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Abstract The New Zealand Alpine Fault is a major plate boundary that is expected to be close to
rupture, allowing a unique study of fault properties prior to a future earthquake. Here we present 3-D
seismic data from the DFDP-2 drill site in Whataroa to constrain valley structures that were obscured in
previous 2-D seismic data. The new data consist of a 3-D extended vertical seismic profiling (VSP) survey
using three-component and fiber optic receivers in the DFDP-2B borehole and a variety of receivers
deployed at the surface. The data set enables us to derive a detailed 3-D P wave velocity model by
first-arrival traveltime tomography. We identify a 100–460 m thick sediment layer (mean velocity
2,200 ± 400 m/s) above the basement (mean velocity 4,200 ± 500 m/s). Particularly on the western valley
side, a region of high velocities rises steeply to the surface and mimics the topography. We interpret this to
be the infilled flank of the glacial valley that has been eroded into the basement. In general, the 3-D
structures revealed by the velocity model on the hanging wall of the Alpine Fault correlate well with the
surface topography and borehole findings. As a reliable velocity model is not only valuable in itself but also
crucial for static corrections and migration algorithms, the Whataroa Valley P wave velocity model we have
derived will be of great importance for ongoing seismic imaging. Our results highlight the importance of
3-D seismic data for investigating glacial valley structures in general and the Alpine Fault and adjacent
structures in particular.

1. Introduction
1.1. Geological Setting
The Alpine Fault is a major plate-bounding fault that accommodates ∼80% of the relative motion between
the Australian and Pacific plates in the western South Island of New Zealand (Little et al., 2002; Norris
& Cooper, 2001; Sutherland et al., 2007). Recent paleoseismological research reveals that the central and
southern portions of the Alpine Fault in proximity to the Whataroa Valley rupture in MW 7–8 earthquakes
remarkably consistently with average recurrence intervals of 263 ± 68 and 291 ± 23 years, respectively
(Cochran et al., 2017; Howarth et al., 2018). The last major earthquake on the Alpine Fault occurred in 1717
A.D., and the conditional probability of a MW 8 earthquake in the next 50 years exceeds 27–29% (Biasi et al.,
2015; Cochran et al., 2017; Howarth et al., 2018). A corollary is that the Alpine Fault is now very late in its
typical interseismic phase.

Viewed on a regional scale, the central Alpine Fault appears as a straight boundary (e.g., Norris & Cooper,
2001; Sutherland et al., 2006). Crustal-scale seismic reflection data show a single oblique fault striking north-
eastward and dipping 40−60◦ to the southeast at depths of 15–30 km (e.g., Davey et al., 1995; Guo et al.,
2017; Okaya et al., 2007; Scherwath et al., 2003; Stern et al., 2007; Van Avendonk et al., 2004). At catchment
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scales, the geometry of the fault is more complex, especially within the shallowest few kilometers. Segmen-
tation of the fault occurs into strike-slip and thrust segments on a 1–10 km scale (Barth et al., 2012; Norris
& Cooper, 1995).

The Whataroa Valley, which is located adjacent to the central Alpine Fault in the area of most rapid
uplift (Koons, 1987; Little et al., 2005), is the site of an intersection between strike-slip and oblique thrust
fault segments (Barth et al., 2012; Cox & Barrell, 2007; Norris et al., 2013). It has long been the focus of
geological and geophysical study because of its importance for understanding tectonic, geomorphic and
glaciological/periglacial processes, and interactions between them.

Additionally, there are several surface traces identified (Toy et al., 2017) including a ∼300–600 m wide
partitioned fault zone with a frontal and dextral trace (Langridge et al., 2018; Figure 2). In this paper, we refer
to the frontal trace documented by Langridge et al. (2018) as the Alpine Fault surface trace unless otherwise
noted.

1.2. The DFDP
In the last decade, the Whataroa Valley and surrounding areas have also been the focus of extensive study
under the auspices of the Deep Fault Drilling Project (DFDP), a multidisciplinary investigation of the struc-
ture, present-day hydrogeological and mechanical state, and earthquake-generating characteristics of the
fault (Sutherland et al., 2017; Townend et al., 2009; Figure 1c).

DFDP has to date involved two phases of scientific drilling targeting the Alpine Fault at depths of 100–150
m (DFDP-1, in 2011) and 1,000–1,500 m (DFDP-2, in 2014). During DFDP-1 drilling at Gaunt Creek
(Sutherland et al., 2012), continuous lithologic sections extending from the hanging wall across the prin-
cipal slip zone and into the footwall were sampled in core and wireline logging data sets (Townend et al.,
2013; Toy et al., 2015). Fault zone-guided waves also indicate a low-velocity zone extending to depths of ∼8
km (Eccles et al., 2015).

The second phase of drilling, DFDP-2, was intended to intersect the Alpine Fault at a depth of ∼1 km to
determine temperature, stress, and fluid pressure regimes (Sutherland et al., 2017; Townend et al., 2017;
Toy et al., 2017). The borehole is nearly vertical from the surface to about 400 m depth but is deviated by
as much as 44◦ to the northwest at greater depths (Massiot et al., 2018; Sutherland et al., 2015). Due to this
deviation, the true vertical depth of the 893 m long borehole is ∼820 m and the bottom of the borehole lies
720 m below sea level. All depth and height values in the following are referring to depth below sea level
(bsl), that is, with the positive z axis pointing downward.

Within the Whataroa Valley, an extremely high geothermal gradient was found indicating active hydrother-
mal flow (Coussens et al., 2018; Janku-Capova et al., 2018; Sutherland et al., 2017; Townend et al., 2017). A
detailed analysis of the rocks along the borehole based on drill cuttings was undertaken by Toy et al. (2017).
A major boundary between sediments and basement occurs at a depth of 145 m. Within the basement, the
grade of mylonitization increases with depth and Toy et al. (2017) identified layers of schist, protomylonites,
and mylonites.

Technical problems encountered during the casing of the DFDP-2B borehole brought the drilling program
to a premature halt, before the principal slip zone of the Alpine Fault had been reached (Sutherland et al.,
2015). On the basis of the borehole stratigraphy, the borehole is thought to have terminated 200−400 m
above the principal slip zone. As a consequence of the casing damage, only the top 400 m of the borehole
remains accessible. However, a fiber optic cable was successfully installed along the length of the borehole.
The fiber has since been used to conduct repeated temperature surveys (Janku-Capova et al., 2018) and
seismic imaging using a version of distributed acoustic sensing known as distributed heterodyne vibration
sensing (Constantinou et al., 2016).

Here we use the fiber optic cable as a continuous seismic sensor in conjunction with a conventional borehole
geophone array and a dense grid of surface sensors (10−20 m spacing) to image the detailed velocity structure
in the vicinity of the Alpine Fault. The resulting 3-D survey geometry enables us to overcome some of the
effects of complex subsurface structure, including out-of-plane effects arising from the steep valley walls and
topography, and to thus better image the valley-filling sedimentary sequence and features associated with
the Alpine Fault itself.
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Figure 1. Overview maps showing the study area in (a) the broader tectonic setting and (b) on the South Island of New
Zealand. (c) The Whataroa River with the Alpine Fault (smoothed surface trace from Langridge et al., 2018; Norris et
al., 2013) and the DFDP drill sites (yellow circles). The Whataroa98 (blue), WhataDUSIE (gray), and newly acquired
3-D VSP (red) seismic data sets are represented. Detailed survey area shown in Figure 2 is marked.

1.3. Previous Geophysical Studies of the Whataroa Valley and Surroundings
The Whataroa Valley has been the site of detailed geophysical study for several decades. Active-source (e.g.,
SIGHT: Davey et al., 1998; Stern et al., 2007; Van Avendonk et al., 2004) and passive-source seismic studies
(e.g., Bourguignon et al., 2015; Guo et al., 2017; McNab, 2017; Michailos et al., 2019, and references therein)
have targeted the Alpine Fault at various depths within the study area, and generally provided information
on P wave structure only.

At depths greater than 5 km, the Alpine Fault zone is generally identified by lower velocities in comparison
to the surrounding schist (e.g., Bourguignon et al., 2015; Davey et al., 1998; Scherwath et al., 2003; Smith
et al., 1995; Stern et al., 2001, 2007; Van Avendonk et al., 2004). At shallower depths within the Whataroa
Valley itself, Garrick and Hatherton (1974) first derived seismic P wave velocities from a ∼4 km long 2-D
refraction profile. Based on simple layered refraction analysis, they identified an approximately 100−250 m
thick sedimentary layer (vp = 2,100–2,200 m/s) above the basement (vp = 4,800–5,200 m/s). A larger-scale P
wave velocity model for the uppermost 3 km was derived by Davey (2010) from the Whataroa98 2-D reflec-
tion seismic data set. Davey (2010) also identified a thin sedimentary layer of only a few 100 m thickness
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Table 1
Acquisition Parameters

Feature VSP0 VSP1 VSP2
Recording time Detail Parameter 20 s (16 s sweep, 4 s listen time)
Source EnviroVibe Number of source points 1 459 71

Source spacing 10 m 21–77 m (mean ∼35 m)
Sweep 10−200 Hz 10−150 Hz (hDVS: 10−60 Hz)

Receiver in Sercel Slimwave Tool Number of channels 311 4−40
the borehole three-component Receiver spacing 1 m 15 m

15 Hz geophones Sampling interval 0.5 ms
Active channels 60,001−60,330
Occupied depth (bsl) 1−299 m 70−295 m

hDVS fiber optic cable Number of channels 436
Active channels 70,001−70,436
Receiver spacing 2 m
Output sampling interval 1 ms
Number of shots with 11
more than 20 stacks

Receiver at Aries 10 Hz Number of channels up to 412
the surface geophones Receiver spacing 10 m

Sampling interval 1 ms
Active channels 51101−51414, 53241−53368

DSS Cube 4.5 Hz Number of channels 159 1916
3C geophones Receiver spacing ∼50–100 m 20 m (E−W), 10 m (N−S)

Sampling interval 2.5 ms
Active channels 20,001−20,160 x001–x160,

with x = 1… 12

above the basement within the valley. Similar results were obtained by Lepine (2016) who analyzed several
2-D seismic reflection lines and derived a sedimentary layer of 100–500 m thickness.

The WhataDUSIE 2-D profile was acquired in 2011 (Lay et al., 2016; Lukács, 2017). The P wave veloc-
ity model derived from first-arrival traveltimes of the Whataroa98 and WhataDUSIE 2-D data (Lay et al.,
2016) suggested a deep 400–600 m thick sedimentary layer (vp = 2,300 m/s) on top of the basement
(vp = 3,500–5,500 m/s). In order to satisfy all of the observed traveltimes, particularly early first arrivals and
fading-out of refractions from the Whataroa98 refraction data, the inversion requires a low-velocity zone
(with a downward decrease in velocity of ∼1,000 m/s) at a depth of z = 800–2,000 m. It is difficult to find a
realistic geological explanation for this anomaly. It probably results from the limitations of the 2-D survey
design within the more complicated 3-D geometrical structure of the valley. The anisotropy of the underlying
schists and mylonites (Christensen & Okaya, 2007; Godfrey et al., 2000) may also have some effect.

