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RESEARCH ARTICLE

Topographic control on shallow fault structure and strain partitioning near
Whataroa, New Zealand demonstrates weak Alpine Fault
Phaedra Uptona, Bo Ra Songb and Peter O. Koonsb,c

aGNS, Lower Hutt, New Zealand; bSchool of Earth and Climate Sciences, University of Maine, Orono, ME, USA; cClimate Change Institute,
University of Maine, Orono, ME, USA

ABSTRACT
It is notoriously difficult to characterise the strength and stress states of major plate boundaries.
By taking advantage of the well-constrained stress contribution of topography adjacent to
a segmented section of the Alpine Fault, New Zealand, we have identified a mechanical
mix that produces the distinct fault segmentation pattern seen in field observations.
Slope-generated shear and normal stresses rotate the principal stresses relative to the
regional tectonically derived stress state and under certain strength states influence the
displacement pattern. Three-dimensional models show that the scale and form of the near-
surface partitioning depend on both topographic relief and local fault strength relative to
the bedrock. The models suggest the Alpine Fault is weak to moderately weak relative to the
bedrock and is a single structure to within c. 500 m of the surface, above which
segmentation occurs. Adjacent to the Alpine Fault, the stress state is highly variable. The
intermediate principal stress, σ2, is rotated from tectonically dominated, near-vertical beneath
ridges to near-horizontal beneath large valleys. Individual segments along the Alpine Fault
dominated by strike-slip faulting, oblique thrusting or thrusting, can be identified by
extracting the topographic contribution to the stress state from numerical models.
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Introduction

The Alpine Fault, which extends along the western edge
of the Southern Alps, is the most obvious manifestation
of the Australian–Pacific plate boundary through the
South Island (Figure 1). It accommodates 65%–75% of
the total Australian–Pacific relative plate boundary
movement, rupturing episodically in large magnitude
earthquakes (Mw c. 8) and appears to be late in its seis-
mic cycle (Sutherland et al. 2007; Howarth et al. 2012,
2016). At scales of tens of kilometres, the Alpine Fault
appears to be a remarkably linear feature. Unlike at
many oblique plate boundaries (Wentworth and
Zoback 1989; McCaffrey 1992, 1996), it accommodates
both fault-parallel and fault-normal components of
deformation along a single structure through most of
the frictional crust (Norris et al. 1990; Koons et al. 2003).

Close to the surface, in the upper kilometre of the
crust, the central Alpine Fault becomes segmented
(Norris and Cooper 1995, 1997; Barth et al. 2012; Lan-
gridge et al. 2014). When first mapping the central sec-
tion, Norris and Cooper (1995, 1997) proposed ‘serial
partitioning’ to explain their observations that northerly
striking sections accommodate oblique thrusting,
whereas more easterly striking sections are dominantly
dextral strike-slip. This model was in contrast to the
more common parallel partitioning where oblique
motion is accommodated on parallel thrust and strike-

slip faults (Wentworth and Zoback 1989; McCaffrey
1992, 1996). Norris and Cooper (1995) used sandbox
models to propose that local stress field perturbations
due to the steep range frontwith deeply incised river val-
leys promote serial partitioning. The acquisition of air-
borne light detection and ranging (LiDAR) data has
refined these observations andhighlightedmore parallel
partitioning along the fault (Barth et al. 2012; Langridge
et al. 2014). Barth et al. (2012) suggest that the style of
partitioning and fault segmentation is scale dependent.
At the first order (>106 to 104 m) it is unpartitioned
(Koons et al. 2003), at the second order (104 to 103 m)
motion is serially partitioned in the upper c. 1–2 km
and at a third order (103–100 m) it is parallel partitioned
into fault wedges in the hanging wall.

