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GPR investigation
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Received 7 May 2013; revised 26 July 2013; accepted 29 July 2013; published 22 August 2013.

[1]1 Past earthquake slips on faults are commonly determined by measuring morphological
offsets at current ground surface. Because those offsets might not always be well preserved,
we examine whether the first 10 m below ground surface contains relevant information to
complement them. We focus on the Te Marua site, New Zealand, where 11 alluvial terraces
have been dextrally offset by the Wellington fault. We investigated the site using pseudo-3D
Ground Penetrating Radar and also produced a high-resolution digital elevation model
(DEM) of the zone to constrain the surface slip record. The GPR data reveal additional
information: (1) they image the 3D stratigraphic architecture of the seven youngest terraces
and show that they are strath terraces carved into graywacke bedrock. Each strath surface is
overlain by 3—5 m of horizontally bedded gravel sheets, including two pronounced and
traceable reflectors; (2) thanks to the multilayer architecture, terrace risers and channels are
imaged at three depths and their lateral offsets can be measured three to four times,
constraining respective offsets and their uncertainties more reliably; and (3) the offsets are
better preserved in the subsurface than at the ground surface, likely due to subsequent
erosion-deposition on the latter. From surface and subsurface data, we infer that Te Marua

has recorded six cumulative offsets of 2.9, 7.6, 18, 23.2, 26, and 31 m (+ 1-2 m). Large
earthquakes on southern Wellington fault might produce 3—5 m of slip, slightly less than
previously proposed. Pseudo-3D GPR thus provides a novel paleoseismological tool to

complement and refine surface investigations.

Citation: Beauprétre, S., I. Manighetti, S. Garambois, J. Malavieille, and S. Dominguez (2013), Stratigraphic architecture
and fault offsets of alluvial terraces at Te Marua, Wellington fault, New Zealand, revealed by pseudo-3D GPR
investigation, J. Geophys. Res. Solid Earth, 118, 4564—4585, doi:10.1002/jgrb.50317.

1. Introduction

[2] Even in regions where earthquake activity is intensively
monitored and where a large number of multidisciplinary
studies are conducted to assess seismic hazard, we may fail
to properly anticipate the maximum magnitude of the forth-
coming events (e.g., 2011 Tohoku earthquake) [e.g., Ozawa
et al., 2011]. To tighten the magnitude estimates for a given
fault, a precise knowledge of the slips produced by the large
prehistorical earthquakes on the fault is mandatory. Yet this
information is extremely difficult to obtain because it mainly

Additional supporting information may be found in the online version of
this article.
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resides in more or less preserved imprints that previous large
earthquakes produced in the surface morphology [e.g.,
Burbank and Anderson, 2001]. Many studies have thus been
conducted over the last decades to search for this morpholog-
ical information [e.g., McCalpin, 2009]. The objective is to
identify preserved morphological markers (such as river beds,
alluvial terraces, moraine spurs, alluvial fans, coral construc-
tions, etc.) on the ground surface that would be offset or
deformed by the fault. As most of the surface offsets are the
result of repeated coseismic fault slips over time, their system-
atic measurement for markers of different ages allows building
slip histories, sometimes down to the earthquake scale [e.g.,
Gaudemer et al., 1995; Tapponnier et al., 2001; Liu et al.,
2004; Zielke et al., 2010; Klinger et al., 2011]. Yet, one strong
hypothesis underlying such an approach is that the original
shape of the offset markers has not significantly or systemati-
cally been modified since their time of formation, that the
markers truly behave as passive features, and that the fault off-
set that they have recorded reflects the actual slip on the fault.
Though reasonable, these hypotheses face the fact that the
ground surface is exposed to dynamic processes—weathering,
erosion, deposition, human activities, etc., that all contribute to
modify its morphology over time. We have no means to eval-
uate these possible modifications. Therefore, to overcome this
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Figure 1. Tectonic setting of southern North Island, New

Zealand, and location of Te Marua site. Only major active
faults are represented (black traces), with the Wellington
Fault in red. The black box indicates the location of Te
Marua site. The major Wellington fault segments are denoted
with letters (W-HV: Wellington-Hutt Valley segment; T:
Tararua segment; P: Pahiatua segment) and are separated
by yellow arrows that mark the major intersegment zones.
Inset shows the Australian-Pacific plate setting in New
Zealand, with the box indicating the figure.

problem, one common approach is to focus on the youngest
offsets as those are expected to be the best preserved as well
as the most abundant in the ground morphology.

[3] We approach this question differently. In an earlier
paper [Beaupretre et al., 2012], we suggested, as others
before [e.g., McCalpin, 2009], that part of the past earth-
quake offsets might be buried in the first few meters below
the current ground surface. Yet, to investigate this hypothe-
sis, we developed a novel paleoseismological approach,
based on a specific use of pseudo-3D ground penetrating
radar (GPR) surveying. Although it has become fairly com-
mon that 2D-, pseudo-3D, and 3D GPR are used to investigate
the shallow geometry of fault planes and fault zones (mainly
fault-perpendicular GPR profiles) [e.g., Gross et al., 2000,
2002, 2003, 2004, Tronicke et al., 2004; McClymont et al.,
2008a, 2008b, 2010; Carpentier et al., 2012], our earlier work
[Beaupretre et al., 2012] is the first attempt to use pseudo-3D
GPR to reveal buried fault-offset markers on either side of the
fault (parallel-fault GPR profiles). We tested this original
approach at one site of the seismogenic strike-slip Hope fault,
New Zealand, and showed that we could successfully image a
large number of dextrally displaced, abandoned, buried stream
channels, whose lateral offsets could be precisely measured.

This work thus suggested that pseudo-3D GPR can be used
to reveal and measure past fault slips in the shallow subsurface
and hence to provide new data complementary to surface mea-
surements, especially where surface features are few.

[4] In the present study, we examine a specific case where a
number of fault offsets have already been measured in the cur-
rent morphology and question whether the deep subsurface
(>~2m, i.e., deeper than the shallow subsurface documented
by trenching studies) contains additional information that might
be useful to further document the earthquake slips on the fault.
We address this question at a sitte—Te Marua (Figure 1) located
on the major seismogenic dextral Wellington fault, New
Zealand. The site shows 11 well-preserved alluvial terraces that
are dextrally displaced by the Wellington fault. The lateral off-
sets of the terraces have been extensively studied in previous
morphological and paleoseismological analyses [e.g., Lensen,
1958; Berryman, 1990; Van Dissen et al., 1992; Little et al.,
2010; Langridge et al., 2011], so that most of the ground sur-
face information has already been recovered.

[s] We investigated the Te Marua site using dense, pseudo-
3D, multifrequency GPR acquisitions. More precisely, we
acquired forty, ~ 600 m long GPR profiles parallel to and
evenly distributed either side of the fault trace, and spaced
by ~5m. The total area covered is about 600 m x 200 m. We
also produced a high-resolution GPS-RTK digital elevation
model (DEM) of the site spanning a slightly larger area of
600 m % 300 m. The GPS-derived DEM allows us to examine
the Te Marua morphology in great detail, while the GPR data
image the architecture of the subsurface at high resolution,
down to 5-7m depth. Taken together, the data allow us to
measure the lateral fault offsets preserved in both the subsur-
face and at the surface, and to examine whether those are sim-
ilar or not. The GPR data also document the stratigraphic
architecture of the seven most recent alluvial terraces, which
was unknown up to now.

2. Alluvial Setting and Slip Record at Te Marua,
Wellington Fault

2.1. The Wellington Fault

[6] In the southern North Island of New Zealand, the Pacific
and Australian plates converge in an oblique fashion (Figure 1).
Their relative motion is partitioned into ~34 mm/yr of shorten-
ing and ~26 mm/yr of lateral motion [Barnes et al., 1998; Nicol
et al., 2007]. Most of the shortening is accommodated by thrust
faulting and folding nearby the Hikurangi Trench, 150 km east
of Wellington city. The majority of the lateral motion is accom-
modated on several right lateral strike-slip faults, including the
Ohariu-, Wellington-, and Wairarapa fault (Figure 1) [Barnes
et al., 1998; Nicol et al., 2007].

[7] The Wellington dextral fault poses an elevated seismic
risk in New Zealand since it passes directly through the
Wellington city. It strikes N40°E and extends between offshore
Cook Strait [Pondard and Barnes, 2010] and Woodville. From
there, it splays into the Mohaka and Ruahine faults, which
extend up to the Bay of Plenty (Figure 1) [Langridge et al.,
2005; Mouslopoulou et al., 2007]. The fault is thought to have
accumulated at least 8 km of lateral slip over the last ~2 Myr
[Begg and Mazengarb, 1996; Beanland and Haines, 1998,
Nicol et al., 2007], although it may have a longer slip history.
Along the Cook Strait-to-Woodville strand (~ 170 km long),
the fault is divided into three major segments separated by large
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Figure 2. Block diagram presenting the common vision of the architecture of alluvial terraces laterally off-
set by a strike-slip fault [modified from Gold et al., 2011]. The inset shows details on the gravel pile, with
colors coinciding with the stratigraphic horizons detected in the GPR data (compare with Figures 8 and 9).

bends and step overs (Figure 1) [Berryman et al., 2002;
Langridge et al., 2005, 2007]. The Te Marua site is located in
the southernmost of these segments, the ~75km long
Wellington-Hutt Valley segment (WHYV), which is thought to
represent an individual rupture segment [Berryman, 1990;
Langridge et al., 2005]. The Quaternary slip rate on the WHV
fault segment is estimated at 5.1-8.2 mm/yr [Berryman, 1990;
Grapes, 1993; Berryman et al., 2002; Langridge et al., 2005,
Little et al., 2010; Ninis et al., 2013].

