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Abstract

Bending of the downgoing plate in subduction zone typically leads to an offshore peripheral bulge. This leads to
dynamic uplift generated by the elastic bending of the subducted slab, and is generally enough to support the
topography of the bulge in a non-isostatic manner and produce a positive gravity anomaly. The Southwest region of
the South Island of New Zealand, Fiordland, is characterized by high elevation and a large positive Bouguer gravity
anomaly. This combination of high topography with high Bouguer gravity argues against isostatic equilibrium and
suggests an additional support mechanism. Earthquakes as deep as 150 km, a deformed Benioff zone and inferences
from plate reconstructions all support a tectonic model where the eastern margin of the Australian plate is subducting
beneath Fiordland and is sharply bent. This bending of the Australian plate provides the needed non-isostatic support
for Fiordland topography and generates the observed gravity anomaly. Although the peripheral bulge in subduction
zones is generally localized offshore, the positive gravity anomaly (Bouguer and free air) in Fiordland is onshore, close
to the shoreline, and generally corresponds spatially with high elevations. Here we propose a mechanism that allows
the subducted sliver of slab to be decoupled from the main Australian plate and strongly bent beneath Fiordland. We
test this scenario with a finite-element model. The model allows us to study the flexural response of a subducting
elastic slab bent by lateral compression into a shape similar to the one inferred from seismicity. We test how different
plate geometries and plate boundary forces influence the flexural dynamic support of Fiordland topography,
providing important constraints on the local plate dynamics. The model results show that for a tectonically reasonable
combination of plate geometries and boundary forces, the deformation of the lithosphere produces the observed
topography and gravity signature. In particular we find that the bending of the subducted Australian plate can supply
the needed uplift and support for the topography of Fiordland. However, a weak area west of but nearby the
Fiordland shoreline, perhaps a fault or tear, is needed to decouple the subducted sliver, confine the bulge, and localize
the uplift within Fiordland.
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1. Introduction

Plate bending in subduction zones typically
leads to o¡shore uplift (peripheral bulge) with
an associated positive free air gravity anomaly
[1]. The subduction region of Fiordland (Fig. 1)
in the southwest corner of South Island, New
Zealand, is characterized by restraining bend ge-
ometry at the southern end of the Alpine Fault.
Here the o¡shore bulge and associated gravity
anomaly seem not to be present. Instead, the pos-
itive free air and Bouguer gravity anomaly are
onshore and generally correspond with areas of
high elevation. The Fiordland region is character-
ized by high elevation (s 1000 m) and a large
positive regional Bouguer and free air gravity
anomaly (s 150 mgal) [3] (Fig. 2). Earthquakes
as deep as 150 km, a deformed Benio¡ plane [4^6]

and plate reconstructions [7^9] support the con-
cept that the eastern margin of the Australian
plate is subducting below Fiordland with a sharp-
ly bent geometry. The occurrence of a signi¢cant
positive Bouguer gravity anomaly (s 150 mgal)
with regions of high elevation (s 1500 m) argues
against simple isostatic compensation as the
mechanism to support the topography (Fig. 3).
Rather we propose that there is £exural dynamic
support for the elevation of Fiordland, with that
support derived from the sharp bending of the
subducting Australian plate.

The South Island of New Zealand straddles the
Paci¢c/Australian plate boundary (Fig. 1). Tec-
tonically the area of Fiordland is characterized
by the transition from a subduction regime along
the Puysegur trench to a transpressive transform
boundary along the Alpine Fault [9^11] (Fig. 1).

Fig. 1. Topo-bathymetry map of the southwestern corner of the South Island of New Zealand with the principal tectonic features
of the region. The map includes the geographic references used in the text. Present day Au/Pa plate motion from REVEL [2].
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Since V5 Ma, migration of the Australian/Paci¢c
Euler pole has produced an increasingly com-
pressive component of relative motion along the
plate boundary in the region of Fiordland and
the Southern Alps [7,9]. Along the Alpine Fault,

this increased compression has been accommo-
dated through lithospheric thickening and the for-
mation of the Southern Alps (e.g. [12^14]). In the
area of Fiordland, because of the existence of a
complex series of structures inherited from pre-

Fig. 2. Topography and gravity anomalies for the South Island of New Zealand. (a) Topo-bathymetry of South Island (from
GTOPO30, http://edcdaac.usgs.gov/gtopo30/gtopo30.html). The box indicates the area of Fig. 1). (b) Bouguer (inland) and free
air (o¡shore) gravity anomaly of the South Island [3]. Contours every 25 mgal. (c) Pro¢le of gravity anomaly (red line) and to-
pography (dashed blue line) across the Fiordland/Otago region (line AAP in panels a,b). (d) Pro¢le of gravity anomaly (red line)
and topography (dashed blue line) across the Southern Alps region (line BBP in panels a,b).

