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1 INTRODUCTION

SUMMARY

In places where sedimentation and erosion compete at fast rates, part of the record of past
earthquakes on faults may be buried, hence hidden, in the first few metres below the surface.
We developed a novel form of palaeoseismology, of geophysical type, based on the use of a
dense pseudo-3-D Ground Penetrating Radar (GPR) survey to investigate such possible buried
earthquake traces, on a long, fast-slipping strike-slip fault (Hope fault, New Zealand), at a site
(Terako) where marked alluvial conditions prevail. We first used LiDAR data to analyse the
ground surface morphology of the 2 km? site at the greatest resolution. Nineteen morphological
markers were observed, mainly alluvial terrace risers and small stream channels that are all
dextrally offset by the fault by amounts ranging between 3 and 200 m. The measurements
document about 10 past earthquake slip events with a mean coseismic slip of 3.3 + 1 m, with
the most recent earthquake event having a slip of 3 &+ 0.5 m. We then investigated a detailed
area of the site (400 x 600 m?) with pseudo-3-D GPR. We measured 56, 2~ 400 m long, 5-10 m
spaced GPR profiles (250 MHz), parallel to the fault and evenly distributed on either side. The
analysis revealed the existence of a palaeosurface buried at about 3 m depth, corresponding to
the top of alluvial terraces of different ages. That buried surface is incised by a dense network
of stream channels that are all dextrally offset by the fault. We measured 48 lateral offsets in
the buried channel network, more than twice than at the surface. These offsets range between
6 and 108 m, as observed at the surface, yet provide a more continuous record of the fault
slip. The similarity of the successive slip increments suggests a slip per event averaging 4.4 +
1 m, fairly similar to that estimated from surface data. From the total ‘surface and buried’
67 offset collection, we infer that a minimum of 30 large earthquakes have broken the Hope
fault at the Terako site in the last about 6-7 kyr, with an average coseismic slip of 3.2 +
1 m, a minimum average recurrence time of about 200 yr, and a magnitude of at least M,,
7.0-7.4. Our study therefore confirms that part of the record of past earthquakes may indeed
reside in the first few metres below the surface, where it may be explored with geophysical,
GPR-based palaeoseismology. Developing such a new palaeoseismological tool should provide
rich information that may complement surface observations and help to document the past
earthquakes on faults.

Key words: Ground penetrating radar; Geomorphology; Palaeoseismology; Continental neo-
tectonics; Continental tectonics: strike-slip and transform; New Zealand.

ity to properly anticipate destructive earthquakes is limited. One
key to improving seismic hazard assessment is in the knowledge

The unexpected large magnitude and size of the 2011 March dev- of the size of the past earthquakes that have broken faults in
astating Japan earthquake and tsunami remind us that our capac- large events. Knowing this size range would help anticipate the
© 2012 The Authors 73

Geophysical Journal International © 2012 RAS

1Z0Z 9UNp ||, U0 JOSN SSWN - SUI08paL 8p auleyisioAlun anbayionaig A9 y0r08S/E L/



74 S. Beauprétre et al.

maximum magnitude a fault may produce when it ruptures. Yet
data on past earthquake size is extremely difficult to acquire. Be-
cause the recurrence times of large earthquakes are generally long
(several 100-1000 years), the timescale of the earthquake history
that would be needed to provide this information is long as well,
from thousand to tens of thousands of years. In this context, the
traces of such palaeoearthquakes have either been totally removed
by erosion, or are poorly preserved in the form of subtle imprints in
the surface geomorphology (e.g. Burbank & Anderson 2001).

Though subtle and incomplete, these morphological traces are the
one and only memory of the large earthquakes that ruptured faults in
the recent past and therefore provide key information. To search for
this information, three principal palaeoseismological approaches
have been developed over the last decades and extensively applied
to many faults worldwide (e.g. McCalpin 2009 for exhaustive list of
palaeoseismological techniques). The first and most common one
consists in the morphotectonic analysis of the ground surface along
a fault, dedicated to identifying preserved morphological markers
such as river beds, moraine spurs, alluvial fans, coral constructions,
etc., that would be offset or deformed by the fault. As most of these
offsets are the result of repeated coseismic fault slips over time,
their systematic 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). The second, commonly
used palaeoseismological approach is trenching, which involves
excavating the 1-3 first metres of the ground across a fault to search
for buried offset markers (e.g. Rockwell et al. 2001, 2009; Weldon
et al. 2004; Langridge et al. 2005; Daeron et al. 2007; Berryman
et al. 2008). Finally, the third method is cosmogenic isotope-based
exposure dating of seismically exhumed fault planes (e.g. Benedetti
et al. 2003; Palumbo et al. 2004; Schlagenhauf et al. 2010, 2011).
All these methods have in common the search for the past earthquake
and fault slip record between the ground surface and at most to a
depth of 1-3 metres, and generally locally on the fault as most
methods are invasive.

Here we show that the record of the ground surface may be in-
complete, as part of the earthquake traces may actually be buried in
the first few metres below the surface. To explore the buried record
of past earthquakes, we develop a novel geophysical palaeoseismol-
ogy, based on a specific use of pseudo-3-D ground penetrating radar
(GPR) surveying. Though, recently, pseudo-3-D and 3-D GPR have
been used to investigate shallow fault architecture (e.g. Gross et al.
2000, 2002, 2003, 2004, Tronicke et al. 2004; McClymont et al.
20084, b, 2010), it is the first time that this geophysical technique
is used to explore and reveal the buried traces of coseismic off-
sets (exception is a previous attempt on a normal fault, McClymont
et al. 2009). We test this new palaeoseismological approach on the
Hope fault, one of the fastest active strike-slip faults that dissect
New Zealand (Fig. 1). Our study is focused on the Terako site, on
the eastern ‘Conway’ segment of the fault (Langridge et al. 2003),
where we undertake a densely spaced survey, acquiring 56, 400 m
long on average, fault-parallel, 5-10 m spaced GPR profiles, that
provide a coverage of ~ 600 x 400 m? around the fault zone. The
analysis of the dense GPR data reveals the existence of a large
number of buried stratigraphic and morphological markers which
have no surface expression. These buried markers are offset by the
fault, and these offsets can be measured. We thus show that part
of the record of past large earthquakes indeed resides in the first
few metres below the surface, where it remains to be explored, in
complement to surface observation.

2 KNOWN PAST SLIPS AND
EARTHQUAKES ON THE TARGET
HOPE FAULT

The ~230 km long, N75°-striking Hope fault is one of the major
right-lateral faults that form the Marlborough Fault Zone (e.g. Van
Dissen & Yeats 1991; Little & Jones 1998; Langridge & Berryman
2005), which transfers slip from the dextral-reverse Alpine fault in
the southwest, to the Hikurangi subduction and North Island dextral
faults in the northeast (Fig. 1; e.g. Freund 1971; Van Dissen 1989;
Berryman et al. 1992; Barnes & Audru 1999). The Marlborough
Fault Zone accommodates most of the N40°W, ~43 mm yr— of con-
vergent motion between the Australian and Pacific plates (Fig. 1; e.g.
Beavan et al. 2002; Wallace et al. 2007). A small amount of oblig-
uity in convergence across the Malborough faults produces a reverse
component of slip in addition to their dominant right-lateral motion.
The Hope fault is the second fastest slipping fault of New Zealand,
with lateral and reverse Quaternary slip rates estimated to 23 + 4 and
~2mmyr~t (H/V ~10), respectively (e.g. Van Dissen 1989; Cowan
1989, 1990; Cowan & McGlone 1991; McMorran 1991; Knuepfer
1992; Langridge et al. 2003; Langridge & Berryman 2005). The
fault is divided into two, 100-150 km long principal segments con-
nected across the central Hanmer pull-apart basin (Fig. 1, and GNS
active faults database: http://data.gns.cri.nz/af/). These segments
have a roughly linear trace, except at their ends where they connect
to adjacent smaller faults (Fig. 1). The 1888 ‘North Canterbury
earthquake’ (M, 7-7.3) is the only large historical earthquake to
have occurred on the Hope fault. It broke the western segment of
the fault (so-called Hope river segment) on a minimum length of
30 km, and produced lateral displacements of at least 2.6 m (McKay
1890; Cowan 1991; Cowan et al. 1996; in white in Fig. 1). In an
attempt to recover longer past earthquake histories on the fault, sev-
eral morphotectonic and trench-palaeoseismological studies have
been conducted, especially on the most accessible eastern segment
of the fault. These studies suggest that five large earthquakes, in-
cluding that in 1888, broke the western segment of the fault (in 1888,
1786 + 28, 1637 + 69, 1525 + 97, 1402 + 131 AD), with a recur-
rence time of 81-200 yr (Cowan & McGlone 1991). The eastern
segment also broke in the past, yet apparently in different earth-
quakes, the three more recent would include one event prior to 1220
AD, and two between 1295 and 1840 AD (Bull & Brandon 1998;
Langridge et al. 2003). The age of the most recent major earthquake
would range more likely between 1720 and 1840 AD. Though lat-
eral displacements produced by these three past earthquakes could
not be precisely measured, dextral slips of up to 5-6 m have been
suggested from the smallest offsets measured at the ground surface,
while a recurrence time of 180-310 yr has been advocated assum-
ing characteristic slip events (Van Dissen 1989; Langridge et al.
2003; Langridge & Berryman 2005). It has to be noted that, over
the last 65 yr, the instrumental seismicity on and around the Hope
fault has been moderate, with only eight earthquakes recorded with
a magnitude up to 5-6 (Fig. 1; Anderson & Webb 1994; Geonet
catalogue: http://www.geonet.org.nz/resources/earthquake/).