[8] No major historical earthquake has been reported on
the Wellington-Hutt Valley segment since the European set-
tlement in ~1840 AD. Paleoseismological studies suggest
that at least five major earthquakes broke the WHV segment
in the last ~9 ka; at 210+ 100 yr, 790-895 yr, 1830-2340 yr,
2460—4500yr, and 7290-8380yrB.P. [Van Dissen et al.,
1992; Van Dissen and Berryman, 1996; Langridge et al.,
2009, 2011; Little et al., 2010; Ninis et al., 2013], while five
more events might have occurred between 7300 and
11,600 yr B.P. [Langridge et al., 2009]. The offsets of these
paleo-earthquakes along the WHV segment are estimated in
the range 4.2-5.0m [Berryman, 1990; Little et al., 2010],
while the magnitudes are inferred to be Mw 7.3-7.9
[Berryman, 1990; Van Dissen and Berryman, 1996; Little
et al., 2010].

2.2. Alluvial Setting and Terraces at Te Marua

[s] In the Hutt Valley, the Wellington fault extends at the
base of the Rimutaka Range (Figure 1), where a series of
alluvial terraces have been emplaced over the Quaternary.
Some of these terraces stand at high relative elevation above
the present river beds and are fill aggradation terraces that
were formed during stadial episodes [Berryman, 1990;
Grapes, 1993; Ninis et al., 2013]. In the Te Marua area, the
youngest fill terrace has been dated at 12—13 kyr, coincident
with the approximate age of the Last Glacial Maximum in the
North Island [Berryman, 1990; Grapes, 1993; Little et al.,
2010; Ninis et al., 2013].

[10] Since this last aggradation period, downcutting
occurred and fluvial degradation terraces have formed. A deg-
radation terrace forms by lateral stream erosion into preexisting
alluvium (so-called “fill-cut” terrace) or bedrock (so-called
“strath” terrace) during periods of static equilibrium that are
followed by renewed stream-channel downcutting that isolates
the terrace surface. Fill-cut and strath terraces are thus geneti-
cally the same [Bull, 1990]; therefore, the term “strath” is
broadly used to describe the erosional base of a terrace
[Bucher, 1932], while the term “tread” describes the terrace

surface [Campbell, 1929], and the term “riser” describes the
erosional escarpment that separates two terrace treads of
different age and elevation (Figure 2) [e.g., Cowgills, 2007].
The strath of a terrace is the paleo-valley bottom base, while
the terrace tread is the constructional top of the paleo-flood
plain. The deposits between the strath and tread are thus
basically stream gravels that are genetically related to the strath
carving (Figure 2) [Gilbert, 1877; Mackin, 1937; Bull, 1990;
Hancock and Anderson, 2002; Wegmann and Pazzaglia,
2002]. These gravels are commonly several meters thick, are
well-sorted and fine upward, ranging from coarse gravel
immediately above the erosional strath surface to fine-grained
(clay, silt, and fine sand) deposits near the terrace tread
(Figure 2) [e.g., Bull, 1990; Merritts and Hesterberg, 1994;
Pazzaglia, 2013].

[11] At Te Marua, the Wellington fault cuts across a flight
of 11 Holocene degradation terraces that formed below the
level of the most recent 12—13 ka Ohakea aggradation terrace
(named T12), in a meander of the Hutt River (Figure 3)
[Lensen, 1958; Berryman, 1990; Van Dissen et al., 1992;
Little et al., 2010; Ninis et al., 2013]. These degradation
terraces have been labeled T1 through T11, with T1
representing the lowest (~ 3 m above present river bed) and
hence youngest terrace tread above the modern river bed,
while the successively larger numbers represent the progres-
sively higher and hence older terrace surfaces (Figure 3)
[Lensen, 1958; Berryman, 1990; Van Dissen et al., 1992,
Little et al., 2010]. The stratigraphic architecture of the
terraces is unknown, whereas it is not clear whether the
youngest T1-T8 terraces are fill-cut or strath. The common
interpretation is that they are fill-cut terraces that were carved
into the T12 fill alluvium deposits (see Figure S1 in the
supporting information) [Berryman, 1990; Little et al.,
2010; Ninis et al., 2013] but evidence are lacking to validate
this interpretation. The only outcrop at Te Marua is the mod-
ern river bank, and there, gravels are observed to overlie the
graywacke bedrock that stands at 3m below the current
ground surface [Little et al., 2010]. A few trenches have been
excavated at Te Marua, but they do not go deeper than 1.5—
2m and only show a variety of gravels, sands, and silts
[Langridge et al., 2011]. At one site ~2 km from Te Marua,
a 6—10m high cut adjacent to the Te Marua water reservoir
shows a multilayer sequence of gravels several meters thick
overlying the graywacke bedrock (Figure 4) [Berryman,
1990]. The 3D GPR images that were acquired on a small
area (50 x 50 m) in the T6 Te Marua terrace (precise location
not provided in the source paper) suggest that the graywacke
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Figure 3. Google Earth view of the Te Marua site, showing the Hutt River, the Wellington fault trace (in
red), and the various terraces, whose risers are underlined in white. Riser and terrace names are indicated
(degradation terraces in white, and fill terraces in black). Major abandoned stream channels are in blue.
The black box indicates the zone covered with our GPS-derived DEM shown in inset and in Figure 5.

bedrock extends at a remarkably constant depth of4.5+0.6 m,
below flat-lying alluvial gravel sheets [Gross et al., 2004]. The
3D GPR images (50 x 25 m) that were acquired in the nearby
Totara Park (< 3km away) reveal 3—6m thick, flat-lying
gravel sheets above the graywacke bedrock that stands at 4—
Sm depth [Gross et al., 2004; McClymont et al., 2008b].
These various observations thus suggest that the graywacke
bedrock lies at a relatively shallow depth beneath the Te
Marua degradation terraces, while at least some of those
terraces are made of flat-lying gravel sheets a few meters thick.
Therefore, the Te Marua terraces might be strath terraces, with
an architecture and stratigraphy similar to those sketched in
Figure 2. If that is the case, we expect GPR data to reveal a
number of subhorizontal horizons.

2.3. Slip Record at Te Marua

[12] Atthe Te Marua site the Wellington fault has progres-
sively offset the degradational terraces T1-T8, the corre-
sponding risers, as well as a number of channels which
incised into these terraces.

[13] Using field measurements made by tape, Berryman
[1990] estimated the most recent coseismic slip at 3.7—
4.7m (Table 1). He found no offset of the youngest terrace
T1 or its upper riser R1. More recently, Little et al. [2010]
analyzed GPS-derived topographic maps of Te Marua and
estimated the last event displacement to be 5.3+0.8m,
which also does not offset T1 or R1. Little et al. [2010] mea-
sured a total of 12 lateral offsets across the various terraces
and channels, and found these offsets to cluster around three
mean values, 5.3+£0.8m (four offset measurements),
143+3.1m (two offset measurements), and 20.1+1.2m
(six offset measurements). They inferred that four large,
fairly characteristic earthquakes, each with a mean slip of
5.0£0.2 m, produced the measured offsets. This inference
thus assumes that the penultimate of these four events is
not represented in the geomorphic record. Age constraints
on these earthquakes are provided by Van Dissen et al.
[1992], Little et al. [2010], and Langridge et al. [2011].

Taken together they suggest that the most recent event
occurred after 250calyrB.P., the terraces T1-T6 were
formed and abandoned in the last 4.5 + 0.4 ka, and the oldest
T12 fill terrace was abandoned about 12—13 ka ago.

Figure 4. Picture of the Wellington Fault exposed in an 8—
10 m deep cut excavated for a water reservoir, a few km away
from Te Marua [from Gross et al., 2004; Berryman, 1990,
and reference therein]. A pile of multilayered gravel sheets
overlay the graywacke bedrock.
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Table 1. Comparison of the Different Sets of Offset Measurements Performed at the Ground Surface at Te Marua [This Study; Little et al.,

2010; Berryman, 1990; Lensen, 1958]*

This Study, At Surface Little et al., 2010

Berryman, 1990 Lensen, 1958

Dextral Offset  Error Dextral Offset  Error Dextral Offset  Error Dextral Offset

Landform (m) (m) Landform (m) (m) Landform (m) (m) Landform (m)
R1 1.6 1.0 R1 0 NA Riser R1 0 NA - -
T2-Chl W 6.4 1.1 Channel 1 5.4 1.7 Channel 3.7 0.3 - -
T2-Chl_E 6.1 0.8 (022)

Channel 4.3 1.5 - - - - -

interfluve
T2-Ch2 W 7.6 0.9 Channel 2 5.4 1.8 Channel 4.7 0.3 - -
T2-Ch2 E 6.1 0.6 (023)
R2 53 0.8 R2 5.5 0.8 R2 (024) 7.4 NA  Terrace III- 5.5 (18 1t)

v

R3 17.9 1.1 R3 14.4 0.5 R3 (025) 18 NA Terrace II-FIII  15.2 (50 ft)
T4-Incl 15.8 5.0 - - - - - - - -
T4-Inc2 17.5 1.6 - - - - - - - -
R4 16.5 1.3 R4 13.1 2.6 R4 (026) 19 NA  Terrace I-1I 15.2 (50 ft)
T5-Chl W - - - - - - - - - -
T5-Chl _E 18.4 1.7 - - - - - - - -
T5-Ch2 15.1 1.9 - - - - - - - -
R5 21.1 1.4 RS 20.8 0.8 Riser (028) 42 NA - -
T6a-Chl 22.1 1.8 - - - - - - - -
T6a- 18.8 1.6 - - - - - - - -
Ch2 W
T6a-Ch2_E 19.3 1.6 - - - - - - - -
T6a-Ch3 22.3 1.2 - - - - - - - -
R6A 26.3 1.5 Channel 3 18.9 54 - - - - -
T6b-Incl 26.2 1.7 - - - - - - - -
T6b-Chl 25.5 2.3 - - - - - - - -
T6b-CHI 25.0 32 Channel 4 17.4 4.2 - - - - -
T6b-Ch2 25.0 10.0 - - - - - - - -
T6b-CH2 25.7 3.0 - - - - - - - -
T6b-CH3 24.4 1.3 - - - - - - - -
R6B 314 1.8 R6 18.6 1.6  Riser (033) 20 NA - -
R7A 37.0 3.1 Channel 5 18.6 2.6 - - - - -

#Offsets from present study come from Table S1 in supporting information. Principal risers are highlighted in gray.