In addition to the seismic surveys mentioned above, the Whataroa Valley has been studied using gravi-
metric methods focused on understanding the subsurface geometry of glacially eroded channels. Following
preliminary work by Brikke (2007), Davy et al. (2013) collected data on the footwall (coastal plain) side
of the Alpine Fault and measured the dextral offset of the buried footwall channel with respect to the
current hanging-wall valley. This analysis yielded a strike-slip slip rate since the Last Glacial Maximum
of 20 ± 5 mm/yr at Whataroa. Jenkins et al. (2019) later conducted a dense gravimetric survey covering both
sides of the fault trace and surrounding the DFDP-2 drill site. A key result of that study was the identifica-
tion of a 6 m gal negative residual gravity anomaly spanning the valley floor, which Jenkins et al. interpreted
to represent a 350–450 m deep buried channel. This interpretation is similar to that made by McNab (2017)
using ambient noise analysis and shear wave velocity modeling near the drill site.
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Figure 2. Survey layout of the 3-D VSP experiment located around the DFDP-2 drill site. The local coordinate system
used for the analysis is illustrated. The locations of receivers and sources are marked for the experiments VSP1 and
VSP2. The Alpine Fault trace is formed by two distinct lines (Langridge et al., 2018; Toy et al., 2017) where the
northern line marks the frontal trace and the southern line marks the dextral trace.

2. Seismic Data Acquisition
Generally, a 3-D seismic survey is much more expensive and complex to do than a 2-D seismic survey. Thus,
many surveys have only the limited information available from a more or less straight 2-D-line. However, for
complex geological circumstances and rugged mountainous topography, 3-D surveys can provide better and
also more reliable information. A previous 2-D seismic data analysis within the glacially eroded Whataroa
Valley (Lay et al., 2016) left questions unanswered concerning the underlying geological structure; partic-
ularly concerning the expected effects of the 3-D nature of the Whataroa glacial valley on both the velocity
model and seismic images.
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Here, we use the 3-D-seismic data collected with surface sensors in conjunction with Vertical Seismic Pro-
filing (VSP) data to push forward the geophysical and geological understanding of the Whataroa Valley. For
this, we derive a detailed 3-D P wave velocity model from first-arrival traveltime tomography.

2.1. Survey Design
The extended 3-D VSP data set was acquired in January and Feburary 2016 (see technical report by Townend
et al., 2016). Different source and receiver combinations were used to address a range of complementary
technical objectives (Figure 2). In particular, the seismic acquisition was designed to yield a robust 3-D tomo-
graphic P wave velocity model and a detailed seismic image, given the constraints imposed by topography
and the presence of a large river.

Throughout the survey, a vibration source (IVI EnviroVibe) with 6,800 kg peak force was used with frequen-
cies sweeping from 10–200 Hz (Table 1). An accelerated weight drop with a mass of 250 kg positioned near
the top of the borehole was also used to provide impulsive shots with which to determine the orientations
of the borehole geophones.

A variety of borehole and surface receivers were used to simultaneously record the seismic signals (Table 1).
All source and receiver locations were accurately determined with differential GNSS.

Within the DFDP-2B borehole, the fiber optic cable recorded along the complete length of the deviated
DFDP-2B borehole. The heterodyne Distributed Vibration Sensing (hDVS) system developed by Schlum-
berger (Hartog et al., 2014) was used to record longitudinal strains along the fiber optic cable with an
averaging length (i.e., gauge length) of 20 m. Data were extracted every 2 m along the borehole at a 1 ms
sampling period. Depth calibration of the measurement positions was performed using a freezing test on
the fiber optic cable.

In addition to the fiber optic system, a three-component wall-locking sonde system (Sercel SlimWave) with
four levels of 15 Hz geophones at 15 m spacing sampled at 0.5 ms was used in the accessible 400 m of the
borehole. This sonde was moved successively to achieve a 1 m spacing for a zero-offset VSP profile and a
coarser spacing later in the survey.

Several different receiver systems were used at the surface (Table 1). A total of 412 one-component 10 Hz
SM24 I/O geophones were deployed with an Aries reflection seismic system along two fixed lines subpar-
allel to the Whataroa River and sampled at 1 ms. In addition, 160 autonomous three-component seismic
recorders (cubes) acquired data continuously at a sampling period of 2.5 ms (Omnirec DATA-CUBE with 4.5
Hz Oyo-Geospace geophones), using two different acquisition geometries. The cubes were first distributed
sparsely across the whole valley area with an average spacing of 35 m (red crosses in Figure 2; see section
2.2 VSP1). Next, they were successively repositioned to densely cover the central part of the valley in a grid
with an average spacing of 10 to 20 min a rolling mode (yellow circles in Figure 2, see section 2.2 VSP2).

Finally, five three-component Reftek stations (Reftek 130 recorders with Geospace HS1-3d 2 Hz seismome-
ters, 2 ms sampling interval) and 36 one-component cube receivers (DATA-CUBE, 4.5 Hz Oyo-Geospace
geophone, 1.25 ms sampling interval) recorded continuously throughout the ∼10 day duration of the experi-
ment. Data from these sensors were intended to be used primarily to study earthquakes, but have also played
a minor role in the analysis presented here.

2.2. Principal Data Sets
Different combinations of shots and receivers were used to acquire data sets for specific purposes, which we
introduce here. All presented data sets were used in this study to derive a detailed 3-D P wave velocity model.
2.2.1. VSP0: Zero-Offset VSP
A zero-offset VSP survey was undertaken to obtain a detailed image of the subsurface surrounding the bore-
hole and to be able to directly correlate with borehole logging results (e.g., the sonic log results of Jeppson,
2017; Townend et al., 2017) and reflection seismic images. Additionally, we are able to compare both meth-
ods (DVS and conventional three-component recordings), extending the preliminary analysis conducted by
Constantinou et al. (2016). The source point was positioned 23 m southeast of the top of the borehole. For
the zero-offset VSP experiment, a 16 s sweep from 10–200 Hz(see Table 1) was used. The three-component
Sercel tool was shifted to allow the wavefield to be obtained at 311 points from z = 1to 299 m depth (bsl) at
1 m spacing. In contrast, the hDVS provided samples from z = −95 to 723 m at a nominal spacing of 2 m
(Constantinou et al., 2016; Townend et al., 2016).
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2.2.2. VSP1: Multiazimuth Source Lines and Extended VSP Experiment
Following the zero-offset VSP experiment, multiazimuthal and multioffset source lines were used to obtain
better 3-D sampling of the subsurface structure. A stack of four sweeps, each 16 s long and spanning fre-
quencies of 10–150 Hz (Table 1), was used. The respective source lines are marked by green stars in Figure 2.
From the central borehole location, they extend as far as possible within the limited valley area along three
main source lines, two parallel to and one across the valley.

The vertical-component Aries receivers were deployed on the two along-valley source lines with 10 m
spacing (purple triangles in Figure 2). Additional three-component receivers (cubes) covered the accessible
valley area during VSP1 (red crosses in Figure 2).

Making use of the multiazimuthal source lines, the three-component Sercel tool recorded a walkaway VSP.
The tool occupied different depths (see the supporting information and details in Townend et al., 2016).
For each offset source location the number of recorded channels was between 4 and 39, recording at depths
between z = 70 and 295 m.

The hDVS system also recorded each shot but it was found that at least 10 sweeps needed to be stacked
to obtain acceptable signal quality due to the lower sensitivity of the hDVS/fiber system in comparison to
geophones. This could not be accommodated consistently within the limited time frame available for the
field work. A compromise using stacks of 20–50 sweeps at lower frequencies of 10–60 Hz from a subset of
locations was trialed. Ultimately, 10 shots from source locations in addition to the zero-offset source location
were recorded by the hDVS and are used in this study for the velocity analysis.
2.2.3. VSP2: Dense Coverage of Three-Component Surface Geophones
For the second phase of the experiment (VSP2), the three-component receivers (cubes) were moved succes-
sively along the valley. The 160 cubes were deployed in a nearly rectangular array with a long axis subparallel
to the strike of the Alpine Fault (Figure 2) and 10 m (NNW–SSE) and 20 m (WSE–ENE) grid spacing.
The whole array was moved 12 times to record reflections from the Alpine Fault zone over a broad depth
range. Altogether, data were recorded at 1,916 receiver locations for each of 71 source locations (Table 1).
Thus, the detailed 3C array densely covered an area within the Whataroa Valley of approximately 1,800 m
inline along the river (i.e., perpendicular to the fault strike) and 600 m crossline perpendicular to the river
(i.e., parallel to the fault strike).

The VSP2 source used the same 16 s sweep as in the VSP1 experiment with frequencies of 10–150 Hz
(Table 1). The 71 source locations formed a loop (cyan stars in Figure 2) and covered the central part of
the valley.

2.3. Data Preprocessing
Some of the sensors (i.e., three-component cubes) recorded in a continuous mode. The GNSS-shot-time
was later used to extract data in an appropriately short time window. The corresponding shot time was
recorded using a one-component DSS cube (1.25 ms sampling interval). The recorded raw vibroseis data
were subsequently correlated with the source signal of the sweep in order to extract the Earth's response
function. For this procedure, the pilot sweep was used. After correlation, the data were stacked in order to
increase the signal-to-noise ratio. For the three-component geophones (Sercel slimwave tool and Omnirec
three-component cubes), vertical component data were used.

All acquired data satisfy the sampling theorem so that even for the largest sampling interval of 2.5 ms (cubes),
the highest excited frequencies (200 Hz for the zero offset) do not exceed the Nyquist frequency of 200
Hz. The data were homogenized for picking, that is, resampled to the lowest sampling interval of 0.5 ms.
Examples of the recorded seismic data are shown in Figure 3.