Strain partitioning implies local perturbation of the
stress state. Field-based studies and LiDAR cannot
fully characterise the spatial variation of stress orien-
tations; nor can they define the relative impact of con-
trolling factors including topographic relief and fault
strength. The purpose of this article is to use a fully
3D mechanical modelling system to quantify the con-
straints on strain partitioning and fault segmentation
in the near-surface of the Alpine Fault. Our focus is
the Whataroa valley where recent drilling to nearly
1 km depth in an attempt to intersect the fault plane
revealed unexpected complexity in the valley geometry
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and potentially the fault as well (Sutherland et al. 2017;
Toy et al. 2017). We show that topographic relief,
coupled with strain-dependent rheological evolution,
perturbs the 3D stress state in the top couple of kilo-
metres, controlling where and how displacement on
the Alpine Fault is accommodated in the near-surface
andwe use this finding to estimate its frictional strength.

Model methodology

To explore the relationships between topographic
relief, fault partitioning and fault strength, we solved
simultaneously the motion and stress relations for a
3D deforming crust using a field-constrained rheologi-
cal model. We solved a series of 3D mechanical models
using the continuum code FLAC3D (Itasca 2014).

Model geometry and boundary conditions

Our model consists of a high-resolution region (x =
35 km, y = 35 km, depth = 10 kmand 200 m resolution)
centred on the mouth of the Whataroa gorge, shown in

Figure 1(A). This is embedded into a larger low-resol-
ution region which has the dimensions 175 km normal
to and 235 km parallel to the Alpine Fault, extending to
a depth of 25 km. Only the high-resolution part of the
model includes topography (Figure 1A). The model
boundaries are placed at a considerable distance from
the high-resolution region to ensure that boundary
effects do not influence our results. Velocity boundary
conditions, derived fromGPS and plate reconstructions
(DeMets et al. 1994;Wallace et al. 2007) are imposed on
the model edges. The material representing the Austra-
lian Plate is held still, whereas that representing the
Pacific Plate moves at a rate of 37 mm/yr (Figure 1A).
All models have a pre-existing dipping (50° southeast)
structure representing the Alpine Fault (Figure 1A).
The strength of the structure and its initial geometry
are varied for different models as described below.

Material properties used in the models

The models assume a two-layered crust, similar to that
in previously published modelling studies (Upton and
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Figure 1. A, Model geometry based on a 200 m digital elevation model (contour interval 200 m) of a 35 × 35 km region
including the Whataroa River and Gaunt Creek. The region of interest is embedded into a larger model with dimensions of
175 km × 135 km × 25 km and velocity conditions are imposed on the boundaries as shown by the black arrows. Red arrows
show the DFDP-1 and 2 drill holes (Sutherland et al. 2012, 2017). The Alpine Fault is included as a pre-existing weakness dipping
at 50° southeast to depths ranging from 0 m to 2000 m. The red line shows the trace of the Alpine Fault from the Active Faults
Database (Langridge et al. 2016). Dashed boxes show regions plotted in Figure 2. B, Detail of weaker Alpine Fault material,
each line is offset for illustrative purposed only, letters in brackets refer to Figure 2. Inset, Plate boundary setting showing the Alpine
Fault, Whataroa and the plate motion vector (DeMets et al. 1994).
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Koons 2007; Upton et al. 2009; Koons et al. 2012; Roy
et al. 2016). We set the model ‘frictional viscous tran-
sition’ 15 km below sea-level (b.s.l.) at a distance
from the Alpine Fault and elevated to 10 km b.s.l. adja-
cent to the fault (Koons 1987; Boese et al. 2012). We
use a thermally activated mid-lower crust with material
properties identical to previous modelling efforts
(Upton and Koons 2007; Upton et al. 2009; Koons
et al. 2012; and references therein). The upper crust
of the hanging wall is modelled using a strain-softening
elastoplastic Mohr–Coulomb rheology based on
measured fault rock strength from Haast Schist at the
Cromwell Gorge in central Otago (Thomson 1993).
This material has an initial friction angle (φ) of 35°,
cohesion of 50 MPa, and the capacity to strain soften
to a friction angle of 15° and cohesion of 100 kPa
after 3% total strain (Thomson 1993; Koons et al.
2012; Roy et al. 2016). The friction angle of the pre-
existing model Alpine Fault is varied in the models
from 10° to 25°. The friction angle is a measure of
the shear strength of a material, measuring its