3. Data Acquisition and Processing

3.1.

[14] We used two real-time kinematic GPS systems (RTK)
to precisely locate the GPR profiles and map the landforms at
Te Marua over an area of 600 m x 300 m around the fault
trace (Figure 5). Kinematic GPS-surveying provides survey
measurements with a precision of ~3 cm horizontally and
~20cm vertically. Over the five days of acquisition, we
surveyed a total of 74,680 points with a sampling frequency
of 1 Hz, providing a spatial sampling of the topography of
~0.41 pt.m 2 (see supporting information Figure S2 that
shows location of GPS data). The data were spatially filtered
to remove duplicate points and interpolated onto a 2m x 2 m
grid (Figure 5). The obtained DEM images at high resolution
the landforms that shape the Te Marua site; basically a flight
of alluvial terraces that increase in elevation from west to
east, in a step fashion across steep risers (Figure 5).

Surface Data

3.2. GPR Data Acquisition and Processing

[15] Among the available geophysical methods for subsur-
face imaging, GPR is the most appropriate, combining high
speed acquisition with high resolution down to depths of
~1-10 m. It records travel times and amplitudes of reflected
and scattered electromagnetic waves, generated by contrasts
in the electromagnetic properties of the deposits (dielectric
permittivity, electrical resistivity, and magnetic permeability).
Even minor changes in porosity, water content, grain type or

grain shape, orientation, and packing generate sufficiently dis-
tinct reflections in GPR records whose continuity can be
imaged [e.g., Neal, 2004; Annan, 2009]. For these reasons,
GPR is nowadays increasingly used for various geological
issues, including fault and stratigraphic studies, both in 2D
and, more recently, in 3D [e.g., McClymont et al., 2008a].
However, a full 3D imaging requires a GPR acquisition with
at least a quarter wavelength spacing grid in all directions on
the surveyed area [Grasmueck et al., 2005]. This means that,
in an example case of sedimentary deposits through which
the electromagnetic waves would have a typical mean velocity
of 12 cm/ns, a full 3D GPR investigation would require the
acquisition of survey profiles spaced by at most 30 ¢cm in all
directions (with a 100 MHz antenna; to be compared with
the ~5m spacing that we used). Such an extremely dense
acquisition necessarily restricts 3D applications to small areas.
Fortunately, in cases where the investigated subsurface
features are expected to be fairly linear and of homogeneous
orientation (2D media), anisotropic acquisition with dense
GPR-trace collection in the direction perpendicular to the
expected 2D features and sparser trace collection in the other
direction may be an appropriate approach [Beaupretre et al.,
2012]. Such a pseudo-3D GPR approach is thus well-suited
investigating piercing lines oriented perpendicular to a fault
trace, as might be produced by stream channels and terrace
risers. Furthermore, the pseudo-3D approach allows to inves-
tigate relatively large areas (several 1000m?), thereby
allowing to capture large lateral offsets.
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(a) Location of GPR profiles and CMPs on the GPS-derived DEM, illuminated from the NE.

Red arrows indicate the fault trace. The GPR fault-parallel profiles are numbered 1 to 40 from north to
south, and each is divided into four subsections A, B, C, D (limited by fences). GPR images are presented
in Figure S4. Coordinates are in NZTM 2000 reference frame. The purple rectangle locates the DEM
previously produced by Little et al. [2010]. (b) Three-dimensional perspective image of the DEM, which
best shows the step arrangement of the terraces that increase in elevation from west to east, away from

the present Hutt riverbed.

[16] In this study, we acquired forty, ~ 600 m long GPR
profiles parallel to and evenly distributed (with a ~5 m spac-
ing) on either side of the fault trace (Figure 5). Overall, the
investigated area is ~600 m x 200 m large. In order to avoid
the perturbations of the subsurface architecture expected in
the immediate vicinity of the fault trace, we did not acquire
any GPR data in a ~10 m wide zone roughly centered on
the fault trace (Figure 5). The profiles were acquired with a
RAMAC multichannel GPR system (MALA Geosciences)
connected to two antennas, a 250 MHz shielded antenna
(transmitter-receiver distance of 0.36m), and a 100 MHz
unshielded antenna specifically designed for rough terrains
(transmitter-receiver distance of 2 m). The use of two anten-
nas allowed us to obtain complementary GPR images, with
different vertical resolutions and penetration depths. On each
profile, the system was triggered every 20 cm thanks to a hip
chain or a calibrated encoding wheel. The 250 MHz data
were acquired with a sampling frequency of 2481 MHz on
a 271 ns recording time window, while the 100 MHz data
were acquired with a sampling frequency of 1152 MHz on

a 419 ns time window. In addition, six Common Mid-Point
surveys were measured at different locations of the site to
quantify the electromagnetic wave velocity variability [e.g.,
Garambois et al., 2002]. The equipment and site environ-
ment are shown in supporting information Figure S3, while
the individual GPR images are presented in Figure S4.

[17] We processed each profile following the classical pro-
cessing flow sequence for 2D GPR data described by Cassidy
[2009]. Each profile was first preprocessed, regardless of
sampling frequency, to correct for time zero drifts; this is
done by matching the direct air-wave with the actual arrival
time. The GPR data were then interpolated to a 20 cm sam-
pling rate (rubber-banding process) to ensure a constant
intertrace spacing. To properly tie the GPR acquisitions to
the GPS positioning, we measured common GPS-GPR
points every ~50 m along the profiles, and the positions of
the GPR profile extremities. The GPR profiles were then
filtered using an adapted “dewow” zero-phase low-cut filter
made to remove the continuous component or low frequency
bias in the data [Fisher et al., 1994]. Signal reverberation that
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occurs when GPR signal repeatedly bounces within an
antenna or between two antennae [Annan, 2005] produces
antenna-ringing effects that may obliterate the signals of
interest in attenuating materials (e.g., low resistive soils).
To attenuate these undesirable signals, we computed a mean
trace for each profile, which we then subtracted from each
trace. This process, referred to as “background removal,”
also suppresses the direct waves and thus enhances the visu-
alization of the late depth-reflected arrivals [e.g., Cassidy,
2009]. Data were then normalized trace by trace and filtered
by a weighted running average filter that had been computed
every three traces to enhance the continuity of any flat-lying
or low-dipping interfaces. All these classical processes were
performed using the Seismic Unix software [Cohen and
Stockwell, 1999].

[18] We then applied to all GPR data (1) static corrections
made to remove the effects of topography, (2) dynamic cor-
rections computed to simulate zero-offset data (normal inci-
dence), and (3) conversions of two-way propagation time to
depth [e.g., Cassidy, 2009]. To perform these three correc-
tions, the knowledge of the 3D electromagnetic velocity field
in the medium is required. To approach it, we acquired six
Common Mid-Point surveys in different areas of the site
(Figure 5), by progressively increasing the distance (20 cm
steps) of the 100 MHz and 200 MHz antennas to a central
location [e.g., Deparis and Garambois, 2009]. The normal
moveout (NMO) of the main reflected events was then ana-
lyzed by a combined approach where a semblance maxima
analysis that yields the stacking velocity is refined using a
hyperbola fitting [Garambois et al., 2002]. The results show
a vertical and lateral variability of the NMO velocities that
ranges from ~10.3 to 14.0cm/ns. These variations may
reflect changes in the sediment grain size and arrangement,
and/or variations in water content, or may also result from
the presence of nonplanar reflectors in the medium. As we
have no means to discriminate these factors in such a large
area, our only option is to use an average velocity that
smooths out the local variations and aims to well represent
the entire medium [e.g., McClymont et al., 2008b]. From
the various NMO velocities we obtained, we infer that a
mean velocity of 12cm/ns (£~2) is reasonable. We thus
use this mean velocity in all data processing steps where
knowledge of the velocity field is required.

3.3. Extracting the Stronger Reflections in the
GPR Data

[19] Even small changes in dielectric permittivity at either
physical boundaries (i.e., water table, fracture and fault
plane, depositional and stratigraphic contact, large vegetation
roots, etc.) or zones where the material properties are being
changed can produce reflections in GPR data [e.g., Bristow
and Jol, 2003]. If these reflections are strong and continuous,
it is likely that they represent physical boundaries or property
changes which are significant and/or over large extents. As
summarized in section 2.2, previous studies at Te Marua sug-
gest that at least some of the Te Marua terraces are made of
sequences of flat-lying gravel sheets a few meters thick, as
shown in Figures 2 and 4. We thus expect that the GPR data
might reveal several quite strong and continuous reflections
within each of the alluvial degradation Te Marua terraces.

[20] To search for these possible reflections in the GPR data,
we first tested different gains for data display (exponential

gain, dynamic automatic gain control) [Cassidy, 2009], set-
tling on the gain which most clearly highlights internal reflec-
tions. We then carefully scrutinized the enhanced data within
each terrace, to search for any clear reflector that would be
continuous at least from one zone of a terrace to another and
from one profile to the next across a terrace. In doing so, we
recognized, within each terrace, three distinct, pronounced
reflectors or interfaces that were common to all GPR profiles
across the terrace. Furthermore, the three reflectors identified
in each terrace were found to have similar GPR amplitudes
and phases from one terrace to another and hence were
uniform across the entire site. Figure 6 shows GPR images
in a few example terraces (T1, T3, T6a, Figure 6a) and risers
(R2, R4, R6b, Figure 6b).