3. Velocity Model Construction
3.1. Modeling Strategy and Resolution
3-D first-arrival traveltime tomography was applied to data sets VSP0, VSP1, and VSP2 with receivers at the
surface and in the borehole. The inversion algorithm is based on the work of Zhang and Toksöz (1998). Ray
tracing through a regular gridded model was conducted to calculate traveltimes. The minimized objective
function includes the misfit between the picked and calculated first-arrival traveltimes as integrated slow-
ness, the misfit of the gradients of traveltimes as apparent slowness and a regularization constraining the
model roughness using a smoothing factor tau (see equation (1) in Zhang & Toksöz, 1998).
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Figure 3. Seismic data examples with picked (red) and forward modeled first-arrival traveltimes (see legend). (a) Source location 1 recorded for VSP2 (active
receivers in yellow), for seismic data shown in (b). (b) Recorded seismic data by all 1,916 cubes sorted by offset, showing the good correlation of forward
modeled and picked traveltimes for all offset ranges. (c) Source location 2 which is the zero-offset shot (VSP0, active receivers in yellow) with data examples in
(d−f). (d) Aries receivers recording at the surface in two lines separated by a white line: western line (left) and eastern line (right). (e) Zero-offset shot recorded
by the hDVS fiber optic cable. (f) Zero-offset-shot recorded by the Sercel slimwave tool, vertical component. Both borehole recordings are plotted versus depth
and show details of the first-break pick.
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Tests with different grid sizes, starting velocity models and smoothing parameters were undertaken
(Bodenburg, 2017; see also the supporting information illustrating the results of various tests). Finally, a
constant smoothing parameter of 𝜏 = 0.5 and 40 iterations were used for all inversions. The final results
obtained by Lay et al. (2016) were expanded to 3-D with constant velocities along the y axis to span the width
of the valley to produce a starting model. In addition to the parameter tests and analysis of the ray coverage,
the inversion was first run separately for different subsets of the data as a variation of the jackknife strat-
egy (Rawlinson et al., 2014). All obtained results (see examples in the supporting information) confirm the
robustness of the main features.

Spatial resolution is strongly dependent on seismic wavelength. Most energy occurs in the range of 10–40
Hz with a dominant frequency of 25 Hz. With velocities in the range of 1,000–5,000 m/s, respective wave-
lengths are between 40 and 200 m. Hence, both vertical and horizontal spatial resolution cannot be expected
to be better than 20 m. Consequently, a grid with cell sizes of 20 min the x, y, and z directions was
adopted. This grid also derived the best results showing convergence during inversion and yielding the small-
est RMS-misfits (Bodenburg, 2017). Moreover, this grid size is reasonable for a tomographic first-arrival
traveltime inversion given a geophone spacing along lines of >10 m but much larger across lines.

Although the survey layout and resolution capacity is different for varying receivers (summary in Table 1),
the overall goal of our analysis is to derive a common velocity model for all available data. Thus, the model
uses the coarsest model resolution of 20 m at best from cubes. The vertical resolution along the borehole can
be expected to be a lot better with a geophone spacing as low as 1 m for the Sercel tool. This is taken into
account by separate analysis, for example, by zero-offset velocity profiles from Constantinou et al. (2016).
In the obtained blended velocity model, small-scale heterogeneities will not be resolved but will contribute
to a mismatch between picked and modeled traveltimes. However, the strength of the blended model is to
explain the overall 3-D velocity structures in the Whataroa Valley.

During the inversion, no a priori information except the starting model was used. The use of a layer-based
approach was tested but not applied for the final models as the boundaries could not be reliably determined.
Thus, the tomographic inversion tends to smooth velocity contrasts in order to minimize the RMS-errors
because no boundaries are introduced as a priori information. Due to this smearing effect, high velocity
contrasts, such as these expected at major geological boundaries like the sediment-basement-contact, will
occur as (steep) velocity gradients in the final P wave velocity model. In the following, both borehole and
surface data sets are analyzed separately but the complete data set was used for the final interpretation.

3.2. First-Arrival Traveltime Picking
First-arrival traveltimes (first maximum) were picked for all shots and receivers. As we have a sweep source
signal, the first-arrival signals resemble the Klauder wavelet. Thus, the maximum of the wavelet was picked
(see insets in Figures 3e and 3f). The wavelet was not always perfect so we picked as consistently as possible.
Only reliable picks that showed consistency with neighboring shots were used. Although there is a depen-
dency of the first-arrival traveltimes on attenuation and dispersion, Molyneux and Schmitt (2000) show a
discrepancy of only 3% for the group velocity determined at the predominant frequency from laboratory
analysis. After quality analysis, 225,487 out of 364,625 picks were used for the tomographic inversion. Only
10,436 of these, that is, less than 5% , were recorded within the borehole. The horizontal source-receiver
offsets range between 0 and 3,740 m.

First, we carry out an inversion using the first-arrival picks of only the borehole receivers. We then use
the resulting model to calculate forward-modeled picks. In this step we include all picks (i.e., those from
surface receivers as well) to compare with later inversion results. Second, we do an inversion using only the
first-arrival picks of the surface receivers and again calculate the complete set of forward modeled picks.
Finally, we do the inversion with all available picks and no weighting between borehole and receiver picks.

Figure 3 shows the real-data examples with respective first arrival traveltime picks and the forward-modeled
traveltimes. Source location 1 (Figures 3a and 3b) is located south of the borehole and belongs to the loop of
source points recorded for VSP2 (section 2.2). Data were recorded by all densely spaced cube receivers and
are plotted against offset (Figure 3b) with more receivers close to the source location. Note that the layout is
3-D, so that we cannot expect a straight line of first arrivals if there are 3-D velocity variations. This variation
is evident in the spatial scattering of first-arrival traveltimes.
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Figure 4. (a–d) Extracted traveltimes as plotted in Figure 3. (e–h) Traveltime residuals (picked traveltime-modeled traveltime) for the respective data examples
shown in (a–d). (i) Histogram summarizing all traveltime residuals (∼225,000 values). Note that a substantial amount of data has relatively low residual times
for forward modeled traveltimes using surface and all data (turquoise and blue).

Source location 2 (Figures 3c–3f) is the zero-offset shot used in VSP0 (section 2.2). Data were recorded
by all available borehole receiver locations and at the surface by the 2-D Aries lines and the coarse three-
component cube coverage (section 2.2 VSP1 and Figure 2). The Aries data (Figure 3d) shows traveltime plot-
ted versus offset. The vertical white line marks the border between the two line segments with the western
long line on the left and the southern part of the eastern short line on the right.

Borehole data from source location 2 are plotted against the absolute depth (below sea level) with Figure 3e
showing the hDVS data and Figure 3f showing the vertical component of the Sercel data. Insets of Figures 3e
and 3f show where first-arrivals were picked. Note that the signal-to-noise-ratio in Figure 3f is better than
that in Figure 3e, presumably due to the smaller offset. Already in this comparison, the good fit between
the two types of recordings is visible as discussed by Constantinou et al. (2016) in more detail. Due to loose
casing, the shallow part of the borehole shows strong ringing up to a depth of about 70 m and was not used for
velocity analysis. For deeper parts, first-arrivals can be picked for both data types. Polarity of the hDVS data
was reversed to make it consistent with the Sercel data. Interestingly, there is a clear boundary occurring at
a depth of z = 140–170 m indicated by both changes in the slope of first-arrival traveltimes and reflections.
At these depths, the drilling (Toy et al., 2017) observed a major change from sedimentary to basement rocks
and there is also a major change in casing diameters (Sutherland et al., 2015).
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3.3. First-Arrival Traveltime Residuals
Traveltimes overlain on real seismic data in Figure 3 are analyzed in more detail with only traveltimes shown
in Figures 4a–4d and their respective residual times (picked minus modeled time) in Figures 4e–4h. Except
for outliers, the traveltime residuals of surface receivers are close to zero (< ±5 ms) for most offsets (cubes
in Figure 4e and Aries in Figure 4f). The traveltimes/residuals for all data (blue) and data only recorded at
the surface (turquoise) are nearly identical because of the overwhelming proportion of picks from surface
receivers relative to the borehole receivers. Larger residuals (>40 ms) occur at larger (>800 m) and smaller
(<100 m) offsets in Figure 4e. For the latter, they might be explained by a heterogeneous near surface, that
cannot be sufficiently matched by the cell size of 20 m. In particular in Figures 4b and 4f, a directional
dependency is evident so that two branches exist for offsets greater than 400 m.

Looking at the traveltimes from borehole receivers (Figures 4g and 4h), the general trend between real and
forward-modeled picks is good for deeper areas (<5 ms for z > 170 m). At shallower depths (<170 m), the
larger misfit (>10–20 ms) might again be explained by local geological heterogeneities around the borehole
not resolvable by the 20 mgrid. As expected, using only surface receivers (turquoise curve) to calculate the
velocity model yields the weakest fit, especially in the deeper part of the borehole where the surface receivers
that determined the velocity model were far above the points used to compare to the model. In contrast,
using borehole receivers only (olive curve) produces the best fit but also the complete data set (blue curve)
shows a good fit that is only ∼5 ms different from the best fit.

A histogram counting the number of picks within a certain residual time window (Figure 4i) illustrates
the residuals for the complete data set (i.e., ∼225,500 values). The different spreading of borehole residuals
(olive) is obvious in contrast to the residuals from the almost identical surface recorders (turquoise) and
complete data set (blue). For the model using all data (blue), the relative amount of data is quantified as
well. Thirty-nine percent (i.e., >85,000 picks) of the residuals have an absolute residual as small as 5 ms.
Of the residuals 67% are within ±10 ms. These values are good in comparison to the pick accuracy lying
between 0.5 ms for the best conditions and ∼10 ms for unfavorable conditions (no clear correlated data,
weak signal-to-noise ratio, difficult coherency to neighboring traces especially for cubes in VSP1).

Total misfits (i.e., root-mean-square, RMS, values) serve as a quality measure and can be calculated between
all available picked traveltimes and their respective forward modeled traveltimes for the portions of the data
set. Using only the borehole receivers, we obtain an overall misfit of 29.9 ms with a standard deviation of
±36.7 ms. This relatively high misfit arises because the model is based on only 5% of the picks (i.e., the picks
from borehole receivers) and thus cannot sufficiently fit all picks resulting in a nonnormal statistical distri-
bution (Figure 4i). Using only the surface receivers, we obtain a misfit of 12.6 ± 26.3 ms. This is considerably
better because surface-recorded data makes up more than 95% of the picks. However, the combined inver-
sion yields an even better fit of 12.0 ± 26.0 ms. So we choose the resulting model as our preferred output
that fits both the surface and borehole data.

4. Results and Interpretation
4.1. Composite P Wave Velocity Model
The P wave velocity model with the respective ray coverage obtained using all available first-arrival travel-
times is shown in Figure 5. Areas without ray coverage are blanked out. The resulting velocity model shows
ray coverage to a depth of nearly 800 m below sea level (i.e., about 900 m below the surface).

The depth xy -slice (Figure 5a) is located 50 m below the topography (mean central valley surface level at
z = −100 m bsl). It shows a relatively homogeneous velocity of vp = 1,500–2,500 m/s for the major part of the
covered area. Most interestingly, there are higher local velocities in the west at x = 2,900 m and y = 1, 100
m with velocities of more than 4,000 m/s coinciding with a good ray coverage in Figure 5c. Additionally,
there is an anomaly with lower local P wave velocities of about 1,200 m/s at x = 2,700 and y = 900 m. This
structure is less reliable due to a low ray coverage.