3 HIGH-RESOLUTION
MORPHOTECTONIC ANALYSIS OF THE
GROUND SURFACE AT TERAKO SITE

The Terako site is near the middle of the eastern segment of the
Hope fault, ~55 km from Kaikoura (Fig. 1). At Terako, the fault
trace is beautifully exposed across a set of alluvial terraces related

© 2012 The Authors, GJI, 189, 73-100
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Figure 1. Tectonic setting of northern South Island, New Zealand. Only major active faults are represented, with the Hope fault in bold. The box indicates the
Terako site. The ‘Hope River’ section in white is the 1888 earthquake rupture as reported by McKay (1890) and Cowan (1991). Major historical earthquake
ruptures on neighbouring faults are represented by dashed lines. White circles are shallow instrumental earthquakes with My, > 5 around the Hope Fault. Small
white lines across the Hope fault locate the available palaeoseismological sites (Van Dissen 1989; Bull 1991; Cowan & McGlone 1991; McMorran 1991; Pope
1994; Langridge et al. 2003; Langridge & Berryman 2005). Inset shows the AUS-PAC plate convergence, with arrows and numbers for velocity directions and

rates in mm yr—1, respectively (Beavan et al. 2002).

to the Mason River at the foot of the Amuri Range (Fig. 2). The
first order characteristics of the fault zone geometry and overall
morphology at the Terako site have been described by Eusden et al.
(2000). We provide here a more detailed analysis, based on three
complementary high-resolution data sets.

3.1 Data acquisition and processing

We first acquired two high-resolution optical satellite images—
one Quickbird2 image of 0.6 m resolution and one Ikonos2 im-
age of 1 m resolution, both allowing the accurate observation of a
25 km? area centred on the Terako site (Figs 2 and 3). Because
part of the site is covered with dense vegetation, we also acquired
Light Detection And Ranging data (LiDAR; e.g. Carter et al. 2001;
Cunningham et al. 2006) on a 30 km long, 1 km wide swath de-
signed to include the Terako site (Fig. 2). The data were acquired
by New Zealand Aerial Mapping Limited, using a Rockwell 690A
aircraft equipped with an Optech ALTM 3100EA LiDAR system.
To separate ground and above ground (e.g. trees, buildings, etc.)
reflections, automated routines of the software TerraSolid® (Terra-
solid Ltd, Kanavaranta 7B, 00160 Helsinki, Finland) were used to
classify the LiDAR point cloud into ground, first, and intermediate
returns (www.terrasolid.fi/). To ensure the quality of the automati-
cally classified ground point data set, checking was then undertaken

© 2012 The Authors, GJI, 189, 73-100
Geophysical Journal International © 2012 RAS

by manual editing and classification. The LiDAR data allows the
surface morphology and topography to be described and quantified
at all places including those covered by vegetation (e.g. Frankel
& Dolan 2007; Slatton et al. 2007), with a mean point density of
1.2 pt.m~2, and a vertical precision of 5 cm (Figs 2 and 4a). For
display use, we interpolated the ground point cloud ona 1 x 1 m?
grid using a kriging method with the SURFER® software (Golden
Software Inc., 809 14th Street, Golden, CO 80401-1866, USA).
Finally, we also have generated a 2 m resolution digital elevation
model (DEM; 20 cm uncertainty on vertical) of the zone investi-
gated with GPR, based on elevation measurements with a density
of 0.62 pt.m~2 performed using differential GPS.

3.2 Morphotectonic analysis at broad scale

The combination of the optical and LiDAR images allows mapping
the fault over ~30 km (Fig. 2). In keeping with its right-lateral
motion, the fault shows a pronounced simple linear trace that in
detail is divided into left-stepping segments of variable lengths,
connected to each other through pull-aparts and push-ups of variable
size. Locally, the fault is expressed by a generally south-facing scarp
of up to ~20 m height (Fig. S1). A few small E- to ENE-trending
normal faults extend north of the main fault trace, while the southern
compartment shows a number of NNE- to NE-striking small reverse
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Figure 2. Detailed mapping of the Hope Fault trace, based on combined analysis of Ikonos satellite image and LiDAR data (white swath; only half of swath
length is shown). Fault traces in purple. Thicker lines for most pronounced, hence most important, fault traces. Lines without marks are for right-lateral strike
slip faults, teeth marks indicate downthrown side of normal faults, triangle marks indicate upthrown side of reverse faults. Yellow rectangle indicates the GPR

survey. See text for more details.

faults. Close to the main fault line, these secondary features have
fresh traces and are therefore active, while they look more ancient
further away. The overall fault zone cuts across a series of alluvial
terraces deposited at the foothills of the Amuri Range, and the main
trace of the Hope fault laterally offsets most of the drainage network
and the terraces. At the Terako site, the fault trace is particularly
clear (Figs 3 and S2). It splays into two sub-parallel strands—
the main fault trace to the north, and a more minor strand to the
south—both appearing as south-facing scarps (up to 20 and 12 m
high, respectively; Fig. S1). This divides the site into a northern,
a central and a southern compartment across the two fault traces.
The southern fault strand pinches out in a simple way to the east,
and connects to the main fault to the west through a complex push-
up-like fault system, associated with a pull-apart north of the main
fault. Thus, while it is relatively simple in the eastern half of the
site, the geometry of the fault is more complex further to the west,
showing a mixture of strike-slip, reverse and normal faults.

At the Terako site (Figs 3 and S2), the fault cuts across a series of
alluvial terraces referred to as the ‘Terako surfaces’ (Eusden et al.
2000). The highest and oldest of these terraces extends to the west

(west of green trace in Fig. 3), and is interpreted as a fill terrace of the
Mason River. Though its age is not precisely known, it is suggested
to be 14-26 kyr from its similarity with other aggradation surfaces
dated 15 km away (Bull 1991; Eusden et al 2000). The westernmost
Terako aggradation surface is deeply dissected by streams (the most
prominent are Lulus Creek and Whales Back streams) and affected
by slumping (Eusden et al. 2000). As seen in Figs 3 and S2, its
dominant incision pattern follows a NW to NNW trend. On its east-
ern edge, the aggradation Terako surface is encroached by a flight
of progressively abandoned, flat, degradation terraces of the Mason
River, whose elevations and hence ages are decreasing eastward.
The risers of these degradation terraces trend roughly parallel to the
Cunningham Stream and Mason River courses (WNW to NW in
the north parallel to the Cunningham Stream, and NNW to N-S in
the south parallel to the Mason River, Fig. 3).

3.3 Morphotectonic analysis at Terako site
Fig. 4(b) shows our detailed mapping of the Terako degradation
risers and of a few other morphological markers that imprint the

© 2012 The Authors, GJI, 189, 73-100
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Figure 3. Morphotectonic analysis of the Terako surface, based on combination of high resolution Ikonos satellite image and LiDAR data. Fault traces as
in Fig. 2. Coloured lines highlight major morphologic markers, mostly terrace risers, see Fig. 4 for details and names. Thin pale blue lines follow rivers and

streams. The rectangle indicates Fig. 4.

alluvial surfaces (Fig. 4a). In complement, Fig. S1 shows topo-
graphic profiles extracted from the LiDAR data, on which the prin-
cipal surface markers can be seen. To the west, a number of terrace
risers are clear, appearing as NNW-trending, east-facing, smooth
rolling hills in the otherwise flat Terako surface. The clearest (B in
dark blue on Fig. 4b) forms a roughly linear, NNW-trending, a few
metres-high smooth riser, running over ~2 km from the Cunning-
ham Stream to the north to a tributary of the Whales Back Stream
to the south. Riser B is interrupted however across the fault zone.
Further to the west, a few similar NNW-trending risers are observed,
the two most prominent are indicated in dark green (A on Fig. 4b)
and orange (between A and B). About 200 m further east, another
obliquely trending riser is visible (D in red on Fig. 4b). Riser D is
especially clear in the northern compartment of the fault, until it is

© 2012 The Authors, GJI, 189, 73-100
Geophysical Journal International © 2012 RAS

truncated by the fault. The youngest stream terraces extend to the
east, where they form a flight of down-stepping surfaces bounded
by steep, high (10-15 m on average), east-facing topographic risers
(Figs 5, S1and S3). The most prominentare the N (pale blue), J (dark
pink) and I (orange) risers, which show fresh, steep scarps about 12,
16 and 12 m high, respectively (Figs 4b, 5, S1 and S3). A few much
smaller risers and channels exist east of riser N, which the LiDAR
data allows to map in detail (Fig. 5). In the southern fault compart-
ment mainly, additional smoother terrace risers are visible, that trend
parallel to the Mason river course (such as H in yellow, D in red, and
X in black; Fig. 4b). Several more subtle morphological markers
exist, mainly in the form of small, east-facing risers or scarplets (see
E and F’), small stream incisions that cut various Terako surfaces
(in pale blue), and small landslides (see G and H’). A major stream
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Figure 4. Morphotectonic analysis of LiDAR data and identification of surface offset markers. (a) 1 m, shaded LiDAR DEM, illuminated from the SW. Note
that illumination is made to highlight the markers, not the fault strands, more obvious. The square indicates Fig. 7. (b) Morphotectonic analysis of the LIDAR
DEM. Faults as in Fig. 2. MNFS and SSFS for main northern fault strand and secondary southern fault strand, respectively. Identified morphological markers,
mainly terrace risers, are mapped in colours, with names of major ones indicated. The three black lines locate the GPR profiles shown in Fig. 9. See text for

more details.