[21] To extract the three identified reflectors from the
global GPR data set, we first used the tracking tool of the
OpendTect software, an open source interpretation system
initially developed for seismic interpretation (http://www.
opendtect.org/). The tracking of the three reflectors was
performed for each profile in the depth domain (i.e., after
topographic corrections and time-to-depth conversions had
been applied to the data set). This process consists of pro-
file-by-profile automatic picking of the reflector, starting on
a few traces where the reflector has first been picked manu-
ally. The tracking tool then searches for the reflector on the
adjacent traces using an amplitude criterion within a given
thickness window, and automatically picks it. Note that we
tested other attributes to pick the reflectors (instantaneous
phase display and instantanecous amplitude display), but
those tests showed only slight differences in the results and
confirmed that the amplitude attribute was the most appropri-
ate to automatically pick the reflectors.

[22] Reflector 1 (denoted Refll in the following) corre-
sponds to the first and strongest continuous reflection
observed in the 250 MHz GPR data (Figure 6). The first inset
of the reflected signal is everywhere negative and this makes
it easy to precisely pick the reflector using the automatic pro-
cess described before. As shown in Figure 6a, Refl1 is found
in each terrace, at a variable depth below the current ground
surface, ranging from 0.6 to 2.3 m (errors are discussed in
section 3.4). Refll is generally subhorizontal and by that
roughly parallel to the ground surface. It loses coherency
across most risers, although its trace may appear more or less
continuous across a few of them (Figure 6b).

[23] Reflector 2 is the strongest reflector revealed in the
100MHz GPR data (denoted Refl2 in the following;
Figure 6). To extract it, we processed the 100 MHz GPR
profiles with the classical filtering chain described in section
3.2, combined with a “predictive deconvolution process”
performed to increase the resolution by refocusing the source
signal whose duration was longer than one cycle. We also
applied dynamic corrections made to simulate zero-offset data
and to remove the moveout effects due to the 2m offset
between the emitting and the receiving antennas. We then
conducted the automatic tracking and picking described be-
fore. As for Refll, Refl2 is found in each terrace (Figure 6a),
at a variable depth below the current ground surface, yet
everywhere in the range of 1-3 m (errors discussed in section
3.4). As for Refll, it is basically subhorizontal and roughly
parallel to the current ground surface. While its trace also loses
coherency across a few risers, it more generally shows an
apparent continuity across most of them (Figure 6b).
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[24] The third interface (Reflector 3 or Refl3) coincides
with a sudden and abrupt change in the GPR signal character-
istics, essentially an abrupt disappearance of the reflected
energy on both the 100MHz and the 250 MHz data
(Figure 6). The energy drop occurs at about the same depth
on the 100 and 250 MHz data, in the range 2.7-6.9 m, and
this shows that the energy disappearance is due to a pro-
nounced change in the medium properties. Therefore, though
Refl3 is not strictly speaking a reflector, it is certainly an
actual physical, lithological interface in the medium that we
may similarly extract. To pick this interface, we migrated
the GPR data with a Stolt migration process [Stolt, 1978],
mainly designed to enhance the energy drop (by focusing
reflected energy and scattering noise energy). We then com-
puted the second derivative of the envelope of the 250 MHz
signals as this attribute enhances the visualization of the
reflected events [ Taner, 2001] and hence highlights the depth
below which reflected events are no longer present. We
performed this process on the 250 MHz data to take advan-
tage of their highest resolution. The lowest limit of the
envelope derivative was picked manually (Figure 6). The
picking was then superimposed on both the 250 MHz and
the 100 MHz data to check for the consistency of the results.
The consistency revealed to be fair, showing that, although
Refl3 is less clearly defined than the actual Refll and Refi2
reflectors, it is satisfactorily captured with our picking
method. Refl3 was also found in each terrace, at a variable
depth below the current ground surface, in the range 2.7—
6.9 m (errors discussed in section 3.4). It is roughly horizon-
tal and extends approximately parallel to the current ground
surface (Figure 6a). It can be mapped continuously across
the risers (Figure 6b).

[25] The three reflectors (or interfaces) were detected on all
the GPR profiles, suggesting their spatial continuity both
along and across the fault trace. However, we must keep in
mind that the continuity that is revealed here is that of three
reflectors (or interfaces) that have potentially similar electro-
magnetic property contrasts throughout the site. These simi-
lar electromagnetic property contrasts can be interpreted as
being related to similar styles of subsurface material property
contrasts. This does not imply that the natural features that
show these contrasts are necessarily the same across the site.
It is clear that they cannot be, as the investigated terraces
have formed at different times over the Holocene. This will
be discussed more thoroughly in section 4.2.

[26] The continuity of the three GPR reflectors allows us
to interpolate each of them onto a 2 m x 2 m grid, identical
to the one used to represent the ground surface topogra-
phy. This allows us to produce three subsurface DEMs,
each describing the paleo-topography of a specific GPR
horizon (Figure 7).

3.4. Accuracy of the GPR DEMs

[27] The horizontal accuracy of the GPR-derived DEMs
depends on: (1) the uncertainty on the profile locations
that mostly comes from the separate GPS and GPR acqui-
sitions, and reaches < 20 cm, (2) the heterogeneity in the
spatial sampling performed every 20 cm along the fault
and every 5m across the fault, (3) the antenna frequency
and the reflection depth, (4) the lateral resolution of the
GPR images which is closely related to the Fresnel zone
concept [Annan, 2009]. The later refers to how close two
reflecting points can be in the horizontal plane and still
be discriminated as two separate points. Taking into account
all these factors, we estimate the lateral resolution (Al) on the
GPR data to be ~50 cm for the Refl 1, ~1.1 m for the Refl 2,
and ~1.1 m for the Refl3 (Al=(Az/2)"?, where z is the depth
of the reflecting interface and A is the wavelength of the
center frequency; Cassidy, 2009). The features that are
horizontally resolved on the 2mx2m grid are thus
robust (Figure 7).

[28] Uncertainties on depth values arise from both the var-
iability in the wave velocities and the uncertainties on the
static corrections (tied to GPS uncertainties). The CMP anal-
ysis suggests that the wave velocities vary in the range 10—
14 cm/ns. We thus consider a mean velocity of 12 cm/ns
associated with a ~20% variability, and a ~20 cm uncertainty
on the GPS vertical positions. Together these yield depth
uncertainties on the GPR data in the range 23-50cm for
Refll, 28-63 cm for Refl2, and 58-140 cm for Refi3 (20%
of the depth range of the reflectors). The average depths that
we find for the three GPR horizons are much beyond the ver-
tical uncertainties. The higher-frequency “elevation” varia-
tions that are revealed in the Refl3 DEM (Figure 7) are
certainly due to noise that results from the larger uncertainties
on the picking and depth estimate for Refl3.

4. Stratigraphic Architecture of the Te
Marua Terraces

[29] Figure 7 shows the DEMs of the current ground
surface, Refll, Refl2, and Refl3, illuminated from the
NE, along with the mapping and labeling of the morpho-
tectonic features that we identified (additional information
is provided in the electronic supplements: zooms of
Figure 7c allowing a clearer vision of markers and names
(Figure S5a); the DEMs illuminated from the SW (Figure
S5b); presented in slope gradients (Figure S5¢); presented
in slope directions (Figure S5d)). Figure 8 shows four to-
pographic sections extracted from each DEM (shown with
a 1:16 vertical exaggeration), taken either side of the fault
(location on Figure 7c top). Table 1 lists the names of the

Figure 6. Example GPR profiles showing close-up views of the three principal GPR reflectors that we have extracted.
(a) GPR profiles in three example terraces; (b) GPR profiles across three example risers. In Figures 6a and 6b, the x axis
is the Common Depth Points (CDP) increasing eastward, with a 20 cm spacing between each CDP number; the y axis is
the depth in meters. In all plots, the dotted line represents the ground surface. The blind zone below the ground surface
is due to the suppression of direct waves. On 250 MHz GPR data, arrows indicate Reflector 1; on 100 MHz GPR data,
arrows indicate Reflector 2; on the image of the second derivative envelope computed from the 250 MHz data, arrows
indicate Reflector 3. Reflector 3 corresponds to an abrupt decrease in the energy represented on the plot to the right, where
the black and gray lines show the mean of energy over the section for the 250 and the 100 MHz data, respectively. The light

gray band represents the depth range of reflector 3.
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Figure 7. GPS- and GPR-derived DEMs, and mapping of alluvial and morphological markers. From
top to bottom, we present the DEMs of the ground surface, of the Reflector 1, of the Reflector 2, and
of the Reflector 3. In all plots, the DEMs are illuminated from the NE; the red line represents the fault
trace. (a) Contour map with colors depicting relative elevation. Contour lines are represented every
20 cm. (b) Hillshape sunlit DEM in gray tones. (c) Map of the markers identified in each DEM. Color
zones discriminate the different terraces. Terrace and riser names are indicated. Smaller markers are
named depending on the nature of the marker (“Ch” and “CH” for channels, minor and larger, respec-
tively; “Inc” for incision of less clear origin) and their number increases from west to east within each
terrace. Note that we mapped the topographic features that were best revealed in the DEMs, and whose
lateral offsets were clear. Solid and dotted lines indicate the top and base of markers, respectively,
wherever those bases and tops could be mapped. The two facing flanks of a channel may have their bases
not exactly superimposing, in cases where streambed has a resolved width. W and E refer to west and east
flanks, respectively. Black lines 1-4 are cross sections shown in Figure 8. Black rectangle is the zone
covered with GPR data. Additional information, especially zooms allowing a better vision of the markers,

is provided in the supporting information (Figure S5).

landforms that we identified and compares them to those
previously reported in the literature.

4.1. Present Terrace Landforms

[30] Because our DEM of the ground surface covers a
wider area than the previously available DEMs (Figure 5)
[Little et al., 2010], it provides a more complete image of
the current surface at Te Marua.

[31] The Wellington fault trace appears remarkably linear
and, with the exception of a small push-up in the fault center,
is associated with no or very little tectonic scarps. The projec-
tion of the terrace treads across the fault reveals no vertical
displacement, which confirms that the fault has a purely
strike-slip motion at Te Marua [e.g., Berryman, 1990;
Gross et al., 2004; Little et al., 2010].