In the vertical xz slice (Figures 5b and 5d) the differences in ray coverage become obvious. The upper sedi-
ments (<100 m) are well covered in the far northwestern part by the densely spaced Aries receiver lines. In
the most southeastern part, only a few cube receivers provide control. Closer to the borehole, the ray coverage
is more complete on the southeastern side. This is a result of the survey geometry as there are more source
locations in the southeast than in the northwest. Lower ray coverage around the borehole at z = 0–200 m is
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Figure 5. Final 3-D P wave velocity model obtained from tomographic inversion, P wave velocities in (a) and (b) with
respective ray coverage in (c) and (d). Only areas with ray coverage are plotted. The locations of the Alpine Fault
surface trace (red) and the DFDP-2 borehole trajectory (black) are marked. (a) and (c) The x-y plane at z = −40 m.
All source locations are indicated in gray. (b )and d) The x-z slice at y = 860 m, closest to the location of the borehole
(vertical exaggeration 1). Dashed lines mark the respective corresponding profile.

partly explained by 3-D effects (see supporting information) but also by the fact, that about 65% of the bore-
hole first arrivals are from z > 200 m. Additionally, the Sercel borehole receivers only record to z = 300 m
and only the hDVS sensor can record deeper. Unfortunately, as already noted due to the lower sensitivity of
the hDVS, only 10 offset shots were recorded with sufficient quality of recognizable first arrivals for velocity
model building. Thus, the ray coverage is lower for z > 300 m and will result in less constrained results.

Nevertheless, already from this image we can see that there are lower P wave velocities of 2,200–2,600
m/s in the upper few hundred meters. Underneath this sedimentary layer, higher basement velocities of
3,500–5,000 m/s dominate. Local anomalies occur within the sediment layer with velocities as low as 1,200
m/s at x = 1,700 and 2,700 m.

In general, the data confirm the expected sedimentary layer on top of the basement. The respective velocities
with means of 2200±400 m/s and 4200±500 m/s lie within a suitable range for the expected rock types (Quar-
ternary sediments and schists/mylonites, e.g., Carpenter et al., 2014; Christensen & Okaya, 2007; Schön,
2015) as well as previous studies (Davey, 2010; Garrick & Hatherton, 1974; Lay et al., 2016; Lepine, 2016).
Furthermore, the data show that the velocity model within the Whataroa Valley is variable in 3-D.

4.2. P Wave Velocity Structure
In order to further investigate the variation in P wave velocities we have divided the 3-D model (Figure 5) into
a series of subvolumes to represent reliable velocity variations (Figure 6, corresponding ray coverage in the
supporting information Figure S10). Areas without ray coverage are not included. The mean P wave veloc-
ities are calculated by horizontally averaging the velocity in each subvolume onto 2-D panels that extend
down the valley (Figures 6a1–6a4 on the left from north to south) and across the valley (Figures 6b1–6b4 on
the right from east to west). A small sketch in each part of the figure shows the locations of the panels.

Two isovelocity surfaces are marked as dashed lines on each panel: vp = 1,500 m/s (gray) and vp = 2,600
m/s (black). These surfaces are interpreted on the basis of the well tie (see section 4.3) to mark a change
in sedimentary layers and the top of the basement, respectively. In all slices of the P wave velocity model,
the general structure shows a lower-velocity sedimentary layer on top of the higher-velocity basement. In
general, the eastern part of the model is relatively homogeneous and thicker subvolumes are formed (e.g.,
Figures 6a1 and 6b2). The largest variations in velocity appear as we approach the western edge of the valley
(Figures 6a3 and 6b2). In particular, the top of the basement (black dashed line) is rougher and the velocity
at depth is higher.

4.2.1. Sedimentary Features
A layer of low P wave velocities (mean of 2,200 ± 400 m/s for the complete area) is associated with Quater-
nary sediments. The lower boundary is defined by the isovelocity surface of vp = 2,600 m/s (black dashed
line in Figure 6).
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Figure 6. 3-D analysis of the P wave velocity model by calculating mean values in volumes with similar features and collapsing them into 2-D slices. The
respective volumes are marked by gray boxes beside each plot. Dashed lines mark the isolines at vp=2,600 m/s (black) and vp = 1,500 m/s (gray). Color scale in
(a4) is the same for all plots. The locations of the Alpine Fault (red arrows) and the borehole (a3) are marked. Left (a): Summarizing volumes along the valley
with 2-D slices compiled as a mean from: (a1) y = 0–600 m, (a2) y = 600–760 m, (a3) y = 800–1,000 m(including location of the DFDP-borehole), (a4)
y = 1, 060–1,200 m. Right (b): Summarizing volumes across the valley with 2-D slices: (b1) x = 1, 400–2,400 m, (b2) x = 2, 800–3,200 m, (b3) x = 3, 400–4,400 m,
(b4) x = 4, 400–5,500 m.

Within the sediments, shallow near-surface basins occur with velocities as low as 1,050–1,500 m/s in the
upper 50 m (gray dashed lines in Figure 6). The deepest low-velocity basin occurs at x = 2,700 m (Figure 6a3)
and has a thickness of 100 m. These basins are located close to the current location of the Whataroa River
(see Figure 2). Thus, these basins may have arisen from recent fluvial sedimentation bringing in coarser, less
consolidated material such as gravel. A top layer consisting of gravel and sand instead of silt is also supported
by the local geology derived from the borehole (Toy et al., 2017) and excavations of trenches designed for
paleoseismology studies (Langridge et al., 2018).

In particular, there might also be a correlation with Alpine Fault-related structures. Figure 6a3 shows the
presence of two basins with lower P wave velocities (between x = 1,600–2,000 and x = 2,400–2,900 m).
The southern boundary of the northern sedimentary basin (x = 2,000 m) coincides with the location of the
surface (frontal) trace of the Alpine Fault (Langridge et al., 2018). The area that separates the two basins has
higher velocities over a width of 400 m wide and is coincident with the gap between the mapped frontal and
projected dextral fault (see Figure 2Langridge et al., 2018; Toy et al., 2017).
4.2.2. Basement Features
High P wave velocities (between 2,600 and 5,000 m/s; mean of 4,200 ± 500 m/s for the complete area) are
associated with the basement. The estimated depth to the top of the basement (black dashed lines in Figure 6)
shows significant 3-D variation along and across the valley. Sediment thickness varies between 100 and 460
m (at z = −90 in Figure 6b2 to z = 360 m in Figure 6a1 with topography at z = −190 to z = −100 m,
respectively). We assume that the basement steepens on the western side of the valley, especially adjacent
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Figure 7. Detailed analysis of the P wave velocities along the borehole. (a) P wave velocities extracted from three
different models derived by tomography: red = using all available receivers, olive-green = using only borehole
receivers, and turquoise = using only surface receivers. (b) Borehole geology drawn after Toy et al. (2017). Lithological
changes at z = −35 m and z = 145 m correlate with velocity changes (red curve in (a) and (c). (c) Summary of P wave
velocities derived from different methods: sonic log data (gray, modified from Jeppson, 2017), tomographic inversion
(orange, 2-D seismic data by Lay et al., 2016; red, 3-D VSP, this study), zero-offset VSP (green, Sercel tool; blue, hDVS
fiber optic cable; both adapted from Constantinou et al., 2016).

to the surface location of the borehole. The high velocities present at shallow depths indicate that we are
imaging the western flank of the valley. On the eastern side, we cannot identify a similar pattern as the
receiver and source arrays do not extend sufficiently to cover the limit of the valley. The floor of the glacial
valley, as represented by the 2,600 m/s isovelocity surface, undulates between 60 and 350 m bsl along the
current Whataroa Valley (Figure 6a2).

4.3. Comparison With Borehole Results
Figure 7 shows a comparison of the inverted P wave velocity model with the results from the borehole
(Constantinou et al., 2016; Jeppson, 2017; Townend et al., 2017; Toy et al., 2017). From the 3-D P wave
velocity model (Figures 5 and 6) the velocity values are extracted along the borehole trajectory.
4.3.1. P Wave Velocity Profiles From Tomography
In Figure 7a, the P wave velocities extracted from the tomographic model are shown. As above in section
3, three different scenarios are plotted using (1) all available receivers for the inversion (red curve), (2) only
borehole receivers (olive curve), and (3) only surface receivers (turquoise curve). In all models a sharp veloc-
ity contrast, such as the silt to schist contact (Figure 7b), will manifest itself as a change in gradient of the
velocity. Smearing occurs in the P wave velocity tomography because of ray tracing and grid-based inversion
algorithms using a 20 m grid spacing.

Looking at the model with only surface receivers (turquoise curve), the top section (z < −35 m) shows a
relatively steep gradient with velocities of 1,200–2,200 m/s. At greater depth, the gradient decreases and the
velocity rises to 5,000 m/s at the base of the model with changes in the gradient at depths of around 300 and
650 m.

In contrast, the model with only borehole receivers (olive curve) shows a constant but steep gradient in
the shallow part (<100 m) but shows more variations at greater depths. Between 220 and 350 m depths the
velocity is relatively constant at 3,800 m/s. As depth increases, the velocity increases to 5,000 m/s at 500 m
and stays constant until 650 m depth, where there is a slight decrease.

Considering all receivers, the red curve shows similar character to the turquoise surface receiver model in
the top 100 m (Figure 7a). From 50 to 200 m the combined model is dominated by the borehole receivers.
Below a depth of 400 m, the velocity is effectively constant to the bottom of the model at vp = 5,300 m/s.
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Generally, below 240 m greater variations within the combined model (red) and between different models
occur and are caused by low ray coverage at these depths (see Figure 5d). However, in the red curve we see
a sharper definition of the boundaries that occur as changes in the gradient.

Additionally, anisotropy can be expected for P wave velocities as foliated schist is highly anisotropic
(e.g., Allen et al., 2017; Christensen & Okaya, 2007; Godfrey et al., 2000; Li et al., 2018; Okaya et al., 1995)
and could explain traveltime differences between differing main ray travel paths for borehole and surface
receivers. In a similar experiment in Sweden, Simon et al. (2017) were able to determine Thomsen param-
eters and thus an anisotropic velocity model (vertical transverse isotropy, VTI) making use of the different
dominant ray paths in surface and borehole analysis. However, the Alpine Fault in the Whataroa Valley
dips at ∼50◦ (Lay et al., 2016; Toy et al., 2017) and the fabric dip is between 45◦ and 55◦ (Massiot et al.,
2018; Townend et al., 2017) so that the simplest anisotropy approach would be a tilted transverse isotropy
case. This tilt makes the derivation of anisotropy parameters more challenging and it is not possible to only
use the described differences in traveltimes observed by surface and borehole receivers. Although challeng-
ing, three-component and borehole data will be investigated further to gain more information and possibly
derive anisotropy parameters. Simultaneously, rock samples are analyzed in detail to quantify the geometry
of the anisotropy (Jeppson, 2017; Li et al., 2018).
4.3.2. Geological Interpretation
Figure 7b shows a simplified geological column along the borehole (from Toy et al., 2017 and Townend et
al., 2017). No core was collected from the borehole, but cuttings were analyzed throughout the drilling (Toy
et al., 2017). The surficial sediments can be divided into three units, gravels from surface (−95 m) to a depth
of −55 m (yellow), sands to a depth of −35 m(light orange), and silt to a depth of 145 m (dark orange).
Close to the top of the metamorphic basement a second thin gravel layer was encountered. The contact at
145 m depth is a major change in all petrophysical properties as the upper part of the basement is a 40 m
thick unit of schist. The basement consists mainly of protomylonites derived from schist and the grade of
mylonitization increases with depth reaching true mylonites at ∼700 m (Toy et al., 2017).