(S2) also incises the Terako surface to the west (Fig. 4). Table 1
(column 1) synthesizes the relative chronology of the surface mark-
ers, as we can infer it from their relative arrangement. Finally, it is
important to note that all terrace surfaces but the youngest to the

east are suggested to be blanketed with a 1-3 m thick layer of mate-
rial that is taken to be loess deposited during the last glacial period
(Suggate 1990; Bull 1991; Tonkin & Almond 1998; Eusden et al.
2000; Roering et al. 2004; Rattenbury et al. 2006). This loess cover

© 2012 The Authors, GJI, 189, 73-100
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130

Figure 5. Close-up view of easternmost terrace risers and other markers. (a) Shaded LIiDAR DEM illuminated from SW (to highlight the markers; other
illumination in Fig. S3). (b) Morphotectonic analysis of (a). Faults and names as before.

might be partly responsible for the flatness of the Terako surfaces
(Hughes et al. 2010).

3.4 Markers correlations and measurements of surface
offsets

Whatever their age, all the preserved risers including the youngest
ones in the east, as all the other markers described earlier, are offset
by the fault zone. The offset is clearly right-lateral along the northern

© 2012 The Authors, GJI, 189, 73-100
Geophysical Journal International © 2012 RAS

main strand of the fault, as seen in the pronounced bayonet-shaped
deflections of the S2 stream and of the most prominent terrace risers
to the east, but also in the dextral offsets recorded by all the identified
markers (Figs 4b and 5b). By contrast, the offset is primarily vertical
on the southern fault branch, as attested by the near continuity in
map view of most identified markers (Fig. 4b). Most markers form
or have clearly defined linear features oblique, and generally roughly
perpendicular to the fault strike, which allows their precise matching
on either side of the fault. Fig. 6 illustrates a few examples of
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Table 1. Relative chronological constraints on surface and buried markers, and measured lateral slips. Column
1: Surface markers are listed from older to younger as inferred from their relative, morphological arrangement.
Names as in Fig. 4(b). Underlining indicates very first formation of the corresponding marker. ?” indicates
that there is no chronological information; xx < yy is for ‘xx is younger (or of same age) than yy’. Column
2: Major buried markers are listed from older to younger as inferred from their relative, morphological
arrangement. Names as in Fig. 11(b). Underlining indicates very first formation of the corresponding marker.
‘N’ for northern compartment; ‘C’ for central compartment. Note that only major buried markers for which
chronological information may be inferred from their arrangement, are listed. Column 3: Measured lateral
slips and uncertainties, in bold for surface markers, in regular text for the indicated buried markers. All slip
measurements for buried markers can be found in Table 2. Note that slip of H is poorly constrained, and hence
not retained in our analysis. Column 4: Approximate minimum age of markers, inferred assuming that their
cumulative offset results from slip adding at constant rate of at most 19 mm yr—1 (maximum fault slip rate at
Terako site, see text). Horizontal lines separate the five age groups identified. See text for more details.

Surface marker name, Buried marker name, from
from older to younger older to younger based on Inferred
based on morphological morphological arrangement Measured lateral approximate age
arrangement and offset values offset (m) (kyr)
A 200 + 30 >10.5
B 108 + 20 >57
b(N) & b1(C) 99 + 2
o DY) & B AL)
D 111+ 35
d(N) & da(C) 106 £+ 7
d > bd1-2 for the later incise the buried d surface
bd1l (N) & bd1a(C) 108 +1
bd2 (N) & bd1b(C) 108 +3
E 80 + 10 >4.2
bd2 (N) & bd2a(C) 90+ 2
e > del, de2, de3 for the later incise the buried e surface
del(N) & delb(C) 100 £5
de2(N) & de2b(C) 93+3
de3a(N) & de2¢(C) 77+2
d(N) & db(C) 85+ 8
s2 6242 >3.2
C?but <D 57+3
H (145 + 13)
| ?
G<E 50 + 6
J 36+3 >1.9
K 26 +2
L 29+25
M unconstrained
N 23+2
o 185+1
H < J-K 15+2
P? 12405
F<E 11+1
Q unconstrained
R 45+1
S 45+1
T 3+05
u 3405
S4,S4’, 847, S5? but < H, F’, E
S3?but <D
G?but<F’
how, using slip reconstructions, we correlated the surface markers provide a fair estimate of the actual total lateral slips on the Hope
across the northern fault trace and measured their lateral offsets, fault. As most markers have a well-defined shape and are markedly
while Table 1 (column 3) provides these measurements and their oblique to the fault strike, the uncertainties on the lateral offset
uncertainties. The lateral to vertical slip ratio being high on the measurements are quite low, most of a few metres (but for H, A
main northern fault trace (>10, Knuepfer 1992), the measurements and B).

© 2012 The Authors, GJI, 189, 73-100
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23:2m &

Figure 6. Examples of a few back-slip reconstructions of surface markers (as defined in Fig. 4b). (a) Restoration of U & T, 3 £ 0.5 m. (b) Restoration of N,

23 + 2 m. (c) Restoration of J, 36 &+ 3 m. (d) Restoration of D, 111 4+ 3.5 m.

The measured lateral offsets range between ~ 200 (A) and
3 m (T and U). Overall, they decrease from west to east in keeping
with the decrease in height and hence likely in age of the flight of
terraces (Table 1). We discuss these surface measurements in a next
section.

4 GPR MORPHOTECTONIC ANALYSIS
OF THE SUBSURFACE AT TERAKO SITE

4.1 Data acquisition and processing

GPR is a geophysical method which uses reflection or scattering
of electromagnetic waves, and allows imaging magnetic, electric
and dielectric contrasts in the shallow subsurface (<50 m), when
investigated materials are electrically resistive (e.g. Nobes 1996;
Neal 2004; Jol 2009). GPR resolution varies from a few tens of cen-
timetres to less than one centimetre, depending on both the material
electromagnetic velocity and the spectral bandwidth of the used an-
tennas. The depth of penetration ranges from zero to tens of metres,
depending on the soil electrical properties and on the frequency of
the antennas. Radargrams are analogous to stacked seismic sections
and can be processed and interpreted in a similar way. Reflectivity
amplitude is in general proportional to the magnitude of the prop-
erty contrasts, especially changes in the sediment/air/freshwater
ratio (e.g. Baker 1991). Variations in the amount and type of fluid
occupying pore spaces, minor changes in porosity, changes in the
sediment grain type and changes in grain shape, orientation and
packing, all provide significant reflections (e.g. Neal 2004). Con-
sequently, features such as sedimentary structures and lithological
boundaries are clearly visible with GPR, even when these features
differ only by small changes in the nature, size, shape, orientation

© 2012 The Authors, GJI, 189, 73-100
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and packing of grains. Faults and fractures also generate reflections
and diffractions, as they usually represent major electromagnetic
discontinuities (e.g. Deparis et al. 2007), and furthermore disturb
the bedding continuity.

When parallel, very closely spaced GPR profiles are shot so
as to cover a volume (3-D-GPR), the problems of out-of-plane
reflections can be removed using a 3-D migration algorithm. Full-
resolution 3-D GPR images of the subsurface can then be derived
(Grasmueck et al. 2005), which highlight the ground structures
with an equal fidelity in any direction (e.g. Young et al. 1997;
Lehmann & Green 1999, 2000; Sénéchal et al. 2000; Young &
Lord 2002; Streich et al. 2006, 2007; Grasmueck & Viggiano 2007;
McClymont et al. 2008a). However, a full 3-D acquisition requires
at least a quarter-wavelength grid spacing in all directions on the
surveying surface (Grasmueck et al. 2005), what is extremely time-
consuming and hence restricts applications to small surfaces. On
the other hand, in cases where the subsurface features are expected
to be fairly linear and of homogeneous orientation (2-D media),
acquisition of spatially aliased datasets which require some degree
of interpolation between the parallel profiles, may be an appropriate
approach, especially when the investigated surfaces are large. This
is the approach that we follow here, referred to as pseudo-3-D GPR.

We collected 60 GPR profiles at the site, using a multichannel
RAMAC GPR acquisition system (MALA Geosciences), which was
connected to 250 MHz shielded and 100 MHz unshielded antennas
(Fig. 7). All GPR acquisitions were combined with differential GPS
positioning (two Topcon GPS systems, each composed of a PG-Al
antenna and a GB1000 receiver). Overall, our GPR survey approx-
imately covers a 600 x 400 m? area centred on the fault zone. It
includes 56, 109-570 m long profiles parallel to the fault, evenly
distributed on either side of the two fault strands (Fig. 7), with a
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Figure 7. Location of GPR profiles. Faults are in purple, as before. Black lines are GPR profiles. White dots are CMPs. The white line indicates the profile

described in Fig. 8. The three bold lines are the profiles represented in Fig. 9.

line spacing varying from 5 (closer to the faults) to 10 m. Four
additional, 400 m long profiles were recorded perpendicular to the
fault traces (not shown).

The data acquired with the 100 MHz antennas produced low
resolution results within the first 3 m of the ground (due to the large
2 m spacing between the source and the receiver). For that reason,
we chose to only present here the 250 MHz GPR data which were
acquired with a common offset of 0.36 m between the transmitter
and the receiver antennas. The acquisition triggering, which was
fixed to 20 cm for all profiles, was automatically controlled using
a calibrated encoder wheel. Data were acquired with a sampling
frequency of 2550 MHz over a 270 ns time window, and stacked
32 times. In addition, six Common Mid-Point (CMP) surveys were
acquired in different parts of the studied area (Fig. 7) to determine
the radar-wave velocity variability in the subsurface to correctly
convert Two-Way Traveltime (TWT) into depth.