resistance to sliding. In this study, we are interested
in the relative strengths of the deformed (faulted)
rock and undeformed hanging wall, and their evol-
ution. The strain softening nature of the material mod-
elled means there is a direct relationship between the
amount of deformation (faulting) and the final value
of the friction angle. For this reason, we use the friction
angle (as a measure of strength) to illustrate where
faulting has occurred in the models (Figure 2, 3).

Interpreting models of a highly evolved system, such
as valley/ridge topography and segmentation along the
Alpine Fault, is challenging because we need to strike a
balance between over- and under-defining the con-
straints on the models. In this case, we know that the
Alpine Fault is segmented in the uppermost crust
and we have hypothesised that both fault strength
and topography play a role in determining the nature
of the segmentation. If we predefine the fault structure
completely, we cannot watch its evolution. However,
we need to pre-define enough of the fault structure
for the deformation to occur in the areas that we
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Figure 2. Model results shown as fault-parallel velocity, fault-normal velocity and friction angle (φ) looking down on the models as
shown by dashed boxes in Figure 1(A). Note that D includes a larger region as the zones of localisation in this model are more
widespread than for A–C. The material strain softens thus φ is representative of strain localisation. A–D, The pre-existing Alpine
Fault extends to the surface. The black arrows in the left and middle columns of A show the relative motion that each column
is illustrating. Boundary parallel or strike-slip motion in the left-hand column and boundary perpendicular or thrust motion in
the middle column. A,B, φ = 10 and 15° respectively. Both fault-parallel and perpendicular velocity components are taken up on
that structure. C, φ = 20°, a vertical structure develops c. 2–3 km southeast of the Alpine Fault which takes up about half of the
fault-parallel motion. Fault-normal motion is still taken up along the dipping Alpine Fault. D, φ = 25° is unfavourable for fault-par-
allel motion while half of the fault-normal motion is still taken up along it. Several shear zones develop east of the Alpine Fault. E–G,
Strain localisation above an initial weak Alpine Fault (φ = 15°) that extends to within 500 m (F), 1000 m (F) or 2000 m (G) below the
surface. In all cases, strain localises onto a series of structures which partition the motion in the near surface.
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know it does. We ran two sets of models to try and
unpack these different controls.

Model Set 1 was aimed at the impact of fault
strength on the development of strain localisation
and fault segmentation. In these models, the pre-exist-
ing structure representing the Alpine Fault extends all
the way to the surface. Its friction angle was varied
from 10° to 25°. These geometries were run to explore
how weak a dipping structure must be for both com-
ponents of deformation—fault normal and fault paral-
lel—to be taken up along it. Models that produced
strain patterns unlike those observed along the Alpine
Fault tell us what rheological parameters are unlikely.

We then reduced the number of constraints on the
models inModel Set 2. Thesemodels were run to explore
the evolution of strain partitioning and fault segmenta-
tion relative to topography and fault strength. To do so,
we varied the friction angle as above. We also varied

the depth to which the weakness extends toward the sur-
face from 2000 m b.s.l. to 500 m b.s.l. (Figure 1B) to
explore the development of fault segmentation relative
to topography. These models are not meant to imply
that the Alpine Fault suddenly goes from weak to strong
in the shallow crust. They are designed so that we can
observe how near-surface fault segmentation develops
in the absence of pre-defined weaknesses at the surface.
We varied the depth of the tip of the pre-defined Alpine
Fault to find the model that most closely matches field
observations. By using a strain softening rheology for
the hangingwallmaterial, we can see where strain is loca-
lised in relation to other features in the model.