Comparing this geological description to the tomographic P wave velocity model in Figure 7a (red curve)
shows that major boundaries at −55 and 145 m correlate well with steep gradients in vp. First, within the
well-resolved shallow part of the P wave velocity model, the change between sand and silt (at −35 m) can
clearly be identified as a step with a steep velocity gradient underlain by roughly constant velocities of
2,000–2,200 m/s. The shallower change between gravel and sand at a depth of −55 m is not so pronounced,
likely due to the sand layer being the same thickness as the vertical cell size in the tomographic model.

Second, directly at the silt/schist boundary a steep velocity gradient starts in the P wave velocity model
(Figure 7a, red curve). The velocity at this inflection point is approximately 2,600 m/s. We have used the
2,600 m/s boundary to indicate the top of basement (Figure 6).

There might also be a correlation at depths >700 m, interpreted to be close to the Alpine Fault principal slip
zone, where a slight decrease in velocities is predicted by the tomographic model (Figure 7a). At the Alpine
Fault, the mylonites in the hanging wall are more fractured so that the P wave velocity should decrease.
However, these values are derived from only a few ray paths and are close to the maximum penetration
depth of the inversion model.
4.3.3. P Wave Velocity Profiles From Tomography, Zero-Offset VSP, and Sonic Log
The final combined models from this study (red curve) and from the previous 2-D study (orange curve) are
presented in Figure 7c compared with other estimates of the P wave velocity in the well. In the upper 100
m, both models coincide well as this area is dominated by surface receivers and is well resolved by a high
density of ray paths. For deeper areas (>300 m), the two models differ but are within the same range of
4,000–5,500 m/s.

The results from the zero-offset velocity analysis (adapted from Constantinou et al., 2016) are also shown
in Figure 7c. These models are derived from the same first breaks used in the 3-D tomographic inversion
but are computed assuming a vertically incident downgoing wave from the surface source location at the
well head. The plot shows models for the conventional Sercel borehole tool (green curve) and the hDVS
fiber optic cable (blue curve) separately. In general, the correlation with the tomographic model (red curve)
is very good. However, within the upper part of the basement, both zero-offset methods show significantly
higher velocities than the 3-D tomography. These unrealistic velocities exceeding 6,000 m/s may be related to
poorly resolved first arrivals caused by refraction effects, noise due to casing, and interference with upgoing
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Figure 8. (a) Summarizing 3-D plot of the valley topography with yz slices of the P wave velocity model. Topography
contour lines have a spacing of 60 m. Note that the steep topography within the valley at x = 3,250 m correlates well
with a steep flank in the basement (isosurface vp = 2,600 m/s) identified in the velocity model. The trajectory of the
borehole is included (dark gray) for orientation. (b) View from the southeast to illustrate the shape of the basement
(as isosurface of vp = 2,600 m/s).

waveforms (Constantinou et al., 2016). In the shallow, the zero-offset VSP data show a short section of real-
istic velocities of 1,500–2,500 m/s, which correlates well with the 3-D tomography model, and is consistent
with silts.

Results obtained by Jeppson (2017) from the full-waveform sonic log acquired during the drilling are shown
in the background of Figure 7c (gray curve). The full-waveform sonic data are complicated with weak first
arrivals and low signal-to-noise ratios so the derived P wave velocity is scattered with no clear trends. The
overall velocity ranges from 4,000 to 5,500 m/s which correlates with the velocities derived from the VSP and
the 3-D tomographic models (Figure 7c). Despite their different characteristics, the overall P wave velocities
along the DFDP-2B borehole show remarkable similarities.

4.4. Structural Interpretation
Figure 8 summarizes the velocity structures and topography within the region of the survey area and
provides a 3-D overview of the valley. Three typical velocity model yz slices across the valley (similar to
Figure 6b) are plotted together with their respective topography profiles (at x = 2, 500, 3,250, and 4,000 m).
Only areas with sufficient ray coverage are colored. The vertical part of the DFDP-2B borehole lies on section
x = 3, 250 m (dark gray line in Figure 8). The interpreted top of the basement is marked by a black line and
the isosurface coinciding with vp = 2, 600 m/s. The basement structures are extracted from an interpolated
velocity model to create meaningful interpretation. The inset (Figure 8b) shows more detail on the shape of
the basement contact below the Quaternary sediments.

The most northern part of the survey area (at x = 2, 500 m) is located where the modern Whataroa Valley
opens out onto the relatively flat coastal plain. The basement across the valley is also relatively flat here. In
contrast, in the central region (x = 3, 250 m) the valley has steep sides reaching elevations of almost 900
m above the river. At this position the basement valley has an asymmetrical cross section with the western
edge pushing out into the center of the valley. On the southern cross section (x = 4, 000 m) the same feature
is seen where the western edge of the valley extends sligthly out toward the center of the modern valley. In
general, the current topography of the hills on either side of the Whataroa River can be seen to extend below
the Quaternary sediments forming a U-shaped paleovalley floor.

This result agrees with the seismic imaging results of Lukács (2017) from the previous 2-D seismic exper-
iment. Additionally, Lepine (2016) analyzed a 2-D shallow seismic reflection profile that crosses the
Whataroa Valley from northwest to southeast. He identified a thick sedimentary layer in the center of the
valley (up to 500 m thick) and a thinner layer (∼120 m) especially in the west. McNab (2017) determined
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Figure 9. Comparison of the P wave velocity tomographic models from the Whataroa Valley. Locations of the Alpine
Fault trace (red triangle) and the borehole trajectory (black line) are marked. Only areas with ray coverage are shown.
(a) P wave velocity model from 2-D seismic data (Lay et al., 2016). The black dashed lines indicate the area where
information from the WhataDUSIE 2-D seismic data set is available. The rest is inverted from the Whataroa98 data set.
(b) P wave velocity model from 3-D VSP data, with 2-D slice compiled from the central part of the valley (see text for
details). (c) Difference between models from 3-D and 2-D data within the area with sufficient ray coverage.

the shallow shear wave velocity structure using ambient noise tomography. The S wave structures showed
basement depths of 400−600 m in the central part of the valley.

5. Discussion
5.1. Comparison With the Previous Tomographic Velocity Model
To extend on section 4.3.3, both tomographic velocity models from the 2-D (Lay et al., 2016) and 3-D seismic
data (this study) are compared in more detail in Figure 9. Within the presented 3-D study, more than 225,000
valid first-arrival traveltime picks from surface and borehole receivers for more than 400 shot locations were
used for the 3-D tomographic inversion.

In contrast, for the combined 2-D WhataDUSIE and Whataroa98 tomography, significantly fewer
first-arrival traveltime picks were used, that is, about 58,000 in total (Lay et al., 2016). Receivers and shots
were located in the central part of the valley and were aligned along the 2-D profile. Although the tomog-
raphy itself was done in 3-D, the 3-D effects of rays traveling through the faster valley flanks could not be
resolved. As a result, a 2-D slice was extracted along the profile that was used as the final P wave velocity
model. The upper 1 km of the P wave velocity model from Lay et al. (2016) is shown in Figure 9a. Most of the
velocity information is derived from the long-offset Whataroa98 data (Davey, 2010). Within the area marked
by the dashed line, additional information from the WhataDUSIE data set is incorporated. The location of
the surface trace of the Alpine Fault and the borehole trajectory are included. The model shows a sedimen-
tary layer (greenish colors) above the basement (orange to red). Interestingly, there is a layer of high P wave
velocities at a depth of about 500 m. This layer was discussed in detail by Lay et al. (2016).

With the new more detailed 3-D velocity model, we can create a similar summary 2-D slice (see Figure 9b).
As seen in Figure 6, with the help of the 3-D data, we can distinguish between contributions from the valley
flanks and the central part of the valley. Hence, we use the eastern part of the model (y = 0–600 m) to create
a representative model, constructed from the means of available velocities, for the central part of the valley
with thick sediments. Most interestingly, no high-velocity layer within the basement is observed. Thus, we
conclude that the previously measured high-velocity zone is caused by a 3-D effect. Rays traveling through
the fast valley flank (especially in the west) and rays traveling through the slower central sediment layers
could not be distinguished by the 2-D seismic data. Thus, both effects were mixed and caused the apparent
high-velocity layer.
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The difference between the new (Figure 9b) and the old (Figure 9a) velocity models is shown in Figure 9c.
Within the shallow subsurface (upper 100–200 m), the differences are minor. Thus, we can conclude that
both models create a reliable near-surface velocity model. However, we can assume that the new 3-D model
is slightly better because there are more first-arrival traveltime picks available. Also, the new extracted profile
(Figure 9b) is constructed from a more regular distribution of raypaths (averaged over a width of 600 m)
rather than unbalanced raypaths from the crooked line geometry used previously (Figure 9a). Generally,
the top of the basement (velocities exceeding 2,600 m/s) lies slightly deeper in the new model with the only
exception being in the southeast at x = 4, 500 m, where there is a region with a shallower top of basement.
At greater depths, major differences as high as 1,000 m/s occur. They are predominantly caused by the
absence of the high-velocity layer in the new velocity model. In contrast, high-velocity valley flanks are
identified in the 3-D model that could not be imaged in a central 2-D slice.

Hence, this study shows for the first time how 3-D structures within the Whataroa Valley have a great influ-
ence on the P wave velocity model. Furthermore, these structures can only be imaged successfully by 3-D
seismic data.

5.2. Subglacial Valley Structures
Our observations of the 3-D structures in the P wave velocity model correspond to the origin of the
Whataroa Valley as glacially formed and molded (Barrell, 2011; Lukács, 2017; Suggate, 1990). During the
Last Glacial Maximum (27,000–20,000 years ago), the valley glacier reached its maximum extent, carving
out the present-day valley and extending out on the coastal plain to the northwest (Barrell, 2011; Suggate,
1990). Afterward, the valley was successively filled by glacial, lacustrine or marine, and fluvial sediments
(Thomas, 2018).

Across the valley, we can identify the typical U shape of a glacial valley with thicker sediment layers in the
central part of the valley and thinner sediment layers at the valley flanks. Along the valley from north to
south, additional variations in the depth of the basement undulate and become shallower to the south at
x = 4, 500 m (Figures 6a1 and 6a2). These undulations are smooth but highly variable in 3-D and thus might
be caused by former glacial erosion. Similar features are also observed by other seismic studies in glacial
valleys (e.g., Ahmad et al., 2009; Büker et al., 2000, 2010; Burschil et al., 2018, 2019; Lukács et al., 2018;
Ogunsuyi & Schmitt, 2010).