The GPR data were first processed in a classical processing
flow for GPR Common-Offset data, that is, (1) pre-processing, (2)
dynamic and static corrections, (3) time to depth conversion—if
needed, (4) semi-automatic reflector picking and (5) 3-D recon-
struction of reflector architecture. The three first steps were done
using the Seismic Unix software (Stockwell 1999) originally de-
veloped for seismic data processing, while step 4 was done using
the Opendtect software dedicated for seismic data interpretation
(http://www.opendtect.org/). Step 1 included a sequence of pro-
cessing steps (Fig. 8). First, the time zero was computed from the
arrival time of the direct air wave, which was muted afterwards.
A ‘dewow’ 50 MHz zero-phase low-cut filter was then applied to
remove direct continuous currents. To attenuate ringing effects be-
tween antennas, which appear in low-resistive materials, the mean
trace of a single profile was first computed and then subtracted from

all traces. To amplify late arrivals and to compensate propagation
effect losses, linear and exponential time gains were applied to the
data.

To perform static and dynamic corrections (step 2) requires
estimating the radar-wave velocity. For this, we acquired six
200-MHz CMP profiles in the Transverse Electric (TE) mode in
each fault compartment, by progressively increasing the distance
(20 cm steps) of 200 MHz unshielded antennas to a fixed central
location. Our choice to consider the 200 MHz antennas rather than
the 100 MHz ones was made to be consistent with the 250 MHz
centre frequency of Common-Offset data and to enhance the reso-
lution near the surface. The data were filtered using a zero-phase
(50-450 MHz) bandpass filter whilst amplitudes were adjusted to
compensate for propagation effect using a linear time gain, which
enhanced late arrivals. Fig. S4 shows two CMP surveys conducted
in the northern compartment. Both CMPs show the direct air wave
arriving first, followed by four reflected hyperbolic events whose
zero-offset times appear between 20 and 100 ns. Clearly, a promi-
nent reflected event arrives around 44 ns on the western CMP and
around 56 ns on the eastern one. The normal move-out (NMO) of
these events was analysed using the semblance maxima approach
(Yilmaz 1987), which is commonly used in seismic processing and
yields the stacking velocity (Fig. S4). The mean radar-wave veloc-
ity in the medium between the surface and the level corresponding
to the strongest reflection equals 6.5 cm ns~ on both CMPs, It
is notable that deeper reflected events exhibit a slight velocity in-
crease to more than 7 cm ns~* in NMO velocity and consequently
a larger increase in terms of interval velocity. In view of the previ-
ous results and to simplify the processing, we applied topographic
corrections and depth conversions using the same constant velocity
of 6.5 cm ns~* for all profiles.

© 2012 The Authors, GJI, 189, 73-100
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Figure 8. lllustration of differences between raw, processed and interpreted GPR profile. The location of the example profile is indicated in Fig. 7. CMPs are
indicated with black arrows (see Fig. S4). (a) Raw GPR data recorded on a 270 ns time-window with a 0.2 m trace spacing using 250 MHz shielded antenna.
(b) Processed GPR profile (see text for description of processing steps). (c) Recognition and picking of the layer 2 top reflector forming the boundary between
layers 1 and 2 (black line). See text for more details.

identified later in Fig. 11b). From surface to depth, we observe (i)

4.2 Opverall data analysis the direct air and ground waves (Fig. 8). Note that a residue from
The example GPR profile provided in Fig. 8 has been acquired par- these waves remains after the muting process is achieved, which ob-
allel to the fault, 40 m north of its main trace. The CMP surveys scures any reflection in the first 36 cm of the ground; (i) a 0-1.5m
in Fig. S4 were acquired on this profile. Fig. 8 shows both unpro- thick, quite homogeneous, transparent layer characterized by weak
cessed and processed data (steps 1 to 3), and highlights the main and discontinuous internal reflections (hereafter denoted layer 1);
characteristics of the GPR reflected events. Topography variations (iif) a 1.5-3 m thick, darker layer presenting a large number of
throughout the profiles are rather large (more than 30 m) compared closely spaced, subhorizontal and subparallel reflectors (layer 2);
to the penetration depth of GPR (less than 5 m). Thus, surface and (iv) a deeper, transparent region with no clear reflection (layer 3).
buried features exhibit very different scales and topographic gra- All these layers present subtle lateral changes. However, in view of
dients. To clearly display the subtle topographic features buried in the large vertical exaggeration applied here for display convenience,
the ground we applied a scale decrease factor to the surface topog- the reflected events are actually hardly dipping. For this reason and
raphy. We chose to divide by eight, in all profiles, the time delays as no diffraction hyperbola was visible in the profiles, we choose
to correct for topography. Doing so, the vertical scale dynamics not to migrate the GPR data (after having verified that the migration
focuses on the buried reflectors at the expense of an actual repre- process had no effect on the images).

sentation. In Fig. 8, a depth scale is proposed on the left axis for Layer 1 has a low velocity of 6.5 cm ns™*, and shows discontin-
the buried reflectors and was derived using a constant 6.5 cm ns—* uous reflections, basically parallel to the ground surface. By con-
velocity. It is important to note that the characteristics we describe trast, layer 2 is made of a pile of strong, continuous, subparallel,
below are common to the vast majority of the acquired GPR data, non-planar reflectors, overall exhibiting a mean velocity larger than
which are all presented in Fig. S5 in the Supporting Information, 7.5 cm ns~L. The transition between layers 1 and 2 coincides with a
while an example profile from each fault compartment is shown in prominent reflector (Figs 8, 9 and S5; hereafter denoted “layer 2 top
Fig. 9 (coloured arrows and names indicate major buried markers reflector”), which has the largest reflection coefficient. The depth

© 2012 The Authors, GJI, 189, 73-100
Geophysical Journal International © 2012 RAS

/w09 dno-olwapeoe//:sdyy wouy papeojumoq

1Z0Z @UN[ ||, U0 JOSN SSWIN - SUI0BPaL 8P SuIe}SIaAIUN anbayjonalg Aq y0r08S/EL/ L/



84  S. Beauprétre et al.

100 120 140 160 180 200 220

Dist i
) ENE

300 320 340 350 380 400 420 440 460 480 500 520

Tirme (ns)

Distance (m)

b) " 20 40 60 80 100 120 140 160 B0 200 220 240 P60 280 300 320 340 360 380 400

Time (ng)

del d§2

Distanca (m)
240

C) 0 20 40 &0 80 100 120 140 160 180 200

260  ZBO 300 320 340 360 B0 400 420 440 480

b bd0 82 bd1 bd2

|

j i

bd3 S3 d

bl |

Vertical exaggeration for buried features: ~13x

Figure 9. Example of interpreted GPR profiles. The location of the three profiles is indicated in Figs 4b, 7 and 11(b). They are in the northern (top plot),
central (middle plot) and southern (bottom plot) fault compartments. The layer 2 top reflector is shown as a black line. Coloured arrows and numbers indicate
the major buried channels and markers as identified in Fig. 11(b). The identification of the channels was made from the more complete 3-D image shown in
Fig. 11(a). Reporting these channels on a single 2-D profile, as in present figure, may thus not provide a complete view of their location and shape. As a matter
of fact, the lateral shift in the position of marker d on the three profiles is only apparent, the actual lateral offset of d being dextral across the northern fault

strand, and none across the southern fault strand (Fig. 11b).

of that top reflector varies from a few centimetres where it almost
reaches the ground surface (the region between 0 and 36 cm is un-
resolved with our antennas), down to 3 m below the ground. Layer
2 exhibits lateral changes at two scales: high frequency variations
characterized by small changes in dip within the entire reflector
succession, and low frequency changes appearing as sorts of undu-
lations in the entire pile, especially pronounced in the top reflector
where they form a succession of troughs and bumps (Fig. 8). The
troughs resemble 20 to 40 m wide, concave-up valleys, being filled
by layer 1. At some places, the topmost layer 2 reflectors parallel the
trough edges, that is, slightly dip toward the trough axis (Fig. 10a).
Yet, in the most general case, the topmost layer 2 reflectors, includ-
ing the layer 2 top reflector, are interrupted at the trough lateral
edges (Fig. 10b). The layer 1 and layer 2 reflectors generally dip by
slightly different angles (Fig. 10a—c). Together these show that the
layer 2 top reflector is a well-defined, roughly continuous surface
that forms the top of an about 3 m thick, consolidated (higher wave
velocity), stratified material (layer 2). That top surface is incised
by a series of troughs that are filled with the layer 1 material. The
layer 1 material has different properties, including a lower velocity
and higher conductivity, and covers the layer 2 top surface almost
entirely (see later), hence it is younger than the layer 2 material.

Under layer 2, layer 3 shows no clear reflection (Figs 8 and
10). This may suggest either that layer 3 is a homogeneous and/or
conductive real layer, or that layer 3 simply corresponds to the
penetration depth limit. We discuss later the most likely nature of
the 3 layers.

4.3 Extracting the layer 2 top palaeosurface,
and the layer 1 cover thickness

The remarkable similarity and consistency of adjacent profiles in
each compartment (Fig. S5) attest that 3-D changes are insignificant
within each compartment; the findings above thus apply to the entire
area. We infer that the layer 2 top reflector is a buried palaeosurface
incised by a network of troughs. That surface is blanketed almost
everywhere (see later) by a cover layer—the layer 1, which, in
particular, fills its troughs. To get insights on the nature of the
layer2 palaeosurface, of its incisions, and of its layer 1 cover, we
analyse both the 3-D geometry of the layer 2 top surface, and the
3-D geometry of the layer 1 cover.

