded region is gas hydrate. Progression from left to right shows upward migration of hydrate layer, with increasing fluid
pressure, until at shallow levels fluid pressure approaches and exceeds lithostatic pressure. As fluid pressure approached lithostatic, shear or tensile failure occurs, causing sediment
weakening (burst symbol). Sediment is then eroded by bottom currents and/or internal waves.

the seafloor beneath Rock Garden (Crutchley et al., 2009 — this issue).
Conceptual 2D two-phase modelling of fluid and gas pressure beneath
a thin gas-hydrate zone, based on seismic images from Rock Garden,
shows that gas buoyancy may contribute significantly to overpressure
(Crutchley, 2009). As suggested here, Crutchley (2009) postulate that
permeability reduction in the gas hydrate stability zone is a key factor
controlling overpressure.

5.6. Global implications of this study

Eroded sub-sea ridges with BSR pinch-outs on the edges of flat
tops have not been reported from other gas hydrate regions in the
world, to our knowledge. One factor that may be unique to our study
area is that recently deposited sediments and/or weakened
sediments on Rock Garden and Ritchie Banks are mobilized by
bottom-water currents and/or slide down the steep flanks of the
ridges, making the ridges a non-sedimentary environment. The
steep slopes flanking the ridge result from compacted sediments,
unlike the soft sediments that host gas hydrates in most other
regions. Dredge samples from Rock Garden suggest that the country
rock on Rock Garden is consolidated but fractured mudstone (Pecher
et al,, 2008). Permeability in these rocks may be controlled by
fracturing (e.g., Pecher et al., this issue). A decrease of permeability
with hydrate saturation is a key to our favoured hypothesis for
sediment weakening during tectonic uplift. It is conceivable that
clogging of secondary permeability in fractures after hydrate
formation is different from primary permeability in porous media.
We speculate however, that our proposed mechanisms for sediment
weakening may take place elsewhere, but that rather than leading to
flat tops of uplifted ridges, these mechanisms may be hidden
beneath recent sedimentation.

6. Conclusions

Several hypotheses for the formation of a flat-topped ridge near
the intersection depth of the gas hydrate stability zone and the
seafloor, offshore North Island, New Zealand have been tested using
2D mechanical and 1D gas hydrate modelling. Preliminary conclu-
sions indicate that:

- Tectonic uplift above a seamount can sometimes cause flat ridge
morphology, but this is a transient process. Such an effect may
enhance the flat-shaped nature of Rock Garden but is unlikely to be
the dominant cause for its morphology.

- The most plausible mechanism for sediment weakening on the ridge

was found to be the effect of tectonic uplift on gas hydrates, focusing

methane fluxes and causing a cumulative increase in hydrate satur-
ation that approaches the seafloor, lowering permeability there and
enhancing fluid pressure until fluid pressures are sufficiently high to

cause shear or tensile failure in the sediments (Fig. 9).

1D modelling suggests that tectonic uplift can lead to transient

layers of gas hydrate at shallower depths than predicted for steady-

state theoretical considerations, so that methane gas hydrate may
be present beneath much of the ridge crest even though the ridge is
located above the “static” methane hydrate stability zone.

- Fluctuations in bottom-water temperature are capable of induc-
ing periodic hydrate formation/dissociation, especially when
methane concentrations are enhanced by dissociation of under-
lying hydrate layers. However, for the hydrate concentrations
investigated here, the effect on fluid pressures is not as great as for
the tectonic uplift mechanism.

- The preferred mechanism, fluid overpressure leading to sediment
weakening during hydrate formation, depends critically on the
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assumed decrease in permeability with increasing hydrate saturation.
Further empirical work is needed on the relationship between
permeability and hydrate to fully constrain this effect.
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