The final 3-D P wave velocity model reliably fits the geological expectations of a glacially formed valley and
gives us further insight into the 3-D structures of the Whataroa Valley. The sediment thickness of 100–460
m correlates not only with other seismic studies (Davey, 2010; Garrick & Hatherton, 1974; Lay et al., 2016;
Lepine, 2016; Lukács, 2017; McNab, 2017) but also with gravity results (Jenkins et al., 2019).

5.3. Alpine Fault-Related Features
The Alpine Fault is expected to be a region of relatively low P wave velocity (Bourguignon et al., 2015;
Carpenter et al., 2014; Davey et al., 1998; Stern et al., 2001, 2007; Townend et al., 2013; Van Avendonk et al.,
2004). However, there is no indication of a low-velocity anomaly corresponding to the Alpine Fault in our
final P wave velocity model. The location of the surface trace of the Alpine Fault is only at the northwestern
margin of the studied area (Figure 6) but is expected to dip to the southeast. The maximum depth range
of traveltime paths yielding velocity information is at z = 600 m. Thus, we assume that we either cannot
capture the Alpine Fault as a low-velocity structure due to the limitations of the presented P wave velocity
model or, more likely, the Alpine Fault is simply not developed as a strong low-velocity zone in the upper
700 m.

Shallow sediments may show some direct evidence of the fault. Two shallow basins with decreased velocities
are imaged that are presumably filled by young, unconsolidated sediments. The border of the northern basin
and the surface trace of the Alpine Fault coincide (Figure 6a3). Furthermore, Figure 6a3 shows an abrupt
offset in the top of the basement at x = 2, 300 m. This feature might be related to fault structures, but it
occurs in an area with insufficient ray coverage and would thus need further investigation. However, the
identified velocity structures may suggest that the recent Alpine Fault location is also captured in seismically
imageable sedimentary processes as seen in surface trenches by Langridge et al. (2018).
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6. Conclusions
The newly acquired extended 3-D VSP data set includes a variety of surface and borehole (fiber optic cable
and three-component geophones) receivers. From this 3-D VSP data we derived a reliable 3-D P wave velocity
model at the DFDP-2 drill site within the Whataroa Valley. The applied first-arrival traveltime tomography
made use of nearly 225,500 first-arrival traveltime picks.

Only by using a 3-D seismic data set have we been able to adequately constrain 3-D valley structures. Thus,
we recommend the use of 3-D seismic data within complex geological environments such as glacial valleys
that might otherwise contaminate 2-D data with out-of-plane 3-D signals. In the case of the Whataroa Valley,
we successfully identified the 3-D structures.

Generally, two main facies are distinguished in the velocity model consisting of a sediment layer covering
the basement. The sediment layer is 100–460 m thick and shows P wave velocities of 1,050–2,600 m/s with a
mean of 2,200 ± 400 m/s. Lower velocities are found in the shallow subsurface and form up to 100 m thick
basin-like structures of likely unconsolidated sediments. This fits well to the gravel, sand, and silt layers
identified from samples and borehole findings, as well as other geophysical work.

The basement below consists of Alpine schist and (proto)mylonites, which is consistent with the P wave
velocities obtained here of 4,000–5,000 m/s with a mean of 4,200 ± 500 m/s. Additionally, the top of the
basement is defined as the beginning of a steep velocity gradient that starts at vp = 2, 600 m/s. The top of the
basement depicts the preinfill 3-D structure of the Whataroa Valley. Along the valley, there are slight undu-
lations interpreted to result from variable glacial carving. Across the valley, we can identify the typical shape
of a glacially carved valley later filled with sediments. Within the central part of the valley, the sediments
form a thick layer (up to 460 m thick) whereas at the flanks they become thinner (as thin as about 100 m).

High velocities are observed in shallow areas in the west that are interpreted to image the steep valley flanks.
There is a correlation between the P wave velocities marking the basement and the topography with west-
ern steep mountain flanks above the surface. Also, the identified 3-D structures are consistent with the
geological history of the Whataroa Valley as a glacially formed and molded valley.

In spite of the high resolution of the 3-D survey, no low-velocity region was clearly obtained in the vicinity
of the Alpine Fault. However, there are weaker features such as velocity contrast in the sedimentary layer
possibly indicating fault-related structures.

The derived P wave velocity model is valuable in its own but can also serve as a reliable basis for further
(reflection) seismic data analysis. As the 3-D P wave velocity model enables us to distinguish seismic reflec-
tions/structures from glacial valley structures and reflections from the Alpine Fault, we expect a detailed
seismic image of the Alpine Fault at the DFDP-2 drill site.

References
Ahmad, J., Schmitt, D. R., Rokosh, C. D., & Pawlowicz, J. G. (2009). High-resolution seismic and resistivity profiling of a buried Quater-

nary subglacial valley: Northern Alberta, Canada. Geological Society of America Bulletin, 121(11-12), 1570–1583. https://doi.org/10.1130/
b26305.1

Allen, M. J., Tatham, D., Faulkner, D. R., Mariani, E., & Boulton, C. (2017). Permeability and seismic velocity and their anisotropy across
the Alpine Fault, New Zealand: An insight from laboratory measurements on core from the Deep Fault Drilling Project phase 1 (DFDP1).
Journal of Geophysical Research: Solid Earth, 122, 6160–6179. https://doi.org/10.1002/2017JB014355

Barrell, D. (2011). Quaternary Glaciers of New Zealand. In J. Ehlers (Ed.), Developments in quaternary science (Vol. 15, pp. 1047–1064).
Amsterdam: Elsevier. https://doi.org/10.1016/B978-0-444-53447-7.00075-1

Barth, N. C., Toy, V. G., Langridge, R. M., & Norris, R. J. (2012). Scale dependence of oblique plate-boundary partitioning: New insights
from LiDAR, central Alpine Fault, New Zealand. Lithosphere, 4(5), 435–448. https://doi.org/10.1130/L201.1

Biasi, G. P., Langridge, R. M., Berryman, K. R., Clark, K. J., & Cochran, U. A. (2015). Maximum-likelihood recurrence parameters and
conditional probability of a ground-rupturing earthquake on the southern Alpine Fault, South Island, New Zealand. Bulletin of the
Seismological Society of America, 105(1), 94–106. https://doi.org/10.1785/0120130259

Bodenburg, S. B. (2017). 3D-seismische Ersteinsatztomographie an der Alpine Fault in Whataroa, Neuseeland, Thesis (Master of Science).
Freiberg, Germany: TU Bergakademie Freiberg.

Bourguignon, S., Bannister, S., Henderson, C. M., Townend, J., & Zhang, H. (2015). Structural heterogeneity of the midcrust adjacent to
the central Alpine Fault, New Zealand: Inferences from seismic tomography and seismicity between Harihari and Ross. Geochemistry,
Geophysics, Geosystems, 15, 10–15. https://doi.org/10.1002/2014GC005702

Brikke, N. (2007). Seismic velocity structure of the shallow part of the Alpine Fault and gravity study of the basement features in the
Whataroa River Flood Plain, Central Westland, South Island, Grad Diploma Wellington, Victoria University of Wellington.

Brückl, E., Brückl, J., Chwatal, W., & Ullrich, C. (2010). Deep alpine valleys: Examples of geophysical explorations in Austria. Swiss Journal
of Geosciences, 103, 329–344.

Acknowledgments
We thank the Friend family for access
to their land to carry out this survey.
We thank Adrian Benson, Franz
Kleine, Christin Mann, Hamish
Bowman, Patrick Lepine, Anton
Gulley, Andrew McNab, Danielle
Lindsay, and Chet Hopp for their
excellent and enthusiastic work during
the field campaign. Christopher Nixon
is thanked for his help in picking
borehole first arrivals. Funding was
provided by the German Research
Foundation DFG (BU1364/14), the
Earthquake Commission (14/674), and
all participating organizations (GNS
Science, Victoria University of
Wellington, University of Otago,
University of Auckland, University of
Alberta, University of Calgary,
Schlumberger, and TU Bergakademie
Freiberg). D. R. S. was supported by
NSERC discovery and Canada
Research Chairs Program, the Sercel
System was provided through grants
from the Canadian Foundation for
Innovation and the Alberta
Government. Supplementary field
equipment was provided by the
Geophysical Instrument Pool Potsdam.
The processing of the presented
seismic data was performed with
Seismic Unix (Cohen & Stockwell Jr.
2002). Additionally, we used GMT
(Wessel et al., 2013) for data handling
and data plotting. The final grid-based
P wave velocity model and first-arrival
traveltimes used in the analysis are
provided in an online repository at this
site (https://doi.org/10.25532/
OPARA-40). Further details about data
acquisition are summarized in the
field report (Townend et al., 2016;
https://doi.org/10.21420/G2TK9T). We
thank two anonymous reviewers and
the Editor for their constructive
feedback that clarified the paper.

LAY ET AL. 19 of 22

https://doi.org/10.1130/b26305.1
https://doi.org/10.1130/b26305.1
https://doi.org/10.1002/2017JB014355
https://doi.org/10.1016/B978-0-444-53447-7.00075-1
https://doi.org/10.1130/L201.1
https://doi.org/10.1785/0120130259
https://doi.org/10.1002/2014GC005702
https://doi.org/10.25532/OPARA-40
https://doi.org/10.25532/OPARA-40
https://doi.org/10.21420/G2TK9T


Journal of Geophysical Research: Solid Earth 10.1029/2019JB018519

Büker F., Green A. G., & Horstmeyer, H. (2000). 3-D high-resolution reflection seismic imaging of unconsolidated glacial and glaciolacus-
trine sediments: processing and interpretation. Geophysics, 65, 18–34. https://doi.org/10.1190/1.1444709

Burschil, T., Buness, H., Tanner, D. C., Wielandt-Schuster, U., Ellwanger, D., & Gabriel, G. (2018). High-resolution reflection seismics
reveal the structure and the evolution of the Quaternary glacial Tannwald Basin. Near Surface Geophysics, 16, 593–610. https://doi.org/
10.1002/nsg.12011

Burschil, T., Tanner, D., Reitner, J., Buness, H., & Gabriel, G. (2019). Unravelling the shape and stratigraphy of a glacially-overdeepened
valley with reflection seismic: The Lienz Basin (Austria). Swiss Journal of Geosciences, 112, 341–355. https://doi.org/10.1007/
s00015-019-00339-0

Carpenter, B. M., Kitajima, H., Sutherland, R., Townend, J., Toy, V. G., & Saffer, D. M. (2014). Hydraulic and acoustic properties of the
active Alpine Fault, New Zealand: Laboratory measurements on DFDP-1 drill core. Earth and Planetary Science Letters, 390, 45–51.
https://doi.org/10.1016/j.epsl.2013.12.023

Christensen, N. I., & Okaya, D. A. (2007). Compressional and shear wave velocities in South Island, New Zealand rocks and their application
to the interpretation of seismological models of the New Zealand crust, A continental plate boundary: Tectonics at South Island, New
Zealand, Geophysical Monographs Series (Vol. 175, pp. 123–155). Washington, DC: Americal Geoscience Union.