To analyse the 3-D geometry of the layer 2 top surface, we
follow a pseudo3-D approach, based on the use of a semi-
automatic line tracking tool available within the Opendtect software

© 2012 The Authors, GJI, 189, 73-100
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Figure 10. Close-up views of example GPR sections. The X -axis represents the distance from the western tip of the profile (a) The layer 2 pile of reflectors
follows the trough edges so that the reflectors slightly dip toward the trough axis. (b) and (c) The layer 2 reflectors are interrupted at the trough edges. The
trough is filled with layer 1 that clearly differs from layer 2. (d) The entire reflector pile is interrupted vertically, suggesting high electrical conductivity in the

interruption zone.

(http://www.opendtect.org/). The tool includes: (i) a rough (spatially
aliased) manual picking in the time domain along the layer 2 top
reflector in each GPR profile on selected traces; (ii) an automatic
tracking of the reflector for all traces located between the selected
picked traces. To correctly conduct step 2, tracking criteria were
based on the search of the minimum amplitude of the reflectivity.
The search is focused by advancing from one trace to the next and
by limiting the search within a [—3,+3] ns time window. Lateral
continuity in reflectivity amplitude is a key point of the tracking cri-
teria, because it allows us to keep tracking the same reflector along a
profile, including in regions showing abrupt reflectivity changes. A
visual quality control is made afterwards to identify potential pick-
ing problems that may be due to too sparse initial picking. When
such a case is met, the process is conducted again from a denser
initial picking. The advantages of this tool lie in its rapidity when a
large number of profiles are analysed and in its high resolution for
the picking when suitable tracking conditions are met. However, the
lack of reflectivity continuity between adjacent traces sometimes
leads to a tracking failure. It happens in regions where ‘steep’ re-
flectors are present (as an example, between 70 and 80 m on Fig. 8)
and in regions characterized by a large electrical conductivity of
layer 1 (for example between 198 and 206 m on Fig. 8). In the case
layer 2 almost reaches the surface, interferences with direct ground
wave prevent picking the top of layer 2. This highlights the lack
of resolution within the first 36 cm under the ground surface (for
example between 0 and 70 m on Fig. 8).

The picking data separately obtained on each GPR profile are then
spatially filtered using a 2-D running average to remove high fre-

© 2012 The Authors, GJI, 189, 73-100
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quency picking noise, and are interpolated using a kriging method
on a grid that separately covers each fault compartment. This al-
lows us to construct a sort of DEM of the layer 2 top reflector in
each fault compartment (Fig. 11a), yet in the time, not elevation
domain. Again, to enhance the visibility of the buried features, the
topographic corrections were divided by eight. To get rid of the
strong anisotropy in the GPR acquisitions (sampling every 5-10 m
in the direction perpendicular to the GPR profiles, and every 20 cm
along the profiles), the DEM was computed on a 2 m regular grid.
It permits an easy display of the data (Fig. 11a) on a Geographical
Information System, yet with a decreased resolution in the direction
parallel to the faults. Note however that the high 20 cm-resolution
of the GPR data in the fault-parallel direction is maintained on the
original GPR profiles (Fig. S5), making the data analysable at both
resolutions.

To analyse the distribution of the layer 1 cover, we extracted its
thickness by computing picked TWT using a constant 6.5 cm ns~*
velocity. Fig. 12 shows the map of the layerl thickness, superim-
posed on the subsurface markers that we describe in the following.
Regardless of any interpretation, the thickness of the layer 1 cover
appears variable (from 36 cm to 4.2 m), with large zones lacking
any layer 1 cover (remind that we have no information on the 36
first cm) and zones showing a significant thickness of layer 1. Some
of the zones lacking a layerl cover coincide with places where the
entire pile of GPR reflectors is interrupted (example in Figs 10d and
12). These interruptions likely attest of a local conductivity increase
of the layers, especially layer 1, and in any case are zones where we
have no information (i.e. the layers might exist or not).
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Figure 11. Morphotectonic analysis of the GPR ‘DEM’ and identification of buried offset markers. (a) Shaded ‘DEM’ of the layer 2 top reflector picked in
the GPR data, illuminated from the SW (to best highlight the troughs) and superimposed on the LIDAR DEM. (b) Morphotectonic analysis of the layer 2
top reflector DEM. Faults as shown elsewhere. Identified morphological buried markers, mainly channels, are mapped in colours, with their names indicated.
Buried markers having surface expressions have names similar (in small letter) to that of the corresponding surface markers (in capital letter, Fig. 4b). Other
names are given to indicate the two major markers on either side, with alphabetical ordering from west to east. Subscripts a, b, ¢ etc. indicate tributaries of the
major channel whose name is indicated. Note that b in southern compartment gives place to b1 and b2 in central compartment. In central compartment, the
small tributary between channels d, and dy, is referred to as dg, yet is not noted for clarity. Similar colours across southern fault strand highlight the paired
channels. Across the northern fault strand, only the b and d colours are represented as similar for we ignore the correlation of the other markers. See text for
more details.

© 2012 The Authors, GJI, 189, 73-100
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Figure 12. Map of the GPR layer 1 thickness. See text for calculation of the thickness. Colours indicate layer 1 thickness, in metres. Black solid and dotted
lines indicate the major buried and surface markers identified in Figs 11(b) and 4(b), respectively. The grey zones locate the places where the entire GPR

reflector pile is interrupted.

4.4 Analysing the layer 2 top palaeosurface,
and the layer 1 blanketing cover

Fig. 11(a) confirms that most incisions identified on individual GPR
profiles actually connect from one profile to the next to form an
organized network of closely spaced (25 m on average), roughly
linear, ~ NW-trending, narrow (10-40 m wide) troughs. Fig. 11(b)
shows our detailed mapping and labelling of these troughs (names
reported in Fig. S5; explanation for names and colours in caption
of Fig. 11b). The colour traces are drawn to follow the trough
axes, at the base of the steepest gradients. A few of the troughs
clearly coincide with terrace risers (b, d, e, coinciding with B, D,
E), streams (S2, S3, de2 coinciding with S4), or small incisions
(southern part of bd1 and d, possibly coinciding with C) observed
at the ground surface (compare Figs 4b and 11b, and see Fig. S6
where surface and buried markers are superimposed), hence are
likely the downward prolongation of these surface markers. Yet
the majority of the troughs are buried features, not visible at the
ground surface, even where it is observed at the greatest resolution
(Fig. 4a). These buried features trend NW overall, parallel to the line
of greatest slope of the ground. Their strike varies slightly however
from NNW to WNW from west to east, as is also observed for the
surface markers. Most of the buried features are offset or guided by
the faults. This is especially clear on either side of the northern main
fault trace, where most buried troughs are truncated across the fault
line. Atasmaller scale, some of the troughs clearly follow the small
north-dipping scarps noted scl and sc2 in Fig. 4(b), suggesting
that their position is controlled by these faults (Fig. 11b). Finally,
most troughs have a major, slightly sinuous trace, which several
smaller adjacent troughs connect to. This suggests that the features
we imaged in the first 3 m of the ground are likely stream channels,

© 2012 The Authors, GJI, 189, 73-100
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‘isolated” or following the base of a terrace riser. These channels
have been abandoned, and then been buried under the layer 1 cover.
In addition, the majority of the buried channels seem offset by the
main fault trace. Together these show that the first few metres of the
ground contain a hidden record of the past fault slips, hence of the
past earthquakes on the fault.

We interpret the layer 2 top surface as being the surface of differ-
ent Mason fluvial terraces of various ages, more precisely the B, D,
E and H terraces (we give the terraces the names of their eastern ris-
ers; Figs 11b and S6). These terrace deposits are a few metres thick
(at least), consolidated and stratified, and hence are likely gravels
and sands. The buried terraces are incised by a dense network of
small stream channels. The terraces and their channels are blanketed
and filled respectively by the less consolidated material—layer 1,
whose thickness varies over the whole zone (Fig. 12). Layer 1 is
missing or sparse on the highest terraces (see b) and on their high-
est portions (see d and zones at the top of the fault scarps), while
it thickens along and within the buried channels. According to the
literature, that layer 1 cover material might be loess (Suggate 1990;
Bull 1991; Tonkin & Almond 1998; Eusden et al. 2000; Roering
etal. 2004). We will show later that it cannot be. Beneath the layer 2
alluvial deposits, the nature of layer 3 is unclear, and might be either
the downward continuation of layer 2 or greywacke substratum as
commonly found elsewhere in the Island (Rattenbury et al. 2006).

5 CORRELATION OF BURIED
MARKERS ACROSS THE FAULT
5.1 Correlations of the markers

To recover the hidden past earthquake record requires recognizing,
on either side of the fault, the pairs of channels or any other markers
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that formed or were active at the same time, and subsequently offset.
This approach has been extensively used at the ground surface along
many faults worldwide (e.g. Sieh & Jahns 1984; Gaudemer et al.
1995; Ritz et al. 1995, 2006; Benson et al. 2001; Philip et al.
2001; Tapponnier et al. 2001; Van der Woerd et al. 2002, 2006;
Klinger et al. 2011). Yet, in the absence of precise dating of the
offset markers, it remains partly speculative. This is even truer
when dealing with buried offset markers, whose ages are unknown.
Therefore, we are aware that the interpretation we provide below
is partly speculative and possibly not unique. However, it is a first
approach based on the most solid constraints that we can extract at
present from our entire data set (surface and GPR).