[32] Asdescribed in prior works, the current Te Marua mor-
phology is shaped by a flight of alluvial terraces (colored areas

in Figures 7 and 8). Though most of the risers and terraces are
dextrally displaced by the fault, their respective continuity is
preserved across the fault, making their recognition relatively
straightforward. Toward the east, away from the current Hutt
riverbed, the terrace treads increase in elevation across each
riser, all in all accounting for a total change of about 10 m over
a distance of about 600 m (Figure 8). R5 is the highest (~ 3 m)
and most prominent riser at surface. It separates the site in two
parts. West of RS, toward the current riverbed, risers R1 to RS
are remarkably steep, sharp, continuous, and quite high
(generally > 1 m), while the terrace treads are quite flat, with
most dipping slightly toward the east (Figure 8). These west-
ern, youngest terrace treads are dissected by abandoned chan-
nels and incision features, most have a well-defined linear
shape. The second highest riser is R2 (~ 2 m, Figure 8). East
of RS, a large area extends from RS5 to the base of R6b—R7a,
which lacks any pronounced relief (Figure 7). A few clear
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Figure 8. Topographic sections across the four DEMs, chosen either side of the fault (location in
Figure 7¢). Profiles extracted from surface (black), Reflector 1 (pink), Reflector 2 (orange), and Reflector
3 (dark blue) are superimposed, with vertical axis indicating elevation. Color zones discriminate the differ-
ent terraces. The riser scarps that separate the different terraces are represented in gray. The step arrange-
ment of the terraces, visible in the four horizons, is suggested with horizontal dotted lines on Refl3
(strath surface) and reported as arrows to the left. Names are indicated for terraces, risers, and major chan-
nels CH:. Thin dotted lines locate the more minor features mapped in Figure 7.

morphological features exist however, among which the most
pronounced have been labeled R6a, CH1, CH2, and CH3.
Although R6a is smoother and less continuous than the risers
in the west, with a height of at most 1-1.5 m, it forms a clear
west-facing step in the topography (Figure 7), which suggests
that R6a is a small terrace riser. In contrast, it is not clear
whether CH1, CH2, and CH3 are eroded risers or stream chan-
nels. Although their eastern “flank™ is generally steeper and

higher than their western edge, the topographic differences
are small, and hence we interpret them as abandoned and
eroded channels. Finally, risers R6b and R7a form two
pronounced topographic steps in the east of the site. The
sharpness, steepness, and height of these two risers are similar
to those of RS5.

[33] All in all, we identified 23 offset markers with a clear
continuity across the fault (8 west-facing risers, 12 abandoned
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Figure 9. Synthetic representation of the Te Marua alluvial terrace architecture that is revealed from GPR
data. The three GPR reflectors are allostratigraphic horizons that separate gravels of different grain sizes
and compositions. Refl3 is the erosional strath surface in the graywacke bedrock. Both the GPR reflectors
and the layers in between are different and diachronous from one terrace to another (note that they have dis-
similar thicknesses); yet they show similar GPR properties and facies throughout the Te Marua site and as
such are allostratigraphic units that can be mapped continuously. Since they were formed, the riser scarps
have been partly weathered at the current ground surface (as suggested by the colluvium in green), whereas
the risers have remained better preserved and hence steeper in the subsurface layers.

stream channels, and 3 erosional features of less clear origin).
This is more than reported so far (Table 1).

4.2. Nature of the GPR Horizons and Vertical
Architecture of the Terraces

[34] The three GPR horizons have an overall topography
and morphology that are both similar to those of the current
ground surface (Figures 7, 8). Each GPR horizon is shaped
in steps that increase in elevation from west to east, and these
steps coincide with the successive terrace treads and risers
observed at surface. It is thus clear that each GPR horizon is
not a continuous surface, but instead a patchwork of distinct
and separate alluvial surfaces (colored areas in Figures 7c
and 8). Therefore, we observe that each Te Marua terrace
is a multilayer pile that includes at least four roughly parallel,
subhorizontal horizons, a fairly deep horizon, Refl3, that
extends at 2.7-6.9 m below the current ground surface, two
shallower horizons, Refl2 and Refll, that lie below the
present ground surface at 1-3 m and 0.6-2.3 m, respectively,
and the surface tread itself that forms the current land surface.
Together these suggest that Refll, Refl2, and Refl3 might be
stratigraphic boundaries within the alluvial terraces.

[35] Stratification of alluvial degradation terrace deposits is
a common observation (Figure 2) [e.g., Wegmann and
Pazzaglia, 2002], though we know no study that documents
the 3D architecture of such terraces. The deposits are typically
made of a succession of well-sorted gravels and sands that are
several meters thick (usually 3-5 m) [e.g., Bull, 1990; Merritts
and Hesterberg, 1994] and that fine upward (Figure 2)
[Merritts and Hesterberg, 1994; Pazzaglia, 2013]. With this
common behavior in mind, we attribute the identified reflec-
tors (Refl1-Refl3) with stratigraphic contacts.

[36] The deepest Refl3 horizon corresponds to a transition
between a resistive (i.e., reflective) medium and a deeper
more conductive layer. Gross et al. [2004] also observed an
abrupt change in the reflection pattern at a similar depth,
and interpreted it as the sediment/bedrock contact. As
reported in section 2, the graywacke bedrock might lie at
shallow depths at Te Marua. Because it is markedly weath-
ered, the graywacke bedrock is expected to have a large
electrical conductivity [von Borstel and Ingham, 2004] that,

in turn, is expected to strongly attenuate GPR signals.
Therefore, we concur with Gross et al. [2004] that Refl3
corresponds to the sediment/bedrock interface (Figure 9).
The existence of the Refl3 horizon below each of the terraces
shows that all the T1-T7b Te Marua terraces are strath ter-
races carved into the bedrock at different times during the
Holocene. The stepped arrangement of the Refl3 surfaces is
in keeping with this inference (Figure 8).

[37] We interpret the layer in between the Refl3 and Refl2
horizons (referred to as layer 3, Figure 9) to be, in each ter-
race, the bed load coarse gravels that were transported and
emplaced when the terrace straths were cut (Figure 2) [e.g.,
Bull, 1990; Wegmann and Pazzaglia, 2002]. The thickness
of this layer varies among the terraces, from 60 cm to 5m
(supporting information Figure S6 where thicknesses of
layers 1, 2, and 3 are mapped).

[38] From trenches, Langridge et al. [2011] report that the
T1, T2, and T3 terraces are made of a ~1.5m thick sandy
material sitting on a bouldery unit. Little et al. [2010] addi-
tionally report that most of the terraces are mantled by a
0.8—1 m thick layer of coarse to fine sand. The Refll horizon
extends to a depth that more or less coincides with the transi-
tion between shallow sandy material and deeper coarser
bouldery material. It is thus likely that the Refll GPR reflec-
tion corresponds to this material contrast, at least in the west-
ern part of Te Marua, whereas the Refl2 reflector might
correspond to the base of the coarse cobble-to-boulder allu-
vium layer that is seen at the bottom of the trenches. Both
layers 1 (between current land surface and Refil, Figure 9)
and 2 (between Refll and Refl2, Figure 9) show a variable
thickness among the terraces that ranges between a few tens
of cm and ~3 m, and between a few tens of cm and ~2m,
respectively (Figure S6).

[39] Figure 9 synthesizes the stratigraphic architecture of
the Te Marua terraces that we infer from the GPR data
combined with trench and field observations. Although
physically contiguous and mappable as allostratigraphic
units (i.e., lithologically similar deposits; e.g., Bull, 1990;
Seidl and Dietrich, 1993; Merritts and Hesterberg, 1994),
the terraces are diachronous; the carving of each strath oc-
curred at different times during the Holocene. The similarity
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Figure 10. Example of back slip reconstructions showing how uncertainties on offset measurements are
determined. The chosen case is that of riser R2 (base) which is documented on the surface DEM. First
panel, actual DEM; second panel, back slip reconstruction yielding the best offset; third panel, back slip
reconstruction yielding the minimum plausible offset; fourth panel, back slip reconstruction yielding the
maximum plausible offset. In each panel, the back slip is done on the four representations of the topo-
graphic data, (a) hillshade sunlit, illuminated from the NE, (b) contour lines, (¢) slope map (color scale
in Figure S5), (d) dip map (color scale in Figure S4). The offsets are indicated, in bold for the preferred

value (see Table S1 in supporting information).

of the GPR facies of the different terraces suggests, however,
that those terraces were formed in a similar manner. Each
time, the carving of the bedrock was accomplished by a fairly
thick, coarse gravel facies layer 3 which became preserved
atop the strath [e.g., Bull, 1979; Seidl and Dietrich, 1993;
Hancock and Anderson, 2002]. By the end of this graded
process, each terrace was mantled with thinner and finer
alluvium such as we see forming layers 1 and 2. These fine-
grained alluvial facies represent vertical accretion processes
atop the flood plain, and some of these processes might have
occurred during floods [e.g., Wegmann and Pazzaglia,
2002]. Each strath formation eventually ended with stream-
channel incisement back into the strath. Each vertical
incision produced a riser that offsets and hence intersects
the subhorizontal stratigraphic layers that constitute the pre-
vious terrace. The deposits of the subsequent strath terrace
onlap the riser so that the stratigraphic boundaries from one
terrace to the next may appear as fairly connected, even
though they are not. This is likely the main reason why the
GPR reflectors can be picked roughly continuously through-
out the entire site, including across most of the risers
(Figure 6b). That distinct terraces exhibit a similar architec-
ture may result from these terraces having formed closely

spaced in time [e.g., Bull, 1990], in a period during which
the dynamics of the Hutt River was basically the same.

5. Fault Offsets of the Te Marua Terraces

5.1.