EPSL 6507 21-1-03 Cyaan Magenta Geel Zwart

R. Malservisi et al. / Earth and Planetary Science Letters 206 (2003) 349^364 351

edcdaac.usgs.gov/gtopo30/gtopo30.html


vious tectonics regimes, transpression has led to
the subduction of a corner of Australian plate
[8,9] and to its localized bending [15].

Furlong et al. [15] suggest that the collision
between the subducting Australian plate and the
lithospheric root growing beneath the Southern
Alps helped to initiate the bending of the slab
and produced a sharp bend in the subducting
slab. It is argued that the £exure of the Australian

plate can generate the dynamic support onshore
that uplifts Fiordland to its present elevation. In
this paper, we test this hypothesis. We study the
response of a bent elastic slab to the deformation-
al forces produced by the interaction of the sub-
ducted Australian lithosphere with the lithospher-
ic root that has formed beneath the Southern
Alps of New Zealand.

An additional factor that may help to localize
the dynamic support beneath Fiordland is a tear
in the Australian plate adjacent to Fiordland.
Bathymetric and seismic analyses [11,16] in addi-
tion to a £exural-gravity analysis south of Fiord-
land [16,17] argue that there is a tear in the Aus-
tralian plate, essentially extending the Alpine
Fault south-westward. Such a tear would decou-
ple the subducting slice of the Australian litho-
sphere and greatly in£uence the subduction geom-
etry. Previous work in other regions has suggested
that the transition from a strike-slip regime to
subduction can be facilitated by the presence of
a tear in the downgoing plate (e.g. [18^20]). This
may be important in the Fiordland region, where
the highly deformed sliver of subducting plate and
the presence of weak zone along the inactive Cre-
taceous passive margin east of the Alpine Fault^
Resolution Ridge line [8] could serve to localize
the mechanical decoupling. We analyze the role
that such a decoupling zone, which for simplicity
we refer to as a tear, can play in the dynamic
support of Fiordland’s high topography.

2. Slab geometry

We combine the observed pattern of seismicity
and focal mechanisms to de¢ne the geometry of
the subducting sliver of the Australian plate be-
neath Fiordland. The distribution of the seismic-
ity as recorded by the New Zealand National
Seismic Network [21] and a local portable net-
work [5,6] shows a highly deformed Benio¡
zone. O¡shore Fiordland, to the south, the Beni-
o¡ plane is subhorizontal with an increase in east-
ward dip to the north (Fig. 4a^d). The Benio¡
zone is almost vertical beneath the northern part
of Fiordland (Fig. 4b,d). At the northern end, the
deep seismicity stops abruptly (in the area of Mil-
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Fig. 3. Implications of gravity/topography observations for
mechanisms of support. (a) A positive gravity anomaly is as-
sociated with dense material close to the surface. We assume
a two-layer model with an upper layer (crust, light gray) of
density bc and the lower layer (mantle, dark gray) of density
bm. The area labeled Fiordland corresponds to the region
with a Bouguer gravity anomaly of 180 mgal with respect to
a reference region labeled Otago. In order to have that grav-
ity anomaly, the dense material (mantle) must be V8500 m
closer to the surface than in the reference region (Otago).
The light layer above the mean sea level (MSL) is not in-
cluded in the computation since we are computing the Bou-
guer anomalies. (b) Two regions are in isostatic equilibrium
if the pressure due to a column of material is equal at the
compensation depth. As in (a), we analyze a two-layer model
of density bc and bm and we assume the density of the atmo-
sphere to be equal to zero. Computing the isostatic pressure
due to the column of material, we evaluate the di¡erence of
elevation between the two regions if they are in equilibrium.
To be in isostatic equilibrium the average topography of the
reference region (Otago) should be 1500 m higher than the
Fiordland region. In reality, the average elevation of Fiord-
land is higher than the adjacent Range and Basin (see Fig.
2c), thus its elevation is not isostatically compensated.
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ford Sound) (Fig. 4a,b). North of Milford Sound,
the seismicity is dominated by small, shallow
events, with mainly strike-slip movement on
planes subparallel to the Alpine Fault (e.g. event
a) and not related to subduction.