A first guide to identifying the paired channels is the relative
chronological information we may infer from the specific arrange-
ment of some of the channels. As an example, the relative arrange-
ment and decreasing elevation of the Mason alluvial terraces sug-
gest that these terraces and their risers become younger from west
to east. As another example, a channel incising a specific alluvial
terrace surface is necessarily younger than this surface and any
markers buried beneath it. Table 1 reports this information on rel-
ative chronology, for both surface and buried markers (columns 1
and 2).

Another guide we use to identify the paired channels on either
side of the fault strands is their morphology that is their overall
shape, width and incision depth (details on individual GPR profiles,
Fig. S5). We thus try to match channel sections on either side
of the fault that have a similar overall morphology. Note that the
differential vertical motion across the faults is small, therefore does
not significantly modify the morphology of the incisions across the
fault.

As the style of the southern fault strand is mainly dip-slip, it
has not laterally displaced the channel sections, making easier their
correlation across the fault. We thus start correlating the buried
markers across the southern fault strand. The zone that encompasses
the central and southern compartments shows a prominent buried
channel in its centre (d, in red in Fig. 11b), that strikes NW-SE
almost continuously across the zone, and that appears in most of
GPR profiles as a wide (40-70 m), 1.5-2 m deep, trough (Figs 9
and S5). This marker coincides with the terrace riser D observed at
surface, and extends at its base (Fig. S6). It currently channels water,
as attested by the S4 stream directly above. It is associated with
several smaller channels that look like tributaries. At the western
edge of the zone, another prominent, roughly continuous, NNW-
trending marker (b, in dark blue in Fig. 11b) coincides with the
downward extension of the surface terrace riser B. It actually divides
into two closely spaced, parallel traces, suggesting that the riser
structure may be more complex in the subsurface than it is at the
ground surface. Water is currently channelized along and near b,
as attested by stream S2 nearby and the possible high electrical
conductivity of the zone (Fig. 12). East of d, two other prominent
though narrower channels are visible, that can also be followed
roughly continuously across the entire zone (del and de2). None
of these two channels has a visible trace at the ground surface.
Between b and d, a number of NNW-trending narrow channels are
observed, the most prominent, named bd1 and bd2, can be followed
across the entire zone with no lateral deflection of their overall
trace. Stream S2 is also observed associated with high electrical
conductivity. A large number of buried channels are thus revealed
in the central and southern compartments of the fault, only two of
them (b, d) have a trace clearly visible at the ground surface. A few
of them almost reach the surface however. Though these markers
are interrupted by the southern fault strand, their trace is not, or very

little, laterally deflected, confirming the dominant dip-slip motion
of this secondary fault.

All the ‘southern’ channels described above appear to be trun-
cated across the northern main fault trace. This is especially clear
for channels d, bd2 and bd1 which terminate at the base of the scarp
while no aligned equivalent exists in the northern compartment.
This specific arrangement is in keeping with the dextral motion of
the fault. The most prominent marker observed in the northern com-
partment (d) coincides with the terrace riser D (Fig. S6). Its overall
morphology is strikingly similar to that of its southern counterpart
(30-60 m wide, 1.5 m deep, trough). This confirms that, in the
present setting (almost pure strike-slip), the specific morphology of
the buried channels is a key ‘parameter’ to identify them. Two other
prominent markers (b and e) are visible at the western and eastern
edges of the northern compartment, both coinciding with surface
terrace risers (B and E). In addition to these three prominent fea-
tures, a number of clear, closely spaced, roughly parallel channels
are observed (such as bdl, bd2, del, de2, de3, ehl). Between b
and bd1, a number of small shallow channels are observed to flow
along a NNW path, then to be channelized along the north-dipping,
ENE-trending scarplet dubbed scl in Fig. 4(b).

The NW-trending traces of channel d in the northern compart-
ment and of channel de2 in the central compartment are aligned,
while water seems to flow along the continuous path these traces
form, down to stream S4 further south. This may suggest that chan-
nel de2 in central compartment has been formed (or captured?)
to carry the southern flow of channel d (northern compartment)
some time after fault slip had moved the original southward flowing
channel d to the west. This in turn would suggest that the channels
that extend between d and de2 in the central compartment may be
younger than d, and likely formed at different slip times to carry
the southern flow of beheaded northern channel d. The prominent
signature, especially the deep incision of channel de2 in the cen-
tral compartment further suggests that de2 is a long-lived channel,
not a new flow, hence may have formed some time ago and been
captured more recently by northern channel d. In this hypothesis,
channels del or de2 in the northern compartment would be a likely
original counterpart of de2. Further west, bd1 in the northern com-
partment is also a pronounced hence long-lived channel that has for
some time likely received and channelled the water accumulating
at the base of the ENE, north-dipping scl scarplet. This water flow
has likely been recently running southward along the bd1 (northern
compartment)—d (central compartment) channel path (high conduc-
tivity path in Fig. 12). Yet, in the past, it may have been flowing
along the presently abandoned bd1 and bd2 channels within the cen-
tral compartment. To the east, many markers exist in the northern
compartment that cannot be correlated with markers on the other
side of the fault, as GPR data are missing. We note however that
the buried channel de3. coincides with the surface channel F. The
similarity in strike (=~ WNW) between the channel zones de2 in the
north and de3 in the south, suggests that these two zones may have
been counterparts.

5.2 Measurements of the subsurface offsets

Based on the geometric and morphological constraints described
earlier, we measured the lateral offsets of the buried channels as we
did for the surface markers (Table 2). The offsets are measured be-
tween the colour lines shown in Fig. 11(b), which coincide with the
channel axes. We measure the offsets by restoring, through an along-
fault back-slip process, the most likely original position and shape
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Table 2. Lateral offsets measured for the buried markers. Names as in Table 2. (Continued.)
Fig. 11(b). In bold, the offsets that we retain as they are compatible with -
the relative chronological constraints reported in Table 1 and discussed in Bu”?d marker name . Measured Iaterali
text. In regular text, the measurements that we do not retain as they are in northern _Burled marker name offset from backslip
not compatible with the chronological constraints. Offsets were measured compartment In centre compartment (m)
through back-slip reconstruction of the most likely original shape of the de3a de3c 60 £+ 2
paired channels. See examples given in Fig. 13 and discussion in text. de3a de3d 44 £2
Uncertainties on these offsets were estimated from the careful examination de3b de2c 100 +5
of the range of plausible correlations for each pair of channels. Note that de3b de3b 114 +£5
uncertainties on the not-retained measurements have been fixed to 5 m, for de3b de3c 84+3 9
simplicity as these measurements are not meaningful. de3b de3d 65+ 2 §
Buried marker name Measured lateral dec de2c 11945 §
in northern Buried marker name offset from backslip dec desb 1325 3
compartment in centre compartment (m) degc desc M +S g
de3c de3d 75+2 3
b bl 99 £2 de3d de2c 147 +5 =
b b2 61+1 de3d de3b 164 £5 S
b bdla 9+2 de3d de3c 123+5 §
bd1l bdla 108 +1 de3d de3d 111+5 I
bd1 bd1b 89+1 de3e de2c 157 +5 &
bd1 bdlc 85+ 2 de3e de3b 168 +£5 g
bd1l bd2a 67 +3 de3e de3c 133+5 o)
bd1 bd2b 6446 de3e de3d 122 +£5 S
bd1 bd2c 65+ 3 8
bd1 da’ 64 + 2 3
bd1 da 3846 of each offset channel. Fig. 13 shows a few examples of such re-
bd1 db 11+£5 constructions. Though this approach includes an interpretative part,
bd2 bdla 125 +£5 the well-defined linear shape of most channels allows their fair re-
bd2 bd1b 108 +3 construction. For most channels, the range of plausible correlations
bd2 bdlc 102 +3 reveals to be fairly limited, resulting in generally small uncertain- =
bd2 bd2a 90 +2 ties on the offset measurements (Table 2). It is important to keep in Q
ggg 23;2 Sg i i mind however that the_greate_st_, yet not m_easurable uncertainties_ are %8’?
bd2 da’ 7343 those related to a possible misinterpretation of the channel sections IS
bd2 da 54+ 4 pairs. Note that we eventually only retain the paired measurements g
bd2 db 3142 compatible with the relative chronological constraints reported in s
bd2 dc 14+3 Table 1. S
d da 106 £+ 7 We end up with 48 lateral offsets (in bold in Table 2), more 2
d db 85+38 than twice the number of offsets measured at the surface. These &
d dc 69 +7 subsurface lateral displacements vary between 6 and 108 m, which 5
d dd 44+8 is in the same range as the offsets of the surface markers (Table 1). S
d dela 74+1 s
d delb 56+ 1 Q
d delc 20t 4 Q.
d deld 642 6 INTERPRETATION AND DISCUSSION g
del db 139+£5 In this section, we discuss the entire set of offset values in terms o
del de 130 +5 of past fault slips and earthquake slip events. We assume that the g
del dd 116£5 offsets primarily result from repeated major coseismic fault slips, 3
321 ggiz 133 ig and therefore examine the broad range of offset values to recover 2
del delc 7543 the large coseismic slip increments that might have cumulated to ;
del deld 5943 build the various offsets. We analyse successively the surface mea- 3
del dele 4342 surements (19 data), the subsurface offsets (48 data), and eventually @
de1l de1f 34+ 4 the entire collection of surface and subsurface offset data (67 mea- 2
del de2a 6542 sures). In each case, we have three types of information: the offset o
del de2b 19+2 values considered as most likely (from back-slip reconstructions; -
de2 de2a 1385 Tables 1 and 2), the uncertainties estimated on the measurement of <
de2 de2b 93+3 these offset values, and the density and hence ‘complexity’ of the 5
de2 de2c 52+3 data collection (i.e. multiple data with various values and uncertain- N
de2 de3b 6845 ties). As shown by McGill & Sieh (1991) and discussed by Zechar R
de2 de3c 32+1 R . . g .
462 de3d 1342 & Frankel (2009), dealing with a dense and imperfect (i.e. with
de3a delf 12145 uncertainties) data collection, as is our case, requires a rigorous,
de3a de2b 12145 probabilistic approach for computing together the multiple fault
de3a de2c 7742 offset data and their corresponding uncertainties. The most com-
de3a de3b 9245 monly, recently adopted approach reports these quantities in terms

of probability distributions. We therefore adopt this approach (e.g.
McGill & Sieh 1991; original camelplot code in Lowell 1995), and
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Figure 13. Examples of a few back-slip reconstructions for buried markers (as defined in Fig. 11b), across the main northern fault strand. In all plots, back-slips
amounts indicated in the figure and reported in Table 2 fairly realign the channels indicated with thicker traces and whose names are given on the figure.

