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ABSTRACT

ARTICLE HISTORY

Although the Alpine Fault has been studied extensively, there have been few geodetic studies
in South Westland. We include a series of new geodetic measurements from sites across the
Haast Pass and preliminary results from a recently established network, the Cascade array
that extends from the Arawhata River to Lake McKerrow, a region that previously had few
geodetic measurements. We compare the slip rates based on models that include both
single and double faults, and consider Alpine Fault dips of 55° and near vertical. Our
preferred solution models the Alpine Fault as an inﬁnitely long fault, dipping at 55° with a
second (proxy) fault to account for (inboard) distributed deformation. This gives results that
are consistent with the Alpine Fault being a predominantly strike-slip fault with a slip rate of
30 ± 2 mm/yr and therefore demonstrates that the slip rate of the Alpine Fault is constant
along strike. The locking depth for the fault in this region is c. 17 km. Assuming a near
vertical dip angle results in unrealistic high slip rates.
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Introduction
Over the last 20 years, the School of Surveying at the
University of Otago has established a dense geodetic
network extending across the South Island of New Zealand. The network extends from the east coast near
Dunedin across Central Otago and the Alpine Fault to
the west coast near Haast (Figure 1). This proﬁle,
which crosses the Central Otago and South Westland
regions, is located in the southern half of the South
Island of New Zealand. The eastern half of the proﬁle
is dominated by the Otago fault system, which is characterised by actively growing asymmetric anticlines above
buried reverse faults (Beanland and Berryman 1989;
Jackson et al. 1996; Litchﬁeld and Norris 2000; Litchﬁeld
2001). These structures are periodically active followed
by long periods of quiescence when the activity migrates
to another structure in the region (Beanland and Berryman 1989; Litchﬁeld and Norris 2000).
Farther west, the tectonics are dominated by the
plate boundary zone where, in the central South Island,
the boundary takes up oblique convergence that transitions in the southwestern South Island (South Westland to Fiordland) to subduction of the Australian
Plate (Wallace et al. 2007). Barth et al. (2013) identify
Martyr River as the change point between the central
and southern Alpine Fault. North of Martyr River the
plate motion is accommodated as oblique strike-slip
(strike 55°, dipping southeast c. 45°), whereas south
the motion is almost pure strike-slip and the Alpine
Fault becomes nearly vertical (strike 52°, dipping
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southeast c. 82°) (Barth et al. 2013, Table 1). The
vertical component also changes at this point such
that the Paciﬁc Plate is uplifting north of the Martyr
River and the Australian Plate is uplifting to the south.
This region has been the subject of geodetic investigations since the 1980s (Blick 1986; Pearson 1990) that
were based on the analysis of triangulation measurements, but subject to large measurement errors. The
advent of satellite geodesy resulted in improved
measurement precision that enabled studies such as
Pearson et al. (2000) to examine slip rates on the
Alpine Fault with a best ﬁt model that accommodates
c. 75% of the relative plate motion and a locking
depth of c. 10 km. For the central South Island, Beavan
et al. (1999) showed that the majority of the observed
velocity signal (50–70%) is uniform slip along strike
of the Southern Alps with a shallower locking depth
of 5–8 km, which is consistent with higher crustal
temperatures associated with a thinner crust. On the
eastern side of the Southern Alps and away from
the Alpine Fault, Denys et al. (2014, 2016) showed
the spatial variation in strain accumulation within the
Otago fault system.
In addition to the Otago geodetic data (Denys et al.
2014, 2016), this study includes recent geodetic
measurements from sites across the Haast Pass that
have not been measured for many years and data
from a recently established network, the Cascade
array that extends from the Arawhata River to Lake
McKerrow, a region that previously had very few
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Figure 1. Network sites. ( ) Continuous GNSS sites, ( ) campaign sites and ( ) new Cascade array campaign sites. Big
Bay proﬁle sites have black borders (see proﬁles G and H)
using sites south of Martyr River (Table 2, Models G and H).

geodetic measurements. Together, these data form a
broad proﬁle between Dunedin to Haast, and south
of Jackson Bay (Figure 1).