Cochran, U. A., Clark, K. J., Howarth, J. D., Biasi, G. P., Langridge, R. M., Villamor, P., et al. (2017). A plate boundary earthquake record
from a wetland adjacent to the Alpine Fault in New Zealand refines hazard estimates. Earth and Planetary Science Letters, 464, 175–188.
https://doi.org/10.1016/j.epsl.2017.02.026

Cohen, J. K., & Stockwell Jr., J. W. (2002). CWP/SU: Seismic unix release no 40: A free package for seismic research and processing. Colorado
School of Mine: Center for Wave Phenomena.

Constantinou, A., Schmitt, D. R., Kofman, R., Kellett, R., Eccles, J., Lawton, D., et al. (2016). Comparison of fibre optic sensor and borehole
seismometer VSP surveys in a scientific borehole —DFDP-2B, Alpine Fault, New Zealand. SEG Technical Program Expanded Abstracts,
2016, 5608–5612. https://doi.org/10.1190/segam2016-13946302.1

Coussens, J., Woodman, N., Upton, P., Menzies, C. D., Janku-Capova, L., Sutherland, R., & Teagle, D. A. (2018). The significance of heat
transport by shallow fluid flow at an active plate boundary: The Southern Alps, New Zealand. Geophysical Research Letters, 45, 10–323.
https://doi.org/10.1029/2018GL078692

Cox, S. C., & Barrell, D. J. A. (2007). Geology of the Aoraki area, Institute of Geological and Nuclear Sciences 1:250,000 geological map 15 1
sheet + 71 pages. Lower Hutt: New Zealand,GNS Science.

Davey, F. (2010). Crustal seismic reflection profile across the alpine fault and coastal plain at Whataroa, South Island. New Zealand Journal
of Geology and Geophysics, 53(4), 359–368. https://doi.org/10.1080/00288306.2010.526545

Davey, F., Henyey, T., Holbrook, W. S., Okaya, D. A., Stern, T., Melhuish, A., et al. (1998). Preliminary results from a geophysical study
across a modern, continent-continent collisional plate boundary—The Southern Alps, New Zealand. Tectonophysics, 288(1–4), 221–235.
https://doi.org/10.1016/S0040-1951(97)00297-7

Davey, F., Henyey, T., Kleffmann, S., Melhuish, A., Okaya, D. A., Stern, T., Woodward, D. J., & SIGHT Working Group (1995). Crustal
reflections from the Alpine Fault zone, South Island. New Zealand Journal of Geology and Geophysics, 38(4), 601–604. https://doi.org/
10.1080/00288306.1995.9514689

Davy, R., Stern, T., & Townend, J. (2013). Gravity analysis of glaciotectonic processes, central Alpine Fault, South Island, New Zealand.
New Zealand Journal of Geology and Geophysics, 56(2), 100–108. https://doi.org/10.1080/00288306.2013.782324

Eccles, J. D., Gulley, A. K., Malin, P. E., Boese, C. M., Townend, J., & Sutherland, R. (2015). Fault zone guided wave generation on the locked,
late interseismic Alpine Fault, New Zealand. Geophysical Research Letters, 42, 5736–5743. https://doi.org/10.1002/2015GL064208

Garrick, R. A., & Hatherton, T. (1974). Seismic refraction profiles across the Alpine Fault (Report 87). Wellington, New Zealand: Geophysics
Division Department of Scientific and Industrial Research.

Godfrey, N. J., Christensen, N. I., & Okaya, D. A. (2000). Anisotropy of schists: Contribution of crustal anisotropy to active source seismic
experiments and shear wave splitting observations. Journal of Geophysical Research, 105(B12), 27,991–28,007. https://doi.org/10.1029/
2000JB900286

Guo, B., Thurber, C. H., Roecker, S. W., Townend, J., Rawles, C., Chamberlain, C. J., et al. (2017). 3-D P-and S-wave velocity structure
along the central Alpine Fault, South Island, New Zealand. Geophysical Journal International, 209(2), 935–947. https://doi.org/10.1093/
gji/ggx059

Hartog, A., Frignet, B., Mackie, D., & Clark, M. (2014). Vertical seismic optical profiling on wireline logging cable. Geophysical Prospecting,
62(4), 693–701. https://doi.org/10.1111/1365-2478.12141

Howarth, J. D., Cochran, U. A., Langridge, R. M., Clark, K., Fitzsimons, S. J., Berryman, K., et al. (2018). Past large earthquakes on
the Alpine Fault: Paleoseismological progress and future directions. New Zealand Journal of Geology and Geophysics, 61(3), 309–328.
https://doi.org/10.1080/00288306.2018.1464658

Janku-Capova, L., Sutherland, R., Townend, J., Doan, M. L., Massiot, C., Coussens, J., & Célérier, B. (2018). Fluid flux in fractured rock
of the Alpine Fault hangingwall determined from temperature logs in the DFDP-2B borehole, New Zealand. Geochemistry, Geophysics,
Geosystems, 19, 2631–2646. https://doi.org/10.1029/2017GC007317, .

Jenkins, S., Sutherland, R., & Townend, J. (2019). Gravity survey of the central Alpine Fault near the DFDP-2 drill site, whataroa, South
Island, New Zealand. New Zealand Journal of Geology and Geophysics, 63, 1–17. https://doi.org/10.1080/00288306.2019.1639777

Jeppson, T. N. (2017). Seismic velocity and elastic properties of plate boundary faults, (Thesis Doctor of Philosophy). University of
Wisconsin-Madison. https://search.library.wisc.edu/catalog/9912357924902121

Koons, P. O. (1987). Some thermal and mechanical consequences of rapid uplift: An example from the Southern Alps, New Zealand. Earth
and Planetary Science Letters, 86(2–4), 307–319. https://doi.org/10.1016/0012-821X(87)90228-7

Langridge, R. M., Howarth, J. D., Cox, S. C., Palmer, J. G., & Sutherland, R. (2018). Frontal fault location and most recent earthquake timing
for the Alpine Fault at Whataroa, Westland. New Zealand New Zealand Journal of Geology and Geophysics, 61(3), 329–340. https://doi.
org/10.1080/00288306.2018.1509878

Lay, V., Buske, S., Lukács, A., Gorman, A. R., Bannister, S., & Schmitt, D. R. (2016). Advanced seismic imaging techniques characterize
the Alpine Fault at Whataroa (New Zealand). Journal of Geophysical Research: Solid Earth, 121, 8792–8812. https://doi.org/10.1002/
2016JB013534

Lepine, P. (2016). Shallow seismic survey of the Whataroa Glacial Valley in the vicinity of the Alpine Fault, Westland, Thesis (Master of
Science), University of Otago, Dunedin. https://hdl.handle.net/10523/6768

Li, W., Schmitt, D. R., & Liu, X. (2018). The dynamic elastic properties of anisotropic metamorphic rocks collected near the Alpine Fault,
New Zealand. AGU Fall Meeting Abstracts.

Little, T. A., Cox, S., Vry, J. K., & Batt, G. (2005). Variations in exhumation level and uplift rate along the oblique-slip Alpine Fault, Central
Southern Alps, New Zealand. Bulletin of the Geological Society of America, 117(5–6), 707–723. https://doi.org/10.1130/B25500.1

LAY ET AL. 20 of 22

https://doi.org/10.1190/1.1444709
https://doi.org/10.1002/nsg.12011
https://doi.org/10.1002/nsg.12011
https://doi.org/10.1007/s00015-019-00339-0
https://doi.org/10.1007/s00015-019-00339-0
https://doi.org/10.1016/j.epsl.2013.12.023
https://doi.org/10.1016/j.epsl.2017.02.026
https://doi.org/10.1190/segam2016-13946302.1
https://doi.org/10.1029/2018GL078692
https://doi.org/10.1080/00288306.2010.526545
https://doi.org/10.1016/S0040-1951(97)00297-7
https://doi.org/10.1080/00288306.1995.9514689
https://doi.org/10.1080/00288306.1995.9514689
https://doi.org/10.1080/00288306.2013.782324
https://doi.org/10.1002/2015GL064208
https://doi.org/10.1029/2000JB900286
https://doi.org/10.1029/2000JB900286
https://doi.org/10.1093/gji/ggx059
https://doi.org/10.1093/gji/ggx059
https://doi.org/10.1111/1365-2478.12141
https://doi.org/10.1080/00288306.2018.1464658
https://doi.org/10.1029/2017GC007317
https://doi.org/10.1080/00288306.2019.1639777
https://search.library.wisc.edu/catalog/9912357924902121
https://doi.org/10.1016/0012-821X(87)90228-7
https://doi.org/10.1080/00288306.2018.1509878
https://doi.org/10.1080/00288306.2018.1509878
https://doi.org/10.1002/2016JB013534
https://doi.org/10.1002/2016JB013534
https://hdl.handle.net/10523/6768
https://doi.org/10.1130/B25500.1


Journal of Geophysical Research: Solid Earth 10.1029/2019JB018519

Little, T. A., Holcombe, R. J., & Ilg, B. R. (2002). Ductile fabrics in the zone of active oblique convergence near the Alpine Fault,
New Zealand: Identifying the neotectonic overprint. Journal of Structural Geology, 24(1), 193–217. https://doi.org/10.1016/
S0191-8141(01)00059-1

Lukács, A. (2017). Geophysical characterisation of the Alpine Fault at Haast, Turnbull and Whataroa, New Zealand, Thesis (Doctor of
Philosophy), University of Otago, Dunedin. https://hdl.handle.net/10523/7987

Lukács, A., Gorman, A. R., & Norris, R. J. (2018). Quaternary structural and paleo-environmental evolution of the Alpine Fault near Haast,
New Zealand, from 2D seismic reflection and gravity data. New Zealand Journal of Geology and Geophysics, 62(2), 02,302. https://doi.
org/10.1080/00288306.2018.1544153

Massiot, C., Célérier, B., Doan, M. L., Little, T. A., Townend, J., McNamara, D. D., et al. (2018). The Alpine Fault hangingwall viewed from
within: Structural analysis of ultrasonic image logs in the DFDP-2B borehole, New Zealand. Geochemistry, Geophysics, Geosystems, 19,
2492–2515. https://doi.org/10.1029/2017GC007368

McNab, A. T. (2017). Velocity structure of the Whataroa Valley using ambient noise tomography, (Thesis Master of Science), Victoria
University of Wellington. https://hdl.handle.net/10063/6766

Michailos, K., Smith, E. G., Chamberlain, C. J., Savage, M. K., & Townend, J. (2019). Variations in seismogenic thickness along the cen-
tral Alpine Fault, New Zealand, revealed by a decade's relocated microseismicity. Geochemistry, Geophysics, Geosystems, 20, 470–486.
https://doi.org/10.1029/2017GC007368

Molyneux, J. B., & Schmitt, D. R. (2000). Compressional-wave velocities in attenuating media: A laboratory physical model study.
Geophysics, 65(4), 1162–1167. https://doi.org/10.1190/1.1444809