Though not highlighted, other paired channels appear fairly realigned in each plot.

present our offset data in the form of probability density functions
(PDF), assumed to be Gaussian for individual offsets (Figs 14-17).
The centre of any individual PDF is one measured offset value
whose standard deviation is the corresponding uncertainty reported
in Tables 1 or 2. The height over width ratio of an individual PDF
thus depends strongly on the uncertainty on the data; the larger
the uncertainty, the smaller the ratio and hence the less significant
the data within the entire collection. One major advantage of this
approach is that summing the individual PDFs highlights dominant
‘peaks’ which indicate the most common and/or the most precise
values within the entire data collection. Most represented and/or
best-constrained offset values can thus be clearly extracted. Yet nat-
ural data generally have large uncertainties (see published surface
offset data; e.g. Gaudemer et al. 1995; Van der Woerd et al. 2002).
A disadvantage of the PDF approach is that it may lead to smooth
out many of such natural data. Another critical issue is that the
approach may fail discriminating data that would have distinct, yet
close values. Finally, when the data collection is very dense, the
approach may lead to smooth out and hence to lose part of the
richness of the information contained in the actual data. Despite
these few problems, the PDF approach is certainly one of the most
appropriate to examine a dense data collection and extract its more
robust properties.

Later, we analyse the three data set using similar-type figures, a
first figure (a) showing together the individual (red) and the summed
(black) PDF, a second figure (b) showing together the summed PDF

and the histogram of offset values, and a third figure (c) showing
the histogram of the best-constrained slip increments.

Fig. 14 presents the offset values measured at surface (except the
largest A value; see Table 1). Most of the 18 values are distinct
from one another within uncertainties (Fig. 14a), suggesting that
they have recorded a variable number of past fault slip events,
while most of these slip events have affected a single new marker.
These offsets are distributed in five ‘groups’ (Fig. 14b and Table 1)
separated by zones with no record: group 1 is represented by a single
value around 200 m (not represented in Fig. 14); group 2 includes
two values between 108 and 111 m; group 3 includes a single value
at 80 m; group 4 includes a series of three values between 50 and 62
m and group 5 includes a ‘continuous’ series of 12 values between 0
and 36 m. The lower end of the entire range of surface offsets is 3 +
0.5 m, and probably represents a single-event displacement value,
likely to be the most recent event displacement. From the summed
PDF curve, we infer that the best-constrained surface offset values,
represented by the peaks of the curve (Fig. 14b), are 3, 4.5, 12,
15, 18.5, 25.5, 36, 57.5, 61 and 111 m (Table 3). The three values
measured at 23 4= 2, 26 + 2 and 29 &+ 2.5 m have thus been smoothed
out into a single ‘average’ value of 25.5 m, while the few offsets
with uncertainties larger than 6 m are considered insignificant by
the PDF calculation. The uncertainties on the peak-offset values are
difficult to estimate since the peaks in the summed PDF curve are
not a Gaussian or any specific mathematical function that would be
known. We are thus unable to precisely quantify the uncertainties
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Figure 14. Probability density analysis of surface offsets and slip increments. See text for discussion on PDFs calculation. (a) Individual (red) and summed
(black) PDFs of surface offset data, with two different scales. (b) Summed PDF curve compared with histogram of measured offset values. Best-constrained
offset values are highlighted with vertical black lines. Grey zones indicate principal offset ‘groups’. (c) Histogram of best-constrained slip increments. The two

dominant sets of values are highlighted in pink and green. See text for discussion.

on the best-constrained offset values, but we note that those are
at most of a few metres (Fig. 14b). The differences between the
successive best-constrained offset values might provide an estimate
of the successive major slip events. These differences are 3 (between
0 and smallest measured offset), 1.5, 7.5, 3, 3.5, 7, 10.5, 21.5, 3.5,
and 50 m (Table 3). Note that the largest of these values (in italic)
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coincide with gaps in the record as described earlier. For the reasons
explained earlier, we cannot precisely quantify the uncertainties on
the slip increments. We can just suggest that they are at most of ~
2m, as slip increments of 1.5-3 m are found to be meaningful in the
PDF calculation. The slip averaged from all values but the two slip
gaps (italic) is 4.9 £ 2.9 m (Table 3), with the uncertainty provided
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Figure 15. Probability density analysis of buried offsets and slip increments. See text for discussion on PDFs calculation. (a) Individual (red) and summed
(black) PDFs of buried offset data, with two different scales. (b) Summed PDF curve compared with histogram of measured offset values. Best-constrained
offset values are highlighted with vertical black lines. (c) Histogram of best-constrained slip increments. The three dominant sets of values are highlighted in
pink, green and blue. See text for discussion.

here being the simple standard deviation. The histogram of the slip
increments is dominated by two distinct sets of values however
(Fig. 14c), a first one around 3.3 m (in pink; column 4 in Table 3)
and a second one around 7.3 m (in green; column 5 in Table 3).
The largest of these two values is roughly twice the smallest one,
while that smallest value is similar to the slip attributed to the most

recent slip event. We interpret this smallest slip increment value
as the measure of the average (surface) coseismic slip of the large
earthquakes on the Hope fault at the Terako site. We note that two
out of the three isolated values shown in the histogram (in grey) are
also roughly multiple of the smallest 3.3 m value (10.5 and 21.5 m,
being roughly 3 and 7 times-multiple, respectively). The standard
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Figure 16. Comparison of surface and buried offsets. The figure shows the summed PDF curves for the surface (dotted line) and the buried (continuous line)

offset data, together with the histogram of the actual measured offsets.

deviation for each data subset (sigma in Table 3) captures the actual
variability of the data, and hence may be thought as a fair estimate
of the actual uncertainty on the slip increments. Yet, to keep on the
safe side, we consider this uncertainty to be on the order of 1 m.

Many of the 48 offset values measured in the subsurface overlap
with a few others within uncertainties (Fig. 15a). Yet the stacking
of individual PDF of the buried offsets reveals a number of clear,
distinct peaks. The buried markers have thus recorded distinct slip
events, and most of those events have affected different ‘newly
formed” markers, not a single one as was the case at the surface.
From Fig. 15(b) we infer that the best-constrained buried offset
values are 8, 13, 18.5, 32, 43.5, 52, 56, 61, 64.5, 74, 85.5, 89, 99.5
and 108 m (Table 3). Overall, though a few short gaps are observed,
the buried offset values cover the whole range from 108 m down to
zero. The lower end of the entire range is 6-8 m, about twice that
observed at the surface. Again, as the peaks in the PDF curve are
not any known mathematical function, we cannot precisely quantify
the uncertainties on the best-constrained offset values. Fig. 15(b)
suggests however that most are of a few metres at the greatest. The
differences between the successive best-constrained offset values
are8,5,5.5,135,115,85,4,5,35,9.5,11.5,3.5,10.5and 8.5 m
(Table 3), yielding an average difference of 7.7 & 3.3 m (Table 3;
sigma being the simple standard deviation). The histogram of the
subsurface slip increments shows three distinct subsets of values
however, a first one around 4.4 m (in pink, column 4 in Table 3), a
second one around 8.6 m (in green, column 5 in Table 3) and a third
one around 11.8 m (in blue, column 6 in Table 3). The two largest
values are roughly multiple of the smallest one (two and three times,
respectively), while that smallest value is on the same order than
the average coseismic slip found at surface, as than the slip value
attributed to the most recent earthquake slip event. Together these
suggest that the subsurface offset collection has well recorded the
successive coseismic slip increments, down to the two most recent
earthquake events (6—-8 m). Similar to the surface data, we believe
that the standard deviation for each slip increment subset (sigma in
Table 3) well samples the actual variability of the data (4-6 data
in each subset), and hence may be a fair estimate of the actual
uncertainty on the mean slips. To keep on the safe side, we attribute
an uncertainty of 1 m to the two smallest means (i.e. 4.4 + 1 m, and
8.6 = 1 m), and of 2 m to the largest mean (11.8 &+ 2 m).

Fig. 16 compares the summed PDF curves of the surface and
of the subsurface offsets, and also shows the 66 measurements
(that at 200 m is not shown). It clearly shows that the smallest and
hence youngest offsets are best recorded at the surface, whereas
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the subsurface holds additional information on largest and hence
oldest offsets. Taken together, the slip values cover almost evenly
the whole range between 0 and 120 m, attesting to the completeness
of the fault slip record.