However, the pattern of seismicity de¢ning the
Benio¡ zone is relatively di¡use, complicating the
use of the seismicity alone to de¢ne the 3-D slab
geometry. Whether this is simply a consequence
of uncertainties in earthquake location, or the
seismicity actually images a broad deformation
zone associated with the sharp bending of the
slab is uncertain. We favor the latter explanation,
as a detailed microearthquake study in the region
with good control in relative locations indicates a
similarly di¡use pattern of seismicity [5]. In order
to overcome this di⁄culty in using patterns of
seismicity to de¢ne the plate boundary geometry,
we combine the patterns of seismicity with the
orientation of fault planes and slip vectors from
the relatively large earthquakes in the region
(VM= 6+). We infer that these likely re£ect
plate-interface events (or they are near the plate
interface) [22,23].

We assume that the larger events, particularly
those with slip vectors compatible with present
day relative plate motion, likely represent inter-
plate earthquakes. Under this assumption, these
earthquakes can be used to map the location of
the interface between the two plates. This helps
place constraints on both the geometry of the
subducted Australian plate and the possible thick-
ness of the overriding Paci¢c plate (Fiordland
block). South of the Fiordland coast the main
events lie at a depth of V10 km (events
29,8,4,12 in Fig. 4a). The consistency in both ori-
entation and depth of these events, and the align-
ment of their slip vectors with the plate motion
direction suggests that the plate interface in this
area is at a shallow depth and dips shallowly.
Moving northward, the depths of the larger
events increase to V25 km (events 17, 27, and f
in Fig. 4). This pattern of event depths suggests
that the Fiordland block is less than V25 km
thick onshore (south of latitude 45‡S) and that
it thins moving southward o¡shore. The slip
planes increase in dip both in the northward
and eastward direction indicating a twisting of

the interplate surface and an increased bend of
the slab. The large event on the northernmost
part (event g) is also the deepest (60 km) for
which a well-constrained focal mechanism is
available, and we interpret it to be an indication
of the bending of the nose of the slab.

This is in contrast to the interpretation of sig-
ni¢cantly greater crustal thicknesses in that region
(s 40 km thick) recently proposed by Eberhart-
Phillips and Reyners [24], in the vicinity of
Doubtful Sound, from a local earthquake tomog-
raphy study. We prefer our interpretation of a
relatively thin Fiordland block (and as a corol-
lary, a relatively thin Fiordland crust) as that is
consistent with the pattern of seismicity, geologi-
cal history, and the gravity pattern. The presence
of thin crust in Fiordland is compatible with un-
roo¢ng during the Cretaceous [25] that has led to
the exposure of deep crustal rocks at the surface
in Fiordland (e.g. [26]). Independent of the nature
of the support mechanism, the large positive Bou-
guer gravity anomaly argues for very high-density
material near the surface (e.g. [27]), consistent
with a thin Fiordland crust. Additionally, if the
Fiordland block were signi¢cantly thicker, the
large earthquakes for which we have well-de¢ned
fault planes and slip vectors would reside within
the upper plate and the subjacent plate interface
would be essentially aseismic. We are not aware
of any other subduction zones with a suite of
plate-interface-like events that lie above an aseis-
mic plate interface.

West of these subduction-interface events, there
is a very interesting, and we think important,
event ^ the Resolution Ridge earthquake (Fig. 4,
event e). The depth and location of the event sug-
gest that it is not directly associated with subduc-
tion beneath Fiordland. Furthermore, the slip
vectors of both nodal planes are signi¢cantly dif-
ferent from the plate motion direction. Furlong et
al. [15] have suggested that the event might be
related to slip on the tear into the Australian
plate.

3. Flexural model

To test the hypothesis that the sharp bending of
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Fig. 4. Seismicity (1964^1998) from the NZNSN [21] and focal mechanisms in the Fiordland region. The local seismicity has
been projected onto vertical cross-section planes (b^d). One cross-section plane is parallel to the plate motion (b) and two cross-
section planes are perpendicular, a southern one (c) and a northern one (d). The shaded boxes in the map view correspond to
the region mapped in the di¡erent cross-sections. The focal mechanisms on the map view (a) are a lower hemisphere projection
while in the cross-sections are side projections on the plane of the cross-section. The focal mechanisms for the larger event in the
area are labeled with the depth and a letter or a number corresponding respectively to the published solution [22,23].
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the Australian plate beneath Fiordland can sup-
port the regional uplift and elevation pattern, we
have analyzed the response of a bent elastic plate
using a numerical model. We deform the litho-
sphere to a shape consistent with the geometry
inferred from seismicity using the 3-D ¢nite-ele-
ment model code, TECTON [28,29,30,31].