Model limitations

The resolution of the central part of the models is
200 m, thus we can explore localisation of deformation

A: Fault (φ = 15°) 
constrained to 
500 m bsl (fig. 2E)

B

C

E

F

φ = 35°

 = 15°

5 km

N

Whataroa-modelfault

σ
1

σ
2 

σ
3  

plunge 
σ

2 
(°)
90

60

30

0

MHS Boese 
et al. (2012)

D

500 m

1000 m

Figure 3. A, The friction angle at the surface above an initial planar Alpine Fault weakness extending to 500 m b.s.l. Light blue:
where the hanging wall has strain softened to φ = 15°, shows the location of high strain zones in the models. B, Plunge of σ2
on a horizontal slice at sea-level though the model shown in A. Blue: σ2 is near horizontal. Red: σ2 is near vertical. C–F, Stereonet
plots showing the stress state within regions outlined by the white boxes. C,E, Thrust segments close to the range front. D, Wha-
taroa-model fault which forms as an oblique sinistral strike-slip structure along the western edge of the Whataroa Valley. F, A strike-
slip segment where motion is partitioned between here and the thrust segment shown in E. MHS = Maximum horizontal stress
determined by Boese et al. (2012).

4 P. UPTON ET AL.

D
ow

nl
oa

de
d 

by
 [

24
.1

98
.1

80
.1

94
] 

at
 1

2:
18

 2
1 

N
ov

em
be

r 
20

17
 



only at scales > 200 m. We are unable to model features
such as the anisotropy of the schist, the width of the
fault damage zone or the footwall rheology. The latter
two were called upon by Barth et al. (2012) as con-
straints on partitioning and the geometry of the hang-
ing wall fault wedges. Our resolution is too coarse to
resolve sediments thicknesses of <50–200 m. We also
make assumptions about initial conditions and geome-
tries. To avoid complex and difficult to code geome-
tries, which can lead to numerical instabilities, we
assume that the Alpine Fault can be modelled as a
straight line at 2 km or 500 m b.s.l. in Model Set
2. Given the non-linear nature of the range front at
this scale, this is obviously a simplification and we
note that in comparing our results with field obser-
vations. Finally, no surface processes are imposed in
the models.

Model results

Model Set 1

Varying the friction angle of the pre-defined weakness
representing the Alpine Fault had a significant impact
on the nature of strain partitioning. A weak structure
(φ = 10 or 15°) precludes any partitioning (Figure 2A,
B) with both fault-parallel and fault-normal velocity
components taken up along this weak structure,
whereas a stronger (φ = 25°) dipping structure took
up almost none of the fault-parallel velocity and only
a portion of the fault-normal velocity (Figure 2D). In
the strong fault case, a series of structures developed
in the hanging wall, some parallel to the model Alpine
Fault and others at a high angle to it, generally along
topographic lows. Fault-parallel motion was largely
taken up on two structures, one 2–3 km inboard of
the Alpine Fault and a series of sub-parallel high strain
zones 8–10 km inboard which form in the upper Wha-
taroa and its tributaries. A second structure developed
along the western side of the Whataroa valley (referred
to as theWhataroa-model fault). It took up both strike-
slip (sinistral) and reverse motion perpendicular to the
model Alpine Fault.

Model Set 2

In this model set, we explored the development of par-
titioning relative to topography by varying the depth to
which we pre-define the Alpine Fault weakness. As dis-
cussed above, this is not because we think that the
Alpine Fault suddenly strengthens in the near-surface,
but so that we can observe how fault segmentation
evolves unconstrained by pre-existing weaknesses.
Boundary-parallel motion was taken up on vertical
structures that develop in the hanging wall above the
top of the pre-defined weakness. Where this depth is
greater, vertical structures developed further from the

range front (Figure 2E–G; Figures S1–S3). The bound-
ary-normal component was influenced by the topo-
graphic relief, especially where the depth to the top of
the pre-defined model Alpine Fault is greater (Figures
S1–S3). Structures developed along the edge of the
Whataroa and Waitangitaona valleys, which take up
a considerable portion of the boundary-normal defor-
mation. These structures are seen in the φ plots as
zones of weakness that curve into the river valleys
from the north (Figures S1–S3).