Campaign GPS
Our study incorporates campaign and continuous
measurements collected over the past 20 years. These
data have been observed using traditional GPS
methods: tripod, tribrach and antenna set up on traditional surveying marks, typically stainless pins with
centring holes grouted into rock or set in concrete.
Nominally observing sessions are 2 days (48 h) long,
although some of the earlier campaigns were observed
with sessions of < 24 h. Although this method is versatile and expedient, it is prone to centring and antenna
height measurement errors. The use of diﬀerent equipment (e.g. antenna) between campaigns, can result in
positional errors. This is particularly true for the
early measurements in the 1990s when the antenna

phase centre models were signiﬁcantly less accurate
than for more modern antenna.
To overcome the centring and antenna height error
inherent in traditional GPS campaigns, we have established two networks composed of force-centred marks.
In these networks, each antenna is connected to a ﬁxed
height adaptor that is attached directly to a 5/8′′
threaded rod epoxied into rock. The height of the
antenna reference point above the ground depends
on the length of the ﬁxed height adaptor and would
generally range between 0.055 and 0.15 m. Secure
sites are chosen so that equipment can be left unattended for long periods. The two networks containing
force-centred points are the Cascade array consisting of
marks epoxied into rock outcrops located on ridge tops
above the bush line. The array, which was established
in 2012, is accessible only by helicopter and observed
at c. 1-year intervals between 2013 and 2016. The Central Otago network is similar to the Cascade array
except that the marks were developed so that each
site had easy, all-weather access (two-wheeled drive
vehicle) as well as being secure so that the equipment
could be left unattended. The ﬁrst sequence of Central
Otago marks was established in 2004, a second phase in
late 2005 and a third phase in 2009. The mark distribution is governed by the layout of the road network,
which in turn tends to follow the valleys and basins
of the region. This allows for easy and fast access to
the marks, but results in the mark distribution being
biased towards lower elevations. The surveys have
been conducted using a reasonably consistent set of
equipment. All measurements since 2004 have used
Trimble 5700, R7 and R10 receivers and Trimble Geodetic, Trimble Geodetic 2 or R10 antennas.

GPS processing
GPS data have been processed using the Bernese software package (v. 5.2) (Dach et al. 2015) using 24 h
daily position solutions. The Centre for Orbit Determination (CODE) precise satellite orbit and clock parameters, together with the I08.ATX absolute GPS
receiver and satellite antenna phase centre model
(Schmid et al. 2007) are used to generate daily position

Table 1. Model parameters for the single- and double-fault models estimated using both the pre- and post-Dusky Sound 2009
(DS2009) velocity ﬁelds. Note that a positive slip rate implies dextral motion. The dip of the Alpine Fault is assumed to be 55°
and the antithetic fault is assumed to be 46°.
Fault model
A
B
C
H

Pre-DS2009
Alpine Fault
Pre-DS2009
Alpine Fault
Antithetic fault
Post-DS2009
Alpine Fault
Post-DS2009
Alpine Fault (Big Bay proﬁle)

Strike slip rate

Fault(s)