The elastic thickness, elastic properties, and the
forces applied to the plate are parameters that will
in£uence the behavior of the slab and the result-
ing uplift and gravity. For an oceanic slab, the
elastic thickness can be related to its age (e.g.
[32]). The age of the subducted Australian litho-
sphere beneath Fiordland is not well constrained
and falls in the range of 12^35 Ma [33,34,8,17].
This corresponds to a range in possible elastic
thickness from 12 to 25 km. Here, we focus on
the bending of a 13-km-thick elastic slab. This
was chosen to be consistent with the plate recon-
struction of Sutherland et al. [8], who argues for a
relatively young lithosphere subducting beneath
Fiordland. If the subducted slab is signi¢cantly
older (greater elastic thickness) it will tend to de-
form on a broader wavelength, widening the up-
lift and pushing it further o¡shore. For the elastic
properties, we used a Poisson ratio of 0.3 and a
Young modulus of 40 GPa, typical values for oce-
anic lithosphere (e.g. [35]).

Fig. 5 shows the extent, geometry, and bound-
ary conditions of the model. The elastic slab has a
horizontal domain of 700U600 km2, with the
long dimension in the direction of the plate mo-
tion. Although the region of interest in this model
is only approximately 300U200 km2, we extend
the southern and western extents of the model to
minimize artifacts introduced by a no-displace-
ment boundary condition applied along those
margins.

We test the consequences of having the Austra-
lian plate interact on its northeastern corner with
the thickening lithosphere of the Southern Alps to
the north and the existing thicker lithosphere of
the Otago Range and Basin [24] on the east. Our
modeling strategy is to apply boundary pressures
along the northern and/or eastern ends of the
model, simulating the e¡ects of this interaction
with the root of the Southern Alps and/or the
thicker/stronger lithosphere of Western Otago

and Southland. The load of the Fiordland crust
is also added to allow the computation of the
actual topography and the induced gravity anom-
aly.

According to Furlong et al. [15], the increased
compressive component of the relative motion be-
tween the Paci¢c and the Australian plates initi-
ated the bending of the sliver of Australian plate
already sitting beneath the Fiordland region. Fol-
lowing this hypothesis, a £at elastic slab has been
deformed by the load of the Fiordland crust (Fig.
5b). This prestressed, deformed slab has been used
as input for a new set of models where the slab
has been further deformed by the pressure applied
along the northeastern corner, simulating the in-
teraction with the Australian plate. In order to
avoid the instability due to the large element ro-
tations and large deformations of the slab to the
shape evinced by the seismicity, we deform the
slab interactively, waiting at each time step for
mechanical equilibrium before further deforma-
tion.

Starting with the slab deformed by the load of
the Fiordland crust, we apply small pressures per-
pendicular to top surface of elements along the
northeastern corner. Then we increment and reor-
ient pressures perpendicular to the new direction
of the top surface and apply the new pressure on
the same elements. The process is repeated using
the large-deformation formalism of Hall-Wallace
and Melosh [36], recomputing the equivalent no-
dal loads corresponding to the stress vector for
the current nodal position until the slab assumes
a shape comparable with the observed one.

In all the processes, the forces introduced by
vertical displacements of density contrasts (iso-
stasy) (e.g. displacement of the surface or the
Moho) are simulated using Winkler restoring
pressures [37] applied at the top and bottom sur-
faces of the slab.

The presence of a tear or other decoupling
weakness internal to the Australian plate can in-
£uence its £exural behavior (e.g. [16]). To analyze
the role of such a detachment, we add to the
elastic slab a tear implemented with the method
of ‘slippery’ nodes [38]. These nodes behave as if
they have been cut, allowing the two sides to have
frictionless di¡erential displacement (slip) on the
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de¢ned surface. Such a fault, 150 km west of the
‘collision’ area, runs southward from the northern
end of the slab, simulating the proposed propaga-
tion of the Alpine Fault into the Australian plate
(Fig. 3) [16].