Discussion

Partitioning of strain and segment
characteristics

Varying the strength of the Alpine Fault and the depth
of the pre-defined weak dipping structure in the
models produced a variety of patterns of strain localis-
ation at the surface. As the strength ratio between the
bedrock and the model Alpine Fault decreased or the
up-dip top of the pre-defined weak dipping structure
was at greater depth, the development of vertical, dom-
inantly strike-slip structures developed further south-
east of the Alpine Fault. Under these conditions, the
Alpine Fault is not favourably oriented to take up the
highly oblique motion and deformation is strongly par-
titioned. Field observations and LiDAR suggest, based
on the assumption that thrust segments dip at c. 45°
and strike-slip segments are close to vertical, that strain
partitioning in the shallow brittle crust is restricted to
within c. 500 m of the range front (Barth et al. 2012;
Langridge et al. 2014). Vertical strike-slip sections
found crossing the toe of ridges c. 500 m inboard of
the range front strongly suggest that individual struc-
tures merge into a single structure at shallow depths
(Norris and Cooper 1995, 1997; Barth et al. 2012; Lan-
gridge et al. 2014). The field observations best fit a
model with a single weak fault plane to c. 500 m b.s.l.
and segmentation of the fault into shallow vertical
and dipping structures at about this depth. A compari-
son with structures mapped from LiDAR also suggests
this depth is <500 m (Figure 4). Our model cannot
capture all the complexity of the natural system and
assumes that the Alpine Fault at depth is planar.
Where our model deviates most from the mapped fea-
tures, northeast of Gaunt Creek, it is possible that the
weak Alpine Fault in the near-surface extends further
northwest than in our simplified model geometry
(Figure 4).

Stress state in the near-surface and its
relationship to topography

The model stress state varies along strike (Figure 3;
Figure S4). Beneath the ridges, the stress state is
close to the regional stress regime where σ2 is near
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vertical, i.e. far-field tectonic driving forces dominate
the stress regime (Koons 1994; Boese et al. 2012).
Beneath the valleys, the intermediate principal stress,
σ2, is rotated to near-horizontal by the topographic
relief, reflecting a thrust stress regime rather than
oblique strike-slip. Along the model Alpine Fault,
we observe rotation of the stress state and partition-
ing of deformation onto oblique thrust and oblique
strike-slip structures. At the valley mouth, a thrust
segment curves into the valley and the stress state is
one of almost pure thrusting (Figure 3C). Along
strike to the south, parallel partitioning is obvious
with a strike-slip segment (Figure 3F) and a thrust
segment (Figure 3E). σ1 for this segment is very
close to the regional maximum horizontal stress
observed by Boese et al. (2012). As well as rotation
of the stress state, field observations from Franz
Josef, 20 km south of our field area, suggest that the
magnitudes of the σ2 and σ3 are close and readily
switch (Enlow and Koons 1998). The youngest shal-
low-level vein sets in the Franz Josef river valley are
both sub-horizontal and sub-vertical and these two
sets are mutually cross-cutting. This implies that σ2
and σ3 are of similar magnitude and there was
some switching between the two in the deformation
history (Hanson et al. 1990).

The Whataroa valley and its tributaries are the lar-
gest erosional hole along the western Southern Alps,
representing a major departure from the dominant
topography of the steep and high Southern Alps. We
might expect to see rotation of the stress state and
strain concentration along the Whataroa, as a conse-
quence of slope-generated shear and normal stresses
which reduce the amount of tectonic stress required
to reach failure (Koons and Kirby 2007). Where the
Alpine Fault is strong (φ = 20 or 25°), our models do
predict significant perturbation of the stress state.
They also predict that tectonic stresses in the hanging
wall combine with slope-generated stresses to form a
structure we have called the Whataroa-model fault,
which extends c. 10 km along the western Whataroa
valley (Figure S3).