Locking depth

mm/yr

± 1σ mm/yr

km

± 1σ km

1

35.0

0.4

21

1

2

30.0
4.2

1.5
1.0

17
17

1
Assumed

1
1

37.1
36.8

0.8
0.2

11
20 ﬁxed

2
Assumed
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time series. The carrier phase ionosphere-free linear
combination is used to correct the ﬁrst-order ionosphere. Higher-order ionospheric eﬀects are not considered here because Hernández-Pajares et al. (2007)
and Petrie et al. (2010) showed that these eﬀects are
< 1 mm. Tropospheric eﬀects are modelled using the
Global Mapping Function, which maps the zenith troposphere delay to the elevation of each observation
(Boehm et al. 2007). A 10° elevation cut-oﬀ angle is
used, a compromise to constrain tropospheric eﬀects
but minimise multipath errors. Non-tidal atmospheric
loading displacements are modelled according to Ray
and Ponte (2003). The eﬀects of ocean loading are corrected using the FES2004 model (Lyard et al. 2006) from
the Onsala Space Observatory (holt.oso.chalmers.se/
loading). Ambiguity resolution involves a recursive
strategy that includes code and phase-based wide lane,
QIF and direct L1/L2 ﬁxed ambiguities, depending
upon baseline length. The ITRF2014 reference frame is
realised through the Helmert three-parameter transformation of the daily coordinate positions. Global
IGS sites include those on the stable Paciﬁc, Antarctic
and Australian plates. Data outliers were removed
using the Median Absolute Deviation (MAD) robust
estimator at the 4σ level with σ = 1.4826 × MAD.
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decay. Following Denys and Pearson (2015, 2016), we
model this displacement by modifying Equation (1)
such that:
X(t) = X0 + vX (t − t0 )
X(t) = X0 + vX (t − t0 )


nk 
t , tk
t − tk
C
+
O
+
A
log
k
k
k=1
tk
t ≥ tk

(3)

where OCk is the coseismic oﬀset (m), Ak is the amplitude
of the post-seismic decay (m), tk is the decay time scale
(yr), tk the event time (yr) and nk is the number of
events. Modelling of seasonal eﬀects (annual and semiannual cyclic terms) and including any position oﬀsets
caused by equipment changes (e.g. replacement antennas) is also included in the continuous position time
series (see Denys and Pearson 2015, 2016 for details).
Figure 2 shows the velocity vectors in a Paciﬁc Plate
ﬁxed frame after removing the MORVEL (Paciﬁc) plate
motion (DeMets et al. 2010). The velocity vectors are
generally consistent at the few millimetre level on the
east coast, but increase rapidly towards the Alpine
Fault. As noted by Sutherland et al. (2006), the vectors
in this region are close to being parallel to the trace of
the Alpine Fault, which would imply that the fault is
predominantly strike-slip.

Velocity estimation
We model the site position time series assuming linear
velocities. Hence the basic equation is:
X(t) = X0 + vX (t − t0 )

(1)

Modelling inﬁnite faults
We model the fault parallel and normal velocity
proﬁles using equations for inﬁnite faults developed

where X(t) is the position (ordinate) (m) at time t (yr),
X0 is the reference position (m) at reference time t0 and
vX is the site velocity (m/yr). The MW 7.8 Dusky Sound
2009 earthquake (Beavan et al. 2010) not only caused
earth displacement at the time of the event throughout
the lower South Island (Crook and Donnelly 2013), but
also resulted in a new velocity ﬁeld since the time of the
event. Equation (1) is modiﬁed to include transient velocity events that act as a time dependent oﬀset (i.e.
ramp) with:
X(t) = X0 + vX (t − t0 )
nl
+
[OCl + vVl (t1,l − t0 )]
l=1

(2)

t1,l , t , t2,l
where OCl is a coseismic oﬀset (m), vVl is the transient
velocity (m/yr), t1,l is the start time and t2,l is the end
time of the velocity event (t2,l may be the end of the
time series if the velocity change is ongoing as is the
case for the Dusky Sound post-seismic relaxation)
and nl is the number of events.
In the case of the continuous GNSS sites where the
position time series are estimated daily, the post-seismic deformation is modelled as a characteristic log

Figure 2. Site velocities relative to the MORVEL Paciﬁc Plate
pole (DeMets et al. 2010). ( ) Pre-Dusky Sound 2009 earthquake velocities and ( ) post-Dusky Sound 2009 velocities.
Error ellipses are shown as 95% conﬁdence intervals.
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by Savage (1983) and similar to the procedure
described by Beavan et al. (1999) and Pearson et al.
(2000). We assume uniformity along the fault, thus
reducing the problem to two dimensions. This simple
but eﬀective model assumes a locking depth below
which the fault slips freely at a uniform slip rate. In
this case, the plate boundary parallel component of velocity, VP , is:



S
−1 x − d tand
Vp = V0 + tan
p
d
where V0 is the slip-rate oﬀset (mm/yr), S is the slip
rate (mm/yr), x is the perpendicular distance from
the fault (km), d is the locking depth of the fault
(km) and d is the dip of the fault (°). (There is a similar
equation for the plate boundary normal component of
the velocity ﬁeld, VN , however we have included only
the plate boundary parallel component in our modelling because the velocity vectors shown in Figure 2
indicate that this portion of the Alpine Fault is predominately strike-slip.)
As a ﬁrst step towards a tectonic interpretation of
the velocity ﬁeld, we follow the procedure outlined by
Pearson et al. (2000) and constructed proﬁles of the
fault parallel and fault normal components of the velocity as a function of distance from the Alpine Fault.
We inverted the velocity data to obtain fault slip rates
by linearising Equation (4) which models slip on
inﬁnite faults (Savage 1983) and use standard least
square techniques to ﬁnd a solution that minimised
the sum-squared of the weighted residuals.
Applying this technique requires that the geometry
of the Alpine Fault is known. Our study area is located
in the transition zone between double-fault geometries;
namely, the northern section extending from Haast to
Arthur’s Pass (central South Island), where the fault
has a dip of c. 50° (Sibson et al. 1979; Norris and
Cooper 2001), and the southern section (South Westland) where the Alpine Fault has a nearly vertical dip
(Sutherland and Norris 1995; Barth et al. 2013).
Although the surface dip of the Alpine Fault is well
established by geological studies, the dip of the plate
interface at depth is controversial. For example, Lamb
and Smith (2013) model the Alpine Fault/Puysegur
subduction zone as having a fairly consistent dip of
c. 50°. We explored the eﬀect of diﬀering fault geometries by developing proﬁles with fault dip of between
45° and 80°. Our preferred fault dip is 55° based on
the geological evidence from Barth et al. (2013) showing that the dip of the Alpine Fault steepens in our
study area.

Results
Denys et al. (2016) showed that there is a signiﬁcant
change in the secular velocity ﬁeld in Central Otago
due to the 2009 Dusky Sound earthquake. For this

reason, we analysed the pre- and post-earthquake
velocities separately. We ﬁrst inverted the pre-earthquake data by considering the straightforward
single-fault model in which all deformation is
assumed to be slip on the Alpine Fault. The faultparallel component of motion is shown in Figure 3
and the model parameters are summarised in Table
1 (Model A). The single-fault model with a dip of
55° is a reasonable ﬁt except that the predicted
fault-parallel proﬁle is systematically too low in the
range 30–60 km, resulting in a standard error of
unit weight (SEUW) of 1.9. This systematic diﬀerence
is likely to indicate the inﬂuence of distributed deformation and/or other unmodelled faults.
Previous studies (Beavan et al. 1999; Pearson et al.
2000) suggest that this extra deformation can be modelled as a second structure running parallel to the
Alpine Fault but dipping to the west. Using a block
model, Wallace et al. (2007) also showed that the ﬁt
of the GPS data improved with a discrete boundary
c. 150 km east of the Alpine Fault that accommodated
c. 3–4 mm/yr of deformation. Alternatively, the extra
deformation could be ascribed to distributed deformation within the Southern Alps. Following Pearson
et al. (2000), we modelled the proﬁle with two oppositely dipping shear zones, one of which is identiﬁed
as the Alpine Fault , whereas the second, west-dipping
fault is located c. 150 km east of the Alpine Fault as a
proxy for distributed deformation associated with
other structures. Equation (5) illustrates the doublefault model in which the right-hand term is the second
fault with dip, d2 , and D represents perpendicular distance between the double-faults.