4. Dynamic topography results

We present two suites of model results : (1) a
continuous Australian plate subducting beneath
New Zealand, and (2) a similar plate geometry
to (1) except with the addition of a ‘tear’, simu-
lating the e¡ect of mechanical decoupling in the
plate.

4.1. Continuous plate

For the deformed continuous plate, when
boundary forces are applied on both the northern
(Southern Alps) and eastern (Otago) margin, the
resulting uplifted bulge is oriented diagonally with
respect to plate boundary orientation (Fig. 6a).
This is inconsistent with the observed uplift pat-
tern. To better match the plate-boundary-parallel
observed pattern of uplift, we need to minimize
the interaction with the Southern Alps lithospher-
ic root. This would imply that the interaction with
the thickening lithosphere of the growing South-
ern Alps does not signi¢cantly in£uence subduc-
tion beneath Fiordland.

The deformation of the slab resulting from an
application of pressure only on the eastern side of
the northeastern corner is similar to the inverted
ploughshare model described by Christo¡el and
Van der Linden [4] (Fig. 6a), but even for a thin
(13 km) plate the dynamic uplift (peripheral
bulge) generated by the deformation poorly
matches the observed topography. The uplift pro-
duced by this deformation is quite far away from
the collision zone, o¡shore in the Tasman Sea, a
region without high elevations or a signi¢cant
gravity anomaly (Fig. 6b). Additionally, the re-
sulting shape of the slab in the plate motion di-
rection does not match the pattern of observed
seismicity (Fig. 4).

a)

Fig. 5. (a) Extent of the model and boundary conditions.
Elastic slab 700U600U13 km3 bent by incremental pressure
applied along the northeastern corner of the model (big ar-
rows). A vertical load applied on the light shaded area of
the grid simulates the load of Fiordland. A tear (light dashed
line) is added in some models to simulate decoupling of the
subducting sliver from the main Australian plate. (b^d) Mod-
eling method to compute the topography created by the dy-
namic support of the bent slab and the load of the Fiordland
crust sitting on the subducting plate. Step 1 (b): To simulate
the loading e¡ect of ‘Fiordland’ necessary for the computa-
tion of the gravity signature, we computed the isostatic/elas-
tic £exure equilibrium for a 13-km-thick elastic plate under a
load sitting on the northeastern corner of the slab. In concert
with the observed interplate seismicity and Fiordland exten-
sion, the block is 150 km wide and 300 km long with a den-
sity of 2800 kg/m3 and is assumed to be 20 km thick in the
northern part and taper to 0 southward. The e¡ect of the
Fiordland crust is simulated as a load sitting at the north-
eastern corner of the slab (‘loaded slab’) using the consistent
load method (e.g. [45]). Step 2 (c): The prestressed ‘loaded
slab’ is bent to the shape inferred by the microseismicity dis-
tribution by incremental pressure perpendicular to the top
surface on the elements along the northeastern corner. (‘total
displacement’). Step 3 (d): The ¢nal topography is computed
adding the ‘Fiordland’ block over the total displacement so-
lution. In this computation the Fiordland block is displaced
vertically with respect to its isostatic equilibrium position
wherever the total displacement gives a positive support.
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4.2. Broken plate

The presence of a tear or weak area mechani-
cally decoupling two sides of the Australian plate
signi¢cantly changes the lithospheric dynamics of
the Fiordland region. Although here we refer to
the decoupling as a tear, mechanically the e¡ects
are compatible with any localized weak zone cut-
ting the elastic portion of the Australian plate.

The tear decouples the deformation of the sliver
of Australian plate east of the tear from the rest
of the plate, removing the o¡shore bulge we see
using models described in the previous section.
For this case of a torn plate, an application of
bending forces on the east is not su⁄cient to
bend the slab into a geometry that matches the
shape of the slab inferred from seismicity. If the
only force that bends the slab is a pressure on the