Controls on the strength of the shallow Alpine
Fault

The lack of field evidence for (1) major active structures
parallel to the large valleys, and (2) vertical strike-slip
structures at distances > 500 m from the range front pro-
vides a robust constraint on the strength of the Alpine
Fault. The lack of these two suggest the Alpine Fault is
sufficiently weak (φ < 20°) that the topographic stress
perturbation of the Whataroa valley and its tributaries
is insufficient to shift significant failure away from the
dipping fault plane. In these models, tectonic stresses in
the hangingwall still combinewith slope-generated stres-
ses to forma shorter version of theWhataroa-model fault
(Figure 3) which extends c. 2 km along the westernWha-
taroa valley. This modelled structure is predicted to have
minor oblique sinistral strike-slip motion, up to the east
(Figure 3D; Figure S1). A structure such as this might
explain the bedrock geometry at the DFDP-2B drill site
where the depth to basement far exceeded expectations
(Sutherland et al. 2017). This could be due to one or
both of the following processes. Motion along the struc-
ture dropping the western side of the valley down relative
to the eastern side or enhanced erosion of a weakened
fault zoneby successive glaciations during thePleistocene
resulting in an over-steepened valley (Roy et al. 2015).

Comparison with other models

Barth et al. (2012) propose that the width, extent and
geometry of the fault wedges are controlled by the
thickness of the footwall sediments and the width of
the fault damage zone. We cannot test these two attri-
butes as constraints because the resolution of our
models is too coarse to include them. We do show
that stress perturbations, which result from topogra-
phy, as first mooted by Norris and Cooper (1995,
1997), produce a combination of serial and parallel
partitioning along the range front of the Southern
Alps. We would argue that it is not necessary to appeal
to footwall rheology to explain the observations, but we
cannot discount the suggestion that it does play a role

Gaunt Creek
DFDP-1

Whataroa

River

0            1            2 km

37 mm/yr

Fault traces mapped from LiDAR by Barth et al. (2012)

x
DFDP-2

N

Figure 4. Comparison of model (Figure 3A) results with LiDAR observations (from Barth et al. 2012).
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in controlling the details of individual fault segments,
as suggested previously (Barth et al. 2012). Our models
differ fromNorris and Cooper (1995, 1997) in that they
have no pure strike-slip segments, instead a combi-
nation of serial and parallel partitioning develops, as
also noted by Langridge et al. (2014) in their interpret-
ation of LiDAR observations.

Conclusions

In mountainous regions, topography perturbs the
stress state, and couples with rheology to influence
the localisation of strain, particularly in regions of obli-
que deformation. We used 3D mechanical models to
show that as the strength ratio between the bedrock
and an oblique dipping fault is decreased, or the
depth to the up-dip tip of a single weak dipping struc-
ture is increased, two effects are observed. First, verti-
cal, dominantly strike-slip structures develop further
and further into the hanging wall. Second, strain is
localised into significant topographic perturbations.
We use field and LiDAR observations, our 3D models
and the perturbation to the stress field from topogra-
phy to evaluate the strength and stress regime of the
Alpine Fault. A strong model Alpine Fault or a situ-
ation where boundary-parallel motion is able to bleed
off a single dipping structure onto vertical strike-slip
faults at depths >500 m does not match the obser-
vations. A weak model Alpine Fault, which is a single
structure at depths >500 m, predicts that both vertical
strike-slip structures and structures following topo-
graphic lows are restricted to within c. 500 m of the
range front, consistent with field and LiDAR obser-
vations. At shallower depths, rather than pure serial
or parallel partitioning occurring, the interaction of a
weak fault and the topography produces a complex
pattern that is a combination of both serial and parallel
partitioning. Strike-slip segments occur within the
hanging wall of the range front, while oblique thrusting
is taken up at the range front.
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