[40] As a consequence of the way they formed, the risers
mapped at surface can be recognized in the three GPR hori-
zons (Figure 7). Furthermore, most of the channels and other
erosional features that incise the terraces at the surface are
found to incise all the way down to the Refl2 or Refl3 hori-
zons. Only in the eastern part of Refl3 between RS and R6b
are the alluvial markers more ambiguous to identify, due to
the lower resolution of the Refl3 GPR data. Of the 23 land-
forms that we mapped either side of the fault at the current
ground surface, 21 are identified in Refll, 20 in Refl2, and
13 in Refl3 (Table S1 in supporting information). This allows
us to observe the respective markers at three to four different
depths and therefore to measure their lateral offsets three to
four times. The subsurface GPR data thus provide an impor-
tant contribution to the fault slip determination: first, by
allowing a densification of the measurements, they contribute
to more tightly define the fault offsets and their uncertainties;

Offset Measurements and Uncertainties
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second, by providing measurements independent from those
derived at the current ground surface, they allow examining
whether the recovered offset values show any variability
from subsurface to surface.

[41] We first measured the fault offsets separately in each
DEM, following a common procedure. In each horizon, most
markers have a clear expression on either side of the fault
trace, so that the correlation of their two offset sections across
the fault is generally unambiguous. However, as there are a
few cases where the correlation might be partly ambiguous,
we assign a quality weight to each offset measurement that
qualifies the trust that we have in the correlation of the two
marker sections (Table S1 in supporting information). The
weight is 1 for unambiguous correlations and assigned to
0.5 for the correlations that might be slightly ambiguous.
The weight is lowered to 0.3 for a few rare cases in the east-
ern part of the site where the marker traces are less clear.
Where the correlation is too ambiguous, we ignore it (e.g.,
eastern part of Refl3; Table S1 in supporting information).

[42] The lateral offset recorded by two separated marker
sections is then determined by restoring—through an along-
fault back slip process—the most likely original position
and shape of the marker. To perform such measurement,
we followed the steps below.

[43] First, as most of the markers form scarps (risers and
stream edges), wherever possible, we mapped the top and
base of those scarps and measured the offset both across the
top and across the base of the scarp.

[44] Second, we examined each marker and measured its
lateral offset on four different views of the data (Figures 7
and ESS5): (1) a sunlit, hill-shade representation of the topog-
raphy helps to reveal much of the topographic relief, even
small, thereby allowing a clear assessment of the offset fea-
tures; (2) a contour line representation of the topography pro-
vides a quantitative guide to reconstruct the original shape of
the markers. As there is no vertical slip on the fault at Te
Marua, such a representation is especially relevant to restore
the original shape of the markers near the fault trace; (3) a
slope representation of the topography highlights the markers
that have the steepest scarps, independent of their sense of
dip. That representation is especially relevant to reconstruct
the original shape of the most pronounced features; (4) a
dip representation of the topography both images the dips
and slopes of all the topographic scarps, even small. This rep-
resentation thus complements the previous one by providing
details on the features that have gently dipping scarps. The
combination of these four representations of the topographic
data allowed us to better embrace and define the overall
traces of the markers (i.e., long, “average” traces smoothing
out local, small fluctuations, see Figures 10, 14, and ES7 fur-
ther below), and to restore those traces across the fault. Note
that, because we correlated the overall traces of the markers,
the offset measurements that we performed are not biased by
the local complexities that might exist in the immediate vi-
cinity of the fault trace, or by the lack of GPR data in that
near-fault zone (Figures 5 and 7).

[45] We have measured the top and base of every offset
marker, on these four representations (wherever it was possi-
ble to do so), so that, eventually, each marker has its lateral
offset measured eight times at best (Table S1 in supporting
information). Figure ES7 shows a few examples of markers
reconstructed on one or other data representation. Each offset

measurement comes with an uncertainty that quantifies the
range of offsets that would yield a plausible reconstruction
of the original marker. Figure 10 provides one example of
such a reconstruction with the estimation of the uncertainty.
Overall, the uncertainties reveal to be small in the western
and hence youngest part of the site (west of ~R3), on the
order of 1-2m, whereas they are larger further east, on the
order of 3—4 m (Table S1 in supporting information).

[46] To further constrain the fault offsets and their uncer-
tainties, the various measurements performed for a given
marker (up to 8) are averaged (column “mean” in Table
S1). The resulting means are the values that we take as best
measuring the offsets, and hence those that we consider in
the following analysis. The overall uncertainties ¢ on these
mean offset values are calculated by propagation of uncer-
tainty as o=[I/(N—1)( o1>+0.>+...+oN*)]"? with N
denoting the number of measurements and o; the uncertainty
on the measurement i (i.e., offset range) [Taylor, 1997]. The
uncertainties that result from averaging multiple measure-
ments are generally in the range 1-3 m (Table S1).

[47] Finally, in each horizon, we represent the entire col-
lection of mean offset values as a probability density function
(PDF) [e.g., McGill and Sieh, 1991; Lowell, 1995; Zielke
et al., 2010; Beaupretre et al., 2012]. Each individual mean
offset is represented with a Gaussian distribution. The center
of each Gaussian is one mean offset value while its standard
deviation (£ 2 o) is the uncertainty on the offset (Table S1).
Each individual PDF is weighted by the factor that qualifies
the robustness of the correlation between the paired markers
(Table S1) [Zielke et al., 2010]. Summing the individual
PDFs then highlights “peaks” that indicate which are the
most common and/or the most precise values within the en-
tire data collection. The peaks are as high as the offset is well
represented, and as narrow as the uncertainty on the offset is
smaller. In this way, the best constrained offset values can be
robustly extracted.

5.2. Offset Analysis

[48] Figure 11 shows the lateral offsets plotted as a func-
tion of their distance from the present riverbed, with colors
discriminating the horizons where the offsets were measured.
The four horizons exhibit a fairly similar slip record. Yet, the
offset values measured at the ground surface are generally
lower than the corresponding displacements measured in
the subsurface. All in all, the offsets progressively increase
away from the river. While this increase is expected for the
riser offsets due to the arrangement and relative age of the
terraces, it is more surprising that the channels and other fea-
tures that incise the terrace treads show the same pattern. This
suggests that those features formed at about the same times
than the surface treads which they incise, and that no “recent”
channel incised the terrace treads later after their formation.

[49] Figure 12 shows the offset values measured at the
ground surface (Figure 12a), in Refll (Figure 12b), in Refl2
(Figure 12c), and in Refl3 (Figure 12d), as individual PDFs
(black lines), as a summed PDF curve (red line), and as a his-
togram (gray bars).

[s0] At surface, the slip record includes 26 measurements
and is in the range 1.5-37 m (Table S1 in supporting informa-
tion). One high and narrow peak shapes the summed PDF
curve, thereby revealing a well-constrained offset value at
~6.1 m. The summed PDF curve shows another zone of fairly
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large PDF wvalues, in the slip range 15-27 m. There, three
peaks can be distinguished, a quite narrow and clear peak at
~17.8 m, and two smoother peaks at ~22.2 and ~25m. The
smoothness of the ~22 and ~25 m peaks arises from the large
overlaps that exist between the offset data when their uncer-
tainties are taken into account. It suggests that the ~22 and
~25m offsets are not well discriminated from one another.
Finally, the summed PDF curve shows a small peak at
~1.6m, which arises from one single measurement. The
1.6 m offset is thus poorly constrained. Therefore, though
we measured 26 distinct offsets at the ground surface, only
two offset values are robustly supported, at ~6.1 and
~17.8 m, whereas two more offsets are suggested at ~22.2
and ~25 m. The uncertainties on these offset values are diffi-
cult to estimate since the peaks in the summed PDF curve are
not a Gaussian or any specific mathematical function.
However, uncertainties of +1-2m well cover the full range
of the actual measurements that combine to produce each of
the peak values.

[s1] InRefll (Figure 12b), the slip record includes 24 mea-
surements and is in the range 2.8—-34 m, similar to the surface
measurements. The summed PDF curve shows three high
and narrow peaks, thereby revealing three well-defined
offsets at ~7.6, ~ 17.7, and ~23.3 m (+ 1-2m, as before).
An additional small peak is identified at ~2.8 m. It arises from
a single measurement, however, and hence, is more
poorly constrained.

[52] In Refl2 (Figure 12c¢), the slip record includes 23 mea-
surements and is in the range 3.3-33 m. The summed PDF
curve shows four high and well-distinct peaks, which suggest
that four well-constrained offset values emerge from the data
collection, at ~7.7, ~ 19.1, ~26.2, and ~30.7 m (= 1-2 m). An
additional yet more poorly constrained offset is suggested
at~3.3m.

[53] Finally, in Refl3 (Figure 12d), 15 measurements are
available that are in the range 4-35m. The summed PDF
curve shows two high and narrow peaks, which reveal two

well-constrained offsets at ~8.1 and ~18.2m (= 1-2m). An
additional yet less constrained offset is suggested with a
small peak at ~22.5 m.

[s4] Figure 13a now compares the four data sets, while
Table 2 compares the offsets per marker among the different
horizons. Together these documents show that most of the
offset values measured at the ground surface are lower than
those measured in the subsurface horizons. Therefore, inde-
pendent on the reasons why the surface record differs from
the buried GPR record (see discussion in section 6.1), we
build Figure 13b which shows all the offset data except those
at the surface. The resulting summed PDF curve shows three
clear peaks that reveal three well-constrained offsets at ~7.8,
~ 18.1, and ~23.3 m. The curve also exhibits three smaller
and/or smoother peaks which suggest that three more offsets
are recorded, yet less clearly, at ~3.2, ~ 26.3, and ~30.5m.
Five of the six above values are larger by 1—1.5 m than those
measured at the current ground surface (Figure 13c).