Norris, R. J., & Cooper, A. F. (1995). Origin of small-scale segmentation and transpressional thrusting along the Alpine Fault, New Zealand.
Geological Society of America Bulletin, 107(2), 231–240. https://doi.org/10.1130/0016-7606(1995)107&lt;0231:OOSSSA&gt;2.3.CO;2

Norris, R. J., & Cooper, A. F. (2001). Late Quaternary slip rates and slip partitioning on the Alpine Fault. New Zealand Journal of Geology
and Geophysics, 23(2–3), 507–520. https://doi.org/10.1016/S0191-8141(00)00122-X

Norris, R. J., Cooper, A. F., Read, S. E., & Wright, C. (2013). Maps of the Alpine Fault traces, University of Otago map material. https://
www.otago.ac.nz/geology/research/structural-geology/alpine-fault/af-maps.html

Ogunsuyi, F., & Schmitt, D. R. (2010). Integrating seismic velocity tomograms and seismic imaging: Application to the study of a buried
valley. In R. D. Miller, J. D. Bradford, & K. Holliger (Eds.), Near Surface Seismology and Ground Penetrating Radar (pp. 361–378). Tulsa,
OK: Soc. Expl. Geophysicists. https://doi.org/10.1190/1.9781560802259

Okaya, D., Christensen, N., Stanley, D., Stern, T., & SIGHT Transect (1995). Crustal anisotropy in the vicinity of the Alpine Fault zone, South
Island, New Zealand. New Zealand Journal of Geology and Geophysics, 38(4), 579–583. https://doi.org/10.1080/00288306.1995.9514686

Okaya, D., Stern, T., Davey, F., Henrys, S., & Cox, S. (2007). Continent-continent collision at the Pacific/Indo-Australian plate boundary:
Background, motivation, and principal results. In D. Okaya, T. A. Stern, & F. Davey (Eds.), A continental plate boundary: Tectonics at
South Island, New Zealand, Geophysical Monographs Series (Vol. 175, pp. 1–18). Washington: DC (Americal Geoscience Union).

Rawlinson, N., Fichtner, A., Sambridge, M., & Young, M. K. (2014). Seismic tomography and the assessment of uncertainty, Advances in
Geophysics (Vol. 55, pp. 1–76). Elsevier.

Scherwath, M., Stern, T. A., Davey, FJ, Okaya, D., Holbrook, W. S., Davies, R., & Kleffmann, S. (2003). Lithospheric structure across oblique
continental collision in New Zealand from wide-angle P wave modeling. Journal of Geophysical Research, 108(B12), 2566. https://doi.
org/10.1029/2002JB002286

Schön, J. H. (2015). Physical properties of rocks: Fundamentals and principles of petrophysics (Vol. 65). Amsterdam: Elsevier.
Simon, H., Buske, S., Krauss, F., Giese, R., Hedin, P., & Juhlin, C. (2017). The derivation of an anisotropic velocity model from a com-

bined surface and borehole seismic survey in crystalline environment at the COSC-1 borehole, central Sweden. Geophysical Journal
International, 210(3), 1332–1346. https://doi.org/10.1093/gji/ggx223

Smith, E. G. C., Stern, T., & Brien, B. O. (1995). A seismic velocity profile across the central South Island, New Zealand, from explosion
data. New Zealand Journal of Geology and Geophysics, 38(4), 565–570. https://doi.org/10.1080/00288306.1995.9514684

Stern, T., Kleffmann, S., Okaya, D. a., Scherwath, M., & Bannister, S. (2001). Low seismic-wave speeds and enhanced fluid pressure beneath
the Southern Alps of New Zealand. Geology, 29(8), 679–682. https://doi.org/10.1130/0091-7613(2001)029<0679

Stern, T., Okaya, D., Kleffmann, S., Scherwath, M., Henrys, S., & Davey, F. (2007). Geophysical exploration and dynamics of the Alpine
Fault zone. In D. Okaya, T. A. Stern, & F. Davey (Eds.), A continental plate boundary: Tectonics at South Island, New Zealand, Geophysical
Monographs Series (Vol. 175, pp. 207–233). Washington, DC: Americal Geoscience Union.

Suggate, R. (1990). Late Pliocene and Quaternary glaciations of New Zealand. Quaternary Science Reviews, 9, 175–197. https://doi.org/10.
1016/0277-3791(90)90017-5

Sutherland, R., Berryman, K. R., & Norris, R. J. (2006). Quaternary slip rate and geomorphology of the Alpine fault: Implications for
kinematics and seismic hazard in southwest New Zealand. Geological Society of America Bulletin, 118(3–4), 464–474. https://doi.org/10.
1130/B25627.1

Sutherland, R., Eberhart-Phillips, D., Harris, R. A., Stern, T., Beavan, J., Ellis, S., et al. (2007). Do great earthquakes occur on the Alpine fault
in central South Island, New Zealand?A continental plate boundary: Tectonics at South Island, New Zealand, Geophysical Monographs
Series (Vol. 175). Washington, DC: Americal Geoscience Union.

Sutherland, R., Townend, J., Toy, V., & DFDP-2 Science Team (2015). Deep Fault Drilling Project (DFDP), Alpine Fault boreholes DFDP-2A
and DFDP-2B technical completion report (GNS Science Report 2015/50). Lower Hutt, New Zealand: GNS Science.

Sutherland, R., Townend, J., Toy, V., Upton, P., Coussens, J., Allen, M., et al. (2017). Extreme hydrothermal conditions at an active
plate-bounding fault. Nature, 7656(137), 546. https://doi.org/10.1038/nature22355

Sutherland, R., Toy, V. G., Townend, J., Cox, S., Eccles, J. D., Faulkner, D., et al. (2012). Drilling reveals fluid control on architecture and
rupture of the Alpine Fault, New Zealand. Geology, 40(12), 1143–1146. https://doi.org/10.1130/G33614.1

Thomas, A. M. (2018). Glacio-lacustrine sedimentation in newly discovered paleo-lakes, Westland, New Zealand, Thesis (Master of
Science), Victoria University Wellington. https://hdl.handle.net/10063/7827

Townend, J., Eccles, J., Kellett, R., Buske, S., Constantinou, A., Schmitt, D., et al. DFDP seismic project team (2016). Whataroa 2016 seismic
experiment acquisition report (GNS Science Report 2016/36). Lower Hutt, New Zealand: GNS Science. https://doi.org/10.21420/G2TK9T

Townend, J., Sutherland, R., & Toy, V. G. (2009). Deep Fault Drilling Project Alpine Fault, New Zealand. Scientific Drilling, 8, 75–82.
https://doi.org/10.2204/iodp.sd.8.12.2009

Townend, J., Sutherland, R., Toy, V. G., Eccles, J. D., Boulton, C. J., Cox, S., & Mcnamara, D. (2013). Late-interseismic state of a continental
plate-bounding fault: Analysis, Alpine Fault, New Zealand: Petrophysical results from DFDP-1 wireline logging and core. Geochemistry,
Geophysics, Geosystems, 14, 3801–3820. https://doi.org/10.1002/ggge

LAY ET AL. 21 of 22

https://doi.org/10.1016/S0191-8141(01)00059-1
https://doi.org/10.1016/S0191-8141(01)00059-1
https://hdl.handle.net/10523/7987
https://doi.org/10.1080/00288306.2018.1544153
https://doi.org/10.1080/00288306.2018.1544153
https://doi.org/10.1029/2017GC007368
https://hdl.handle.net/10063/6766
https://doi.org/10.1029/2017GC007368
https://doi.org/10.1190/1.1444809
https://doi.org/10.1130/0016-7606(1995)107&lt;0231:OOSSSA&gt;2.3.CO;2
https://doi.org/10.1016 /S0191-8141(00)00122-X
https://www.otago.ac.nz/geology/research/structural-geology/alpine-fault/af-maps.html
https://www.otago.ac.nz/geology/research/structural-geology/alpine-fault/af-maps.html
https://doi.org/10.1190/1.9781560802259
https://doi.org/10.1080/00288306.1995.9514686
https://doi.org/10.1029/2002JB002286
https://doi.org/10.1029/2002JB002286
https://doi.org/10.1093/gji/ggx223
https://doi.org/10.1080/00288306.1995.9514684
https://doi.org/10.1130/0091-7613(2001)029&lt;0679
https://doi.org/10.1016/0277-3791(90)90017-5
https://doi.org/10.1016/0277-3791(90)90017-5
https://doi.org/10.1130/B25627.1
https://doi.org/10.1130/B25627.1
https://doi.org/10.1038/nature22355
https://doi.org/10.1130/G33614.1
https://hdl.handle.net/10063/7827
https://doi.org/10.21420/G2TK9T
https://doi.org/10.2204/iodp.sd.8.12.2009
https://doi.org/10.1002/ggge


Journal of Geophysical Research: Solid Earth 10.1029/2019JB018519

Townend, J., Sutherland, R., Toy, V. G., Mai–Linh, D., Célérier, B., Massiot, C., et al. (2017). Petrophysical, geochemical, and hydrolog-
ical evidence for extensive fracture mediated fluid and heat transport in the Alpine Fault's hanging wall damage zone. Geochemistry,
Geophysics, Geosystems, 18(12), 4709–4732. https://doi.org/10.1002/2017GC007202

Toy, V. G., Boulton, C. J., Sutherland, R., Townend, J., Norris, R. J., Little, T. A., et al. (2015). Fault rock lithologies and architecture of the
central Alpine Fault, New Zealand, revealed by DFDP-1 drilling. Lithosphere, 2, 1–19. https://doi.org/10.1130/L395.1

Toy, V. G., Sutherland, R., Townend, J., et al. (2017). Bedrock geology of DFDP-2B, central Alpine Fault. New Zealand New Zealand Journal
of Geology and Geophysics, 60(4), 497–518. https://doi.org/10.1080/00288306.2017.1375533

Van Avendonk, H. J. A., Holbrook, W. S., Okaya, D. A., Austin, J. K., Davey, F., & Stern, T. (2004). Continental crust under compression:
A seismic refraction study of South Island Geophysical Transect I, South Island, New Zealand. Journal of Geophysical Research, 109,
B06302. https://doi.org/10.1029/2003JB002790

Wessel, P., Smith, W. H. F., Scharroo, R., Luis, J. F., & Wobbe, F. (2013). Generic mapping tools: Improved version released. Eos, Transactions
American Geophysical Union, 94, 409–410.

Zhang, J., & Toksöz, M. N. (1998). Nonlinear refraction traveltime tomography. Geophysics, 63(5), 1726. https://doi.org/10.1190/1.1444468

LAY ET AL. 22 of 22

https://doi.org/10.1002/2017GC007202
https://doi.org/10.1130/L395.1
https://doi.org/10.1080/00288306.2017.1375533
https://doi.org/10.1029/2003JB002790
https://doi.org/10.1190/1.1444468

	Abstract


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