Fig. 5 (Continued).
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Fig. 6. Bent slab dynamic uplift with respect to the undeformed £at slab (Fig. 5b). The shaded areas correspond to the regions
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and eastern corner. 3-D (a) and map (b) views of the results. The 3-D view in all the ¢gures is observed from the north (as for a
hypothetical observer on the Southern Alps). (c,d) Peripheral bulge for a continuous elastic slab bent from eastern lateral pres-
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eastern side of the sliver of Australian plate, the
£exural support increases from south to north,
reaching the maximum at the northern end.
Although the topography at the northern end of
Fiordland is comparable or slightly higher than in
the central Fiordland area, the absence of the
positive gravity anomaly indicates that dynamic
support for the topography at the northern end
of Fiordland is not required. Furthermore, in this
transitional area from Fiordland to the Southern
Alps domain, the presence of a lithospheric root

can support the topography and enhance the but-
tress e¡ect. Since our goal is to analyze the grav-
ity anomaly more than to match the topography,
we prefer the model with the northern buttress.
Incorporating the buttress e¡ect of the lithospher-
ic root of the growing Southern Alps to the north
via pressure on the northern side of the slab, in
combination with the e¡ects from the applied
pressure on the eastern side, improves the corre-
lation of model predictions with observations.
The application of pressure on the eastern side

Fig. 7. Fiordland topography utilized for the computation of the gravity ¢eld. (a,b) Modeled topography for a continuous plate
bent by eastern lateral pressure and loaded by the Fiordland ‘crust’ (see Fig. 5f). As in the previous ¢gures the 3-D view is ob-
served from the north. The map views show the combination of the topography due to the bent elastic slab and the supported
crust. The elevation is plotted as vertical displacement with respect to the originally £at slab. To compute the gravity we assume
an average ocean depth of 4500 m, thus we correct the computed topography by subtracting this amount. (c,d) Modeled topogra-
phy for a broken plate.
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induces an easterly dip that increases from south
to north, while the pressure on the northern side
bends the tip of the subducting slab downward,
increasing the northern dip and reducing the dy-
namic support in the northern section. This moves
the predicted uplift in center coastal Fiordland.
With these two pressures applied, the ¢nal geom-
etry assumes a shape consistent with seismicity
pattern. A subhorizontal slab is subducting at
the Puysegur trench and is progressively bent,
moving northward, increasing in dip both in the
north and east direction to an almost vertical
plane below northern Fiordland (Fig. 4). At the
same time, the dynamic uplift generally reprodu-
ces the observed pattern of the topography (Fig.
6c). Furthermore, the presence of the tear intro-
duces a preferred orientation in the bulge direc-
tion that follows the eastern side of the fault/tear

in a pattern compatible with topography^bathym-
etry observations (e.g. [16,39,40]).

5. Gravity

A primary motivation for analyzing the role of
the Australian plate £exure in producing the uplift
of Fiordland was the pattern of gravity and to-
pography. The association of the positive Bou-
guer gravity anomaly with the high elevations of
Fiordland suggests that the region is not in iso-
static equilibrium. Our modeling indicates that
the £exure of a broken plate can provide the dy-
namic support to sustain these elevations. This
section discusses the resulting gravity signature
associated with the computed subduction geome-
try.

C

Fig. 9. Observed and modeled gravity anomalies in Fiordland. (a) Map view of the gravity anomalies computed from the model
of Fig. 8b, broken plate. As in all the map views on this page, the contouring interval is 25 mgal. The positive anomaly close to
the boundary in the north and the negative anomaly beneath the letter AP are artifacts of the boundary conditions. (b) Compari-
son of the gravity anomaly computed for a broken plate along the pro¢le AAP of panel a (continuous line) with the anomaly ob-
served along the pro¢le BBP of the map c (dashed line). (c) Map of the gravity anomalies observed in the Fiordland region. As
in all the plots in this ¢gure, we report Bouguer anomaly inland and free air anomaly o¡shore. (d) Map view of the gravity
anomalies computed from the model of Fig. 8a, continuous plate. The negative anomaly beneath the letter CP is an artifact of
the boundary conditions. (e) Comparison of the gravity anomaly computed for a continuous plate along the pro¢le CCP of panel
a (continuous line) with the anomaly observed along the pro¢le BBP of the map c (dashed line).

Model without tear Model with tear

1000 kg/m3

3300 kg/m3

2800 kg/m3

3300 kg/m3

1000 kg/m3

2800 kg/m3
Slab

Slab

a) b)