s1 −1 x − d tand1
VP = V0 + tan
p
d



s2 −1 (D − x) − d tand2
+ tan
p
d
The parameters of our best-ﬁtting double-fault
model are listed in Table 1 (Model B), whereas
Figure 4 shows the fault-parallel velocities. Incorporating the second fault plane 150 km east of the
Alpine Fault produces an improvement in ﬁt with
the SEUW decreasing to 1.6. The locking depth
and slip rate of the Alpine Fault from our singlefault model are signiﬁcantly greater than those from
Pearson et al. (2000).
Figure 5 shows the fault-parallel velocity proﬁle for a
single-fault model based on only the post-earthquake
velocities (Table 1, Model C). A major diﬀerence is
the signiﬁcant gradient of the fault-parallel velocities
as a result of the Cascade array measurements. The
steepness is not obvious with the more limited data
set for the pre-Dusky Sound 2009 velocity ﬁeld. A
second diﬀerence between the pre- and post-earthquake proﬁles is the lack of measurements between 6
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Figure 3. Single-fault parallel component of the velocity ﬁeld based on the pre-Dusky Sound 2009 velocities (Model A). The solid
line shows predicted velocity for an inﬁnite Alpine Fault. Triangles represent observed velocities and error bars are at the 1σ level.
The x-axis shows distance from the surface trace of the Alpine Fault in km.

and 88 km from the Alpine Fault. Because these data
are not available, it is not possible to invert for a twofault model because it is the data in this region that
constrain the second fault.
A comparison of the fault parameters in Table 1
shows that the slip rates are very similar between the

single-fault models for the pre- and post-Dusky
Sound 2009 earthquake data sets, but the locking
depth is clearly much less for the post-Dusky Sound
earthquake velocity ﬁeld. This diﬀerence shows the
importance of the measurements between 6 and
88 km in controlling the locking depth.

Figure 4. Double-fault parallel component of the velocity ﬁeld based on the pre-Dusky Sound 2009 velocities (Model B). The solid
line shows predicted velocity for an inﬁnite Alpine Fault and a second parallel antithetic fault located 152 km southeast (i.e.
inboard). Triangles represent observed velocities and error bars are at the 1σ level. The x-axis shows distance from the surface
trace of the Alpine Fault in km.

Figure 5. Single-fault parallel component of the velocity ﬁeld based on the post-Dusky Sound 2009 velocities (Model C). The solid
line shows predicted velocity for an inﬁnite Alpine Fault. Triangles represent observed velocities and error bars are at the 1σ errors.
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Table 2. Model parameters for single and double-fault models estimated using both the pre- and post-Dusky Sound 2009 (DS2009)
velocity ﬁelds assuming a near vertical Alpine Fault (80° dip) and the antithetic fault is assumed to be 46°.
Fault model
D
E
F
G

Pre-DS2009
Alpine Fault
Pre-DS2009
Alpine Fault
Antithetic fault
Post-DS2009
Alpine Fault
Post-DS2009
Alpine Fault (Big Bay proﬁle)

Strike slip rate

fault(s)