6. Discussion

6.1. Defining the Best Constrained Slip Record:
Relative Contribution of Surface and GPR Data

[s5s] Table 1 synthesizes the surface offsets reported in the
literature [Little et al., 2010; Berryman, 1990; Lensen, 1958]
and compares them to those we obtained in the current land-
forms. With the exception of a few values, most measurements
agree within uncertainties or differ by less than a meter. The
“Integrative” well-constrained offsets that we find (~ 6.1,
~ 17.8, ~22.2, and ~25m, each with an uncertainty of £1—
2 m) are also similar to those previously reported (5.3+0.8,
143+3.1, and 20.1+1.2; Berryman [1990], Little et al.
[2010]), although we suggest an additional offset at ~25 m.
Only two significant differences exist between available and
present measurements. First, a large, ~ 10m difference is
found in the offsets of the two easternmost risers, R6b and
R7a. This arises from a different interpretation of the marker
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(left axis). The best constrained offsets derived from the summed PDF curve are indicated above vertical
lines. These lines are dotted for the values that are less well constrained.

sections to be correlated; while we reconstructed the overall,
100-150 m long traces of the R6b and R7a risers on either
side of the fault (see Figure S7i—j), Little et al. [2010]
reconstructed shorter, 20-50m long sections nearby the
fault. We note that the next offset to the east measured
by Little et al. [2010] (not surveyed in our DEM) is
21.8+10.7 m, consistent within uncertainties with the R6b
and R7a offsets that we measured. Second, a significant dif-
ference is found in the determination of the smallest offset.
All previous studies report that the youngest R1 riser is not
offset by the fault. By contrast, as shown in Figure 14a, our
surface data suggest that 1-1.5 m of lateral slip might have
contributed to displace the two current sections of R1 on
either sides of the fault (note that Figure 14 has been built
at 1 m resolution). This finding is not strongly constrained,
however, as it relies on one single measurement, with uncer-
tainties almost as large as the offset. We expand on this
smallest slip further below.

[s6] GPR data provide additional constrains to refine the
offset record. Overall, the best constrained offsets recovered
from the GPR data are similar to those measured at the ground
surface. Yet they are systematically a bit larger, generally by
1-1.5m (Figure 13c). That such a difference is systematic
suggests that it does not result from larger horizontal uncer-
tainties on the GPR data. The ground surface is the site of
significant weathering and deposition. It is common that sur-
face scarps have their crest rapidly eroded and smoothed (by
rain, wind, temporary gullies, human activities, etc.), whereas
their base becomes buried by the eroded material (Figure 9).
Furthermore, the Hutt River might have overflowed its bed
at various times during the Holocene as it does nowadays from
time to time [Little et al., 2010]. The overfloods might have
mantled the ground surface with thin silty sediments (not
discriminated within GPR layer 1; suggested to be ~40 cm in
Little et al. [2010]) that would then partly smooth the existing
morphological features. Therefore, as a consequence of the
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dynamic processes that it sustains, the current ground surface
might provide a slightly modified image of the original allu-
vial markers and of the offsets they have recorded. By con-
trast, since they are interbedded within the alluvial pile of
each terrace, the stratigraphic horizons imaged in the GPR
data are better preserved from subsequent erosion. The origi-
nal shape of the risers that separate these horizons from one
terrace to the next is thus well preserved, as are the fault offsets
that these “buried” risers have recorded.

[57] The offsets measured in the GPR data might thus be
closer from the actual fault slips than those measured at the
current ground surface. If we consider only the GPR data,
we infer that the Te Marua terraces record six cumulative
lateral fault slips, three are robustly constrained at 7.8, 18.1,
and 23.3m, whereas the three others, at ~3.2, ~ 26.3, and
~30.5m, are less well constrained although generally repre-
sented by many measurements. Each offset has an uncertainty
of about 2 m (Figure 13b). If, conversely, we consider that the
surface data are as valuable as the subsurface measurements,
we conclude that the Te Marua terraces have recorded six
cumulative lateral fault slips, of ~2.9, ~ 7.6, ~ 18.0, ~ 23.2, ~
26.0, and ~31.0 m (each +~ 2 m, Figure 13c). As the findings
are similar whether one or other hypothesis is chosen, we use
in the following the most cautious result that integrates the
entire surface and subsurface data collection.

[s8] The smallest offset across R1 is present in the four
data sets, thereby strengthening its existence. Figure 14
shows the reconstruction of riser R1 (at 1 m resolution), on
the different DEM reflector levels. In each level, the riser
strikes differently on either side of the fault trace, suggesting
that its overall shape, “averaged” on long sections (dotted
lines in Figure 14), is slightly curved with a concavity toward
the East. The two lines that represent the average strike of R1
either side of the fault trace do not intersect across the fault.
At surface, a back slip of ~1.5 m is needed to make the two
lines connecting across the fault, whereas, in the subsurface,
a larger back slip of 3—4 m is suggested. Therefore, as with
most other offsets, this smallest slip event shows larger
values in the GPR data. For the reasons discussed above,
we suspect that the R1 offset might be better preserved in
the subsurface while subsequent erosion and/or burial might
have partly smoothed it off in the current land surface. This
would explain why the smallest R1 slip is hardly presently
detectable at the surface and effectively has not been detected
in prior surface analyses [Berryman, 1990; Van Dissen et al.,
1992, Little et al., 2010]. We note that, if the 3—4 m R1 offset
was not real, we would have to admit that the smallest slip
recorded at Te Marua is 7.6+2m (Figure 13c). Such a
7.6 m offset is likely too large to result from a single earth-
quake event on a mature fault as is the Wellington fault
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Table 2. Comparison of the Mean Offset Values (in Bold)
Estimated, for Each Marker, on the Four DEMs

Surface Refil Refi2 Refl3
R1 1.6+1.0 2.8+1.0 3.3+2.0 4.1+£2.0
T2-Chl W 6.4+1.1 75+1.3 8.1+1.5 6.7+1.7
T2-Chl E 6.1+0.8 8.6+0.9 8.5+1.1 75+1.2
T2-Ch2 W 7.6+0.9 8.5+1.2 98+1.0 10.0+1.4
T2-Ch2 E 6.1+£0.6 7.7+£0.8 7.4+0.9 8.1+0.9
R2 5.3+0.8 7.0+0.7 7.4+0.9 8.4+1.0
R3 17.9+1.1 17.8+0.9 19.2+1.0 18.3+1.2
T4-Incl 15.8+£5.0 - - -
T4-Inc2 17.5+1.6 17.4+1.1 19.2+32 19.3+1.7
R4 16.5+1.3 18.0+1.4 17.8+1.4 17.6+1.3
T5-Chl E 18.4+1.7 18.2+1.6 20.3+2.1 203+2.7
T5-Ch2 15.1+£1.9 16.9+1.5 18.3+5.7 19.3+2.4
RS 21.1+1.4 23.5+0.9 23.6+1.7 22.8+1.7
T6a-Chl 22.1+1.8 22.8+1.7 224+1.7 25.0+£3.2
T6a-Ch2 W 18.8+1.6 22.6+1.3 25.2+1.5 -
T6a-Ch2_E 19.3+1.6 22.0£1.6 25.8+2.3 -
T6a-Ch3 223+1.2 222+19 21.2+23 -
R6A 26.3+1.5 26.1+2.4 26.6+1.3 -
T6b-Incl 26.2+1.7 28.0+3.2 298+1.6 -
T6b-Chl 25.5+2.3 26.3+4.1 - -
T6b-CH 1 25.0+£3.2 26.0+:4.7 31.2+14 -
T6c-Chl 25.0£10.0 - - -
T6b-CH2 25.7+3.5 26.9+1.6 275+1.7 34.7+5.5
T6b-CH3 24.4+1.3 24.6+1.6 255+1.6 -
R6B 314+1.8 31.0+1.4 333+14 30.7+2.1
R7A 37.0+3.1 34.0+£2.7 31.2+1.9 -

(see updated earthquake scaling relations in Manighetti
et al. [2007]; the 7.6 m value is especially too large as it is
a local slip value along the fault, and hence a slip value that
is likely lower than the maximum coseismic slip produced
by the most recent event). Therefore, we suggest that the
smallest and youngest slip recorded at Te Marua is 3—4 m,
lower than it has been supposed so far (5.3 +0.8 m) [Little
et al., 2010]. The 3—4m R1 offset is similar to a number
of offsets that have been measured along other sections of
the Wellington fault (3+0.5m; 441 m; 3.1 m) [Langridge
et al., 2005, 2007].

6.2. Fault Slip Versus Alluvial History at Te Marua

[s9] The slip increments that separate the successive cu-
mulative offsets are 2.9, 4.7, 104, 5.2, 2.8, and 5.0m
(Figure 13c). Exact uncertainties on these slip increments
are not easy to determine but values of ~2 m form an upper
bound. The slip increments fall into three subsets, around
~3,~5, and ~10 m. If, following prior studies, we take these
slip increments to be the sum of one to a few large, quite
similar earthquake slips, we infer, either that the most recent
large earthquakes on the Wellington fault at Te Marua have
produced a coseismic slip at surface that was variable in the
range 3—5 m, or that the most recent large earthquakes have
all produced a similar coseismic slip at the surface of about
3 m. In the former case, the 3—5 and ~10 m increments might
result from one and two to three large earthquakes, respec-
tively, whereas, in the later case, the ~3, ~ 5, and ~10m
increments might result from one, two, and three large
earthquakes, respectively. We cannot discriminate these
hypotheses and hence keep them both in mind in the follow-
ing. Whatever it is, there is obviously a gap in the slip record
between the ~7.6 and the ~18.0 m offsets.

[60] The common vision that underlies the use of terraces
to derive fault and earthquake slips, especially in New

Zealand, is that the active channel before the lower-tread
abandonment laterally erodes the riser right above and hence
trims any fault offset that the riser might have sustained
[Knuepfer, 1987; Lensen, 1964; Suggate, 1960; Little et al.,
2010; Ninis et al., 2013]. The riser displacement is thus pre-
sumed to accrue only after the lower-terrace surface has been
abandoned [e.g., Cowgill, 2007]. This is not what we observe
in our data. Figure 11 (red dotted lines) shows that the risers
R3, R4, RS, R6a, and R6b have recorded roughly the same
cumulative offset than the markers that dissect the upper ter-
race above them. Therefore, these risers have not been
trimmed by their lower channel.