Fig. 8. Model utilized to compute the gravity ¢eld for a continuous elastic slab (a) and the broken one (b). A density of 3300
kg/m3 has been assigned to the region delimited by the top of the elastic slab or the bottom of the ‘Fiordland’ crustal block
down to 150 km. The depth of the elastic slab in the area where it is not deformed is assumed to be 4500 m with water ¢lling
the vacant space. The Fiordland block is assumed to have a density of 2800 kg/m3.
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Previous gravity models [27] suggest that the
gravity signature can partially be explained by
juxtaposition of oceanic and continental crust at
the coast. However, this e¡ect by itself can only
explain about one half of the anomaly observed in
Fiordland. Walcott [27] suggests that the Fiord-
land block needs to be tilted up to the west and
that Fiordland is considerably elevated above its
equilibrium position. He proposed that the forces
maintaining the Fiordland block out of isostatic
equilibrium arise from the internal £exural ri-
gidity of the plate. In contrast, we suggest that
the vertical displacement of Fiordland is due to
a dynamic support from the bending of the sub-
ducting Australian lithosphere. Since the Fiord-
land block is bounded by major fault systems
(Alpine Fault in the west and Moonlight faults
on the east), we prefer the concept of dynamic
support over lithospheric rigidity. In order to
compute the gravity ¢eld, we include in our mod-
els the e¡ect of the Fiordland block as explained
in Fig. 5. The resulting topography for the cases
of a continuous and a torn plate are shown in
Fig. 7.

The plate geometry, crustal structure, and ele-
vations determined in the 3-D ¢nite-element mod-
eling are converted to an equivalent mass distri-
bution for the gravity model. The modeled area
(Fig. 7) is approximated with rectangular prism
elements of prescribed density (Fig. 8). A density
of 3300 kg/m3 is assigned to prisms starting 150
km deep up to the bottom of the load in the
region loaded by Fiordland (red prisms in Fig.
7) or to the top of the deformed elastic slab else-
where. We also assume that undeformed slab at
the southwestern corner lies 4500 below sea level.
For this reason the topography in Fig. 7 is trans-
lated downward by this amount and replaced with
prisms of the density of water. In order to elimi-
nate edge e¡ects, we include the region surround-
ing the model assuming that it has the same com-
position as the reference model (4500 m of water
over oceanic lithosphere). The gravity signature is
computed using the algorithm described by Nagy
[41,42]. To generate the gravity anomalies, we
subtract from the result the reference value ob-
tained from the gravity signature of an in¢nite
slab with the reference model density structure.

We also apply a Bouguer correction to every
point above the water level (z= 0 m).

Fig. 9 shows the results of the gravity compu-
tation for the continuous and broken plates. The
o¡shore bulge created by bending a continuous
plate generates a high positive gravity anomaly
that is not present in the observed data (Fig.
9a). In contrast, the gravity signature for the bro-
ken plate model reproduces the wavelength, shape
and magnitude of the observed gravity anomaly
reasonably well, in particular, for the positive (on-
shore) side. The model underestimates the nega-
tive anomaly. Our model does not include the
e¡ects of the V5 km of sediment in the Fiordland
trench [39,43,44]. This would increase the down-
ward de£ection of the western side of the system,
increasing the magnitude of the negative anomaly.
In both models, the large negative anomaly in the
eastern Otago region is simply an artifact of
boundary condition e¡ects as well as the positive
anomaly o¡shore in the broken plate model.

6. Discussion and conclusions

Sharply bending an elastic slab to the shape of
the Australian plate subducted beneath Fiordland
generates a dynamic uplift. For the model of a
continuous slab, the dynamic uplift is localized
well o¡shore in the Tasman Sea in area where
neither high bathymetry nor positive gravity
anomaly are observed. A tear or a weak zone
mechanically decoupling the subducting sliver of
the Australian plate from the main plate elimi-
nates the problem of the o¡shore bulge and con-
¢nes the dynamic uplift beneath Fiordland. In this
case, the dynamic uplift provides the necessary
support to keep the Fiordland region in a non-
isostatic equilibrium while creating topographic
and gravity signatures compatible with the obser-
vations. We conclude that mechanical decoupling
of the highly deformed sliver of the slab beneath
Fiordland from the main Australian plate is con-
sistent with the observed data. The nature of this
decoupling is still not completely clear. A tear
extending the Alpine Fault into the Australian
plate as suggested by Lebrun et al. [16] is a viable
candidate and would be compatible with the stress
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¢eld determined by Reyners et al. [6]. Neverthe-
less, the lack of seismicity along such a fault [6]
may argue for the decoupling to be a more di¡use
weak region. At present, the available observa-
tions do not allow us to distinguish between these
two models. Recent bathymetric and seismic data
acquisitions on the area west of Fiordland [Barnes
and Lamarche, personal communication (2001)]
will hopefully allow us to re¢ne the models and
improve our understanding of this decoupling.
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