Locking depth

mm/yr

± 1σ mm/yr

km

± 1σ km

1

46.4

0.2

20 ﬁxed

Assumed

2

47.6
2.0

0.6
0.4

20 ﬁxed
20 ﬁxed

Assumed
Assumed

1

47.6

0.5

20 ﬁxed

Assumed

1

45.7

0.5

20 ﬁxed

Assumed

The single-fault models (Models A, C) give slip
rates on the Alpine Fault that are slightly higher
and locking depths that encompass those of Wallace
et al. (2007) of 30 mm/yr and 18 km, respectively.
However, the double-fault model (Model B) results
in a slip rate and a locking depth that that are comparable. The similarity between the two studies is not
surprising because the Wallace et al. (2007) model is
dominated by the Alpine Fault in this part of the
South Island and therefore is one-dimensional in
nature. However, the two studies diﬀer in that our
models are constrained by additional GNSS data
that were not available to Wallace et al. (2007), particularly in South Westland. Our slip rates are higher
than those of Beavan et al. (1999) and Pearson et al.
(2000) for the double-fault model, but are quite similar for the strike-slip rates from their single-fault
model. The strike-slip rate from our double-fault
model (Model B) accommodates c. 75% of the MORVEL relative PA/AU plate motion.
One of the questions that the Cascade array was
designed to answer was whether there was any evidence for partial locking on the Alpine Fault. Figure 6
shows the velocity data within ± 10 km of the surface
trace of the Alpine Fault. If partial locking was apparent, we would expect to see a discontinuity in the
measurements. Because all of the points appear to ﬁt
the predicted curve (solid line) within the estimated
uncertainties, there does not seem to be any evidence
for partial locking at the present time. With more
time and measurements, it is expected that the

measurement errors will decrease allowing for a more
deﬁnitive test to be made.
Our study shows that proﬁles (Table 2, Models D–F)
that assume a vertical (80°) dip for the Alpine Fault
provide a good ﬁt to the measured GNSS velocities.
Indeed, the proﬁles are virtually indistinguishable
from those shown in Figures 3–6. However, the slip
rates from the inversions are signiﬁcantly higher.
Indeed, the resulting slip rates are equal to the total
relative plate motion between the Paciﬁc and Australia
plates for this part of the plate boundary (40 mm/yr
based on the MORVEL plate model, DeMets et al.
2010). These values seem to be unreasonably high, particularly given that other faults are known to be active
within Otago, on the inboard or the Paciﬁc Plate side of
the Alpine Fault (Beanland and Berryman 1989; Jackson et al. 1996; Litchﬁeld and Norris 2000). For this
reason, we prefer the model with the fault dipping at
55°.
Barth et al. (2013) suggested that the dip of the
Alpine Fault changes along strike in South Westland
with the section south of the Martyr River having a
near vertical dip. However, it is not clear whether the
dip in Barth et al. (2013), which relates to fault geometry in the near surface, is representative of the fault geometry at mid crustal depths. To test this hypothesis, we
developed a revised proﬁle centred on Big Bay (44.25°S,
168.05°E, sites with a black border, Figure 1) that incorporates only points south of the Martyr River (Table 2,
Model G). Inverting the data gives a slip rate of 46 mm/
yr for the Alpine Fault, whereas a proﬁle assuming a

Figure 6. Fault parallel component of the velocity ﬁeld for the region within 10 km of the surface trace of the Alpine Fault. The solid
line shows predicted velocity for an inﬁnite Alpine Fault. Triangles represent observed velocities and error bars are at the 1σ errors.
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dip of 55° (consistent with the rest of the Alpine Fault
see Table 1, Model H) gives a slip rate of 37 mm/yr.
Note that both these inversions used velocities derived
only from post-Dusky Sound 2009 data and in both
cases we constrained the locking depth to 20 km
because there were insuﬃcient velocity measurements
between 10 and 80 km to allow us to invert for this parameter. Also, the model with 55° dip has an SEUW of
1.0 compared with 1.1 for the vertical fault, which indicates that the 55° dipping model has a slightly better ﬁt
to the data.
It should be noted that the modelling procedure
implicitly assumes an inﬁnite fault without any along
strike-slip change in geometry. For this reason, a
deﬁnitive study of along strike variation in the geometry and locking coeﬃcient will require more sophisticated modelling procedures that have the capability
for three-dimensional variation of fault geometry.

7

that are greater than the total relative plate motion
between the Paciﬁc and Australia plates. For this
reason, we prefer a model in which the dip of the
Alpine Fault at mid crustal depths is closer to the 50°
that characterises the Alpine Fault farther north.
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deformation to the east of the Alpine Fault.
To account for the (inboard) distributed deformation, a second (proxy) fault is modelled some
150 km east of the Alpine Fault as a double-fault
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a locking depth of 17 km in this model compared
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