[61] Below we propose a scenario that is consistent with
the above observations. The scenario is sketched on
Figure S8, where the Hutt River meander migration, ter-
race formation, and large earthquake history are presented.
While the T6b Hutt River channel was active, one or two
large earthquakes occurred, that laterally displaced the
back risers R6b and R7a and the upper terraces. No large
earthquake then occurred in the period of time when the
Hutt River meander was migrating westward from T6b
to T6a. A new large earthquake occurred when the Hutt
River was flowing over T6a. Later on, one or two new
large earthquakes broke the fault when the Hutt River
was flowing over T5. The subsequent period of time when
the Hutt River was flowing over T4 was quiescent. Then
again, two to three large earthquakes broke the fault at
the time when the Hutt River was flowing over T3. The
gap in the slip record between the ~7.6 and the ~18.0m
offsets might be due to T3 being too narrow where it
crosses the fault to show any record (Figure 7). The subse-
quent period of time when the Hutt River was flowing
over T2 was quiescent. Yet, one (and less likely two) large
earthquake occurred when the river was just starting mi-
grating further westward and abandoning T2. At that time,
the R1 riser was hardly incised and hence could not record
any slip. Eventually, one large earthquake occurred after
T2 had been fully abandoned and hence when riser R1
was fully formed.

[62] Our work does not provide any age data that would
help constraining the above scenario. Though prior
workers made significant efforts to date the Te Marua ter-
races, only a few fairly well-constrained ages are avail-
able. In particular, of the 18 OSL dating performed by
Little et al. [2010], 12 had to be rejected as they yielded
ages inconsistent with the stratigraphy (Figure S1). The
remaining few data suggest that the T12, T11, T9, and
T6a terraces were abandoned at 12—13 ka (three samples),
11.1+1.1ka (one sample), 9.6+0.8ka (one sample), and
45+04ka (one sample), respectively [Little et al.,
2010]. As it is likely that the formation and abandonment
of the terraces are diachronous in the cross-valley direc-
tion [e.g., Hancock and Anderson, 2002; Pazzaglia,
2013], more data would be needed to validate these ages.
Several charcoal samples were also dated in the three
youngest terraces, and though the ages showed a large var-
iability in each terrace (see synthesis in Langridge et al.
[2011]), it is proposed that T3, T2, and T1 were aban-
doned around 1725+35yr BP, 310yr BP, and less than
250 yr BP, respectively.

[63] From these available age data, we infer that: (1) the
two most recent large events might have occurred since
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a) Surface

50 m

c) Reflector 2

50m

d) Reflector 3

Figure 14. Focus on the smallest slip measurement across riser R1. The measurement is shown performed
at (a) the ground surface, (b) for Refll, (c¢) for Refl2, and (d) for Refl3, in all cases on the hillshade repre-
sentation of the topographic data, illuminated from the NE, and built at 1 m resolution. The left panel shows
the present topography, whereas the right panel shows the topography after the back slip reconstruction of
R1 has been done. The two offset sections of riser R1 are highlighted with white dotted lines. The amount
of lateral offset necessary for each reconstruction (i.e., adjustment of the two white dotted lines across the
fault trace) is indicated along with its uncertainties (from Table S1 in supporting information).

~310 cal yr BP. As there has been no large earthquake on the
Wellington fault since the arrival of Europeans in
Wellington in A.D. 1840, the two most recent large events
would have occurred between A.D. 1640 and 1840, as pre-
viously inferred for a single event [Langridge et al., 2011];
(2) two to three large earthquakes occurred little before
~1700yr BP; (3) five to eight large earthquakes occurred
in the last ~4.5ka; and (4) 7 to 11 large earthquakes might
have occurred since the abandonment of T7b, at most over

the last ~10 ka. These inferences are consistent with prior
paleoseismological findings (see section 2).

6.3. Implications for Fault Slip Recovery
in Paleoseismology

[64] Our work sheds a new light on the way paleoseismological
fault slips might be recovered.

[65] First, we confirmed the generally accepted issue that
using a large, high-resolution DEM of the ground surface is
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mandatory to properly recover the morphological imprints of
past fault slips. The DEM coverage must be large enough to
constrain the overall geometry of the displaced markers,
without or with limited bias from near-fault trace complexi-
ties. The DEM resolution must also be high enough to permit
identifying and mapping a large number of offset features of
various scales and precisely measuring their offsets. One key
result that emerges from this approach is that the increase in
the number of identified features and hence of offset mea-
surements goes along with a decrease in the number of statis-
tically, robustly constrained offsets. From the 26 distinct
offsets that we measured at the ground surface, only two
robustly supported offset values are retained, while only
two more values are suggested as fairly well supported (see
section 5.2). This result arises from the variable uncertainties
on the measurements which, when taken into account, dra-
matically decrease the number of offset values that are well
discriminated from one another. This result might call to treat
with caution the fault offsets that have been inferred in prior
works from a limited number of measurements at the ground
surface. It is noteworthy that the few recent studies that could
measure larger amounts of fault offsets at sites where previ-
ous studies had reported a more limited number of measure-
ments provide significantly different offset values [Zielke
et al., 2010; Schlagenhauf et al., 2011; Klinger et al., 2011;
Beaupretre et al., 2012; Rockwell and Klinger, 2013;
Benedetti et al., 2013].

[66] Second, our work shows that the use of GPR data at Te
Marua provides a novel opportunity to measure each offset
several times, at different depths. This densification of the
measurements allows to even better constrain the preserved
fault offsets and to more tightly define their uncertainties.
The subsurface measurements are found to be systematically
slightly different from those measured at the ground surface
on the same markers. This systematic difference might arise
from the surface record being slightly altered compared with
the buried and hence better preserved subsurface record.
Although this situation is partly site dependent, we suggest
that it might be the case in many other sites worldwide where
the ground surface sustains significant erosion, deposition or
human activity.

[67] Along with our earlier work on the Hope fault
[Beaupretre et al., 2012], the present study thus suggests that
pseudo-3D GPR is a powerful paleoseismological tool that
could be used in complement to surface observation to
recover the past fault slips. In the Te Marua case, the GPR
data additionally allow documenting the 3D stratigraphic
architecture of the alluvial terraces, an information that was
previously unknown. At Terako (Hope fault), the GPR data
revealed offset features that were completely invisible at the
ground surface, and thus, out of reach of conventional
paleoseismological tools. The GPR data also revealed large,
and hence old offsets that had not been preserved at the
current ground surface, and hence that could not have been
studied either with the classical paleoseismological tools.
These results suggest that pseudo-3D GPR investigation
should be carried out at most paleoseismological sites (where
material nature permits it), in complement to other, more
classical approaches. In doing so, we may expect that GPR
data contribute, not only to identify and measure the fault
slips, but also to precisely locate the subsurface features
which need to be sampled for dating purposes.

7. Conclusions

[68] Our objective was to examine whether, in a specific
case where a number of fault offsets have already been care-
fully measured in the current morphology, the deep subsurface
(>~2 m) might still contain additional information that could
be useful to further document the past earthquake slips on
the fault. We addressed this question at Te Marua
(Wellington fault, New Zealand), an extensively studied
paleoseismic site with 11 well-preserved, dextrally displaced,
alluvial terraces. We investigated the Te Marua site using
pseudo-3D GPR combined with a high-resolution GPS-
DEM of the site. The GPS DEM allowed us examining the
current Te Marua landforms in great details, whereas the
GPR data imaged the architecture of the subsurface at high
resolution, down to 5—7 m depth.

[69] We found that the GPR data do provide several pieces
of information that complement the observations at the
ground surface.

[70] First, the GPR data reveal the 3D stratigraphic archi-
tecture of the alluvial terraces, which was unknown so far.
Each of the TI-T7 Te Marua terrace is found to be a strath
terrace that was carved into the graywacke bedrock. Each
strath surface is overlain by 3—5m of horizontally bedded
gravel sheets that form a package of layered GPR reflections
among which two shallow (1-3m depth) reflections are
especially pronounced.

[71] Second, thanks to the multilayered architecture of the
alluvial terraces, the GPR data image the terrace risers and
stream channels at different depths. Most of the fault offsets
across the various markers can thus be measured up to three
to four times, and this densification of the offset measurements
allows tightening the fault-offset values and their uncertainties.

[72] Third, as GPR data permit measuring the fault offsets in
the principal stratigraphic horizons of the terraces, the possible
variability of the offset preservation from the base to the top of
the terraces can be examined. Most displacements measured in
the subsurface horizons are found to be larger by 1-1.5 m than
those measured at the current ground surface, thereby
suggesting that lateral offsets in the landforms might be less
well preserved than the offsets buried in the subsurface, likely
due to subsequent erosion/deposition at the ground surface. In
some cases, slip records recovered from surface data only
might thus not reveal exactly the actual fault slips.

[73] The present study therefore confirms that pseudo-3D
GPR provides an additional paleoseismological tool to com-
plement surface investigations, even when more established
techniques like paleoseismic trenching are available. GPR
paleoseismology may be particularly useful in places where
fault-offset markers are few and/or have been significantly
weathered at the ground surface.

[74] Taken together, the surface and subsurface observa-
tions show that the Te Marua terraces have recorded six
cumulative lateral fault slips, of ~2.9, ~ 7.6, ~ 18.0, ~ 23.2,
~26.0, and ~31.0 m (each £~ 2 m). More broadly, our results
suggest that the largest earthquakes on the Wellington fault at
Te Marua might produce a coseismic slip in the range 3—5m
near the surface, in the lower range of the coseismic slip esti-
mates provided so far (5.0+£0.2, Little et al., 2010). Whereas
finding a smaller slip per event might slightly reduce the
range of magnitudes to be expected for the forthcoming large
events on the southern Wellington fault, we ignore what
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implications this finding might have on the recurrence times of
those large earthquakes. Studies dedicated to densely date the
Te Marua terraces are clearly needed to address this question.
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