Fig. 17 now shows all 66 offset measurements together, from
both surface and subsurface. The data define a summed PDF curve
showing 16 clear peaks at 3, 4.5, 12, 14.5, 18.5, 25.5, 32, 435,
56, 61, 64, 74, 85.5, 89, 99.5 and 108 m (Table 3). The differences
between the successive best-constrained offset values are 3, 1.5, 7.5,
25,4,7,6.5,115,125,5, 3,10, 11.5, 3.5, 10.5 and 8.5 m, yielding
an average difference of 6.8 &= 3.7 m (Table 3; the uncertainty is,
as before, the standard deviation). The slip increments thus span a
limited range of values, and these values are low, which supports
the idea that the measured offsets are the fairly continuous record of
repeated coseismic slips (one to few earthquakes). The histogram
of the slip increments shows three distinct subsets of values, a first
one around 3.2 m (in pink, column 4 in Table 3), a second one
around 6.9 m (in green, column 5 in Table 3) and a third one around
11.2 m (in blue, column 6 in Table 3). We consider the smallest
3.2 m value as representing a fair measure of the average (surface)
coseismic slip of the largest earthquakes on the Hope fault at the
Terako site. Though the actual uncertainty on this value cannot be
precisely determined, it is likely on the order of 1 m at most, as
suggested by the variability of the data (&= 0.6 m). The other two
values are roughly multiples of this average co-seismic slip (two and
three times, respectively), supporting the approximate similarity of
the largest coseismic slips and hence suggesting that these two
values are the records of two and three large earthquake events,
respectively. Fig. 17(b) shows indeed that additional slip values—
that were smoothed out in the PDF calculation, do exist within both
the ~7 and ~11 m slip ‘gaps’. As before, the uncertainties on these
two values are not precisely defined, yet likely are lower than 2 m,
as attested by the variability of the data (£ 1.3 m for subset 2; and &
1.0 m for subset 3).

We therefore conclude that our data record around 30 major
earthquakes on the analysed section of the Hope fault, and possibly
more (Table 3). Using our estimate of the average surface coseismic
slip (from entire data set: 3.2 & 1 m) and assuming that these
major earthquakes broke the entire length of the Eastern Hope fault
segment (100-150 km), we infer that the identified past earthquakes
likely had minimum magnitudes on the order of M, 7.0-7.4 (see
calculation in S7). This range of magnitude is in agreement with the
Wells & Coppersmith (1994) empirical functions relating rupture
length and maximum surface slip to moment magnitude.
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Figure 17. Probability density analysis of entire collection (surface and buried, 66 data) of offsets and slip increments. (a) Individual (red) and summed (black)
PDFs of entire offset data collection, with two different scales. (b) Summed PDF curve compared with histogram of measured offset values. Best-constrained
offset values are highlighted with vertical black lines. (c) Histogram of best-constrained slip increments for entire data collection. The three dominant sets of

values are highlighted in pink, green and blue. See text for discussion.

Because they can be directly observed while they clearly im-
print the ground surface, the surface morphological markers are
best defined and their lateral offsets best constrained. These
best-constrained surface values reveal an average slip per event
of 3.3 £ 1 m. This slip per event amplitude is fairly similar to that
independently deduced from the GPR data analysis (4.4 + 1 m).
On the other hand, taking the surface slip per event as character-
istic would suggest that the second largest lateral offset of 111 m
measured at the surface represents the cumulative offset of about

34 similar hence characteristic earthquakes. This surface-inferred
number is similar to the number of events (about 26, Table 3) inde-
pendently deduced from the GPR data (that accounts for a similar
lateral offset, ~ 108 m). Together these support the validity of the
subsurface GPR results.

The earthquakes identified from the entire data set produced lat-
eral slips of similar amplitude, on average 3.2 &= 1 m, yet variable
from one to the next (variation from 2.5 to 4.0 m, Table 3). The
most recent earthquake seems to have also produced about 3 m of
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Table 3. Best-constrained lateral offsets and slip increments for surface, sub-surface and entire data collection. Best-constrained offsets (column 2) coincide
with major peaks of summed PDF curves (Figs 14-17). Best-constrained slip increments (column 3) are the differences between offset n and offset n—1 in
column 2. Note that the two large values in italic are not included in the calculation of the mean (see text). First (column 4), second (column 5) and third
(column 6) dominant sets of slip increments refer to the sets of values highlighted in pink, green and blue, respectively, in the histograms of Figs 14, 15 and
17. Column 7 reports the approximate number of large earthquakes required to produce the measured slip increments, in the hypothesis of roughly similar
coseismic slips on the order of the average slip per event found in each data set. The mean value of the slip increments is provided at the bottom of columns 3
to 6, for each data set. The indicated sigmas only document the variability of the values considered in the mean calculation, not the actual uncertainties on the
mean slip increment as we ignore the uncertainties on the individual best-constrained offset and slip increment values. See discussion in text.

Best-constrained  First dominant set  Second dominant ~ Third dominant Approximate
Best-constrained slip incre ments  of slip increments set of slip set of slip number of similar
offsets (m) (m) (m) increments (m) increments (m) large earthquakes
Surface offsets 3 3 3 - - 1
4,5 15 - - - 1
12 7,5 - 75 - ~2
15 3 3 - - 1
18,5 3,5 3,5 - - 1
255 7 - 7 - ~2
36 10,5 - - - ~3
57,5 21,5 - - - ~7
61 3,5 3,5 - - 1
111 50 - - - ~15
Mean 4,9 33 73 - ~34
Sigma 2,9 0,3 0,4 -
Buried offsets 8 8 - 8 - ~2
13 5 5 - - 1
18,5 55 55 - - 1
32 13,5 - - 13,5 ~3
43,5 115 - - 11,5 ~3
52 8,5 - 8,5 - ~2
56 4 4 - - 1
61 5 5 - - 1
64,5 35 3,5 - - 1
74 9,5 - 9,5 - ~2
85,5 115 - - 11,5 ~3
89 3,5 3,5 - - 1
99,5 10,5 - - 10,5 ~3
108 8,5 - 8,5 - ~2
Mean 7,7 44 8,6 11,8 ~26
Sigma 3,3 0,9 0,6 1,3
Surface and buried offsets 3 3 3 - - 1
45 15 - - - 1
12 7,5 - 7,5 - ~2
14,5 2,5 2,5 - - 1
18,5 4 4 - - 1
255 7 - 7 - ~2
32 6,5 - 6,5 - ~2
43,5 115 - - 11,5 ~3
56 12,5 - - 12,5 ~3
61 5 - 5 - 1-2
64 3 3 - - 1
74 10 - - 10 ~3
85,5 11,5 - - 11,5 ~3
89 35 3,5 - - 1
99,5 10,5 - - 10,5 ~3
108 8,5 - 8,5 - ~2
Mean 6,8 3,2 6,9 11,2 ~30
Sigma 3,7 0,6 1,3 1,0
displacement. These findings are in agreement with the few previ- They also are in keeping with the updated earthquake slip-length
ous estimates of the earthquake slips on the Hope fault, reported scaling relations that integrate the maturity of the broken faults
as 2.1-4.9 m (last event on western Hope segment; Langridge & (Manighetti et al. 2007). According to the maturity criteria sug-
Berryman 2005; Langridge et al. 2003), 5-6 m (eastern Hope seg- gested by Manighetti et al. (2007), the Hope fault is a mature fault,
ment, Pope 1994), and 6 & 2 m (eastern Hope segment, Bull 1991). since it initiated a few millions of years ago and has a high slip
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rate (23 £ 4 mm yr~!; Van Dissen & Yeats 1991; Langridge et al.
2003). Such a mature fault is expected to produce earthquakes with
relatively low slip-to-length ratios, hence a relatively low apparent
stress drop (Manighetti et al. 2007). The largest earthquakes on the
fault, that might break its entire length (= 230 km) or one of its
two longest segments (100-150 km for the eastern segment where
Terako site is), are thus expected to produce surface slips of at most
3-5 m (see fig. 5a in Manighetti et al. 2007). These slip amplitudes
are similar to those we observe, which supports the robustness of
our results.

Though we know well that the long-term slip rate of a fault does
not capture the actual variability in earthquake strain accumulation
and relief (e.g. Weldon et al. 2004; Schlagenhauf et al. 2011), we
may use the ‘constant loading framework’ (e.g. Savage 1983) to
infer a rough estimate of the average recurrence time needed to
produce a mean slip per event of 3.2 & 1 m. This average time
would be on the order of 150 + 50 yr in agreement with previous
findings based on palaeoseismicity from trenches (81-310 yr, see
Section 2), and possibly greater than 200 yr as the fault slip rate
at the Terako site might be much lower than the maximum bound
estimated on the entire fault (23 £ 4 mm yr—!; Langridge et al.
2003). No large historical earthquake is known on the Eastern Hope
fault since about 1840 AD. This further suggests that the slip rate
of the Hope fault at the Terako site might indeed be lower than
19 mm yr~! (lower bound of 23 + 4 mm yr~?), and the average
recurrence time of large earthquakes greater than 200 yr.

The surface terrace risers A, B, D, E and I-J-N etc. (eastern set)
are the most pronounced morphological features of the Terako site.
Hence they likely formed at specific times, in specific conditions
of sedimentation/erosion recorded by the deposits of the Mason
River. Based on the mid-to-long term slip rate of the Hope fault
(19 mm yr~! at the very most, described earlier), the A, B & D, E
and J risers are estimated to have formed at the latest, and probably a
bit earlier, atabout 11, 6, 4.5 and 2 kyr, respectively (Table 1). While
the slightly underestimated age of 11 kyr for the oldest aggradation
A surface is in fair agreement with the 14 kyr age suggested in the
literature, the ages of all other Terako surfaces are much younger
than has been supposed so far (Eusden et al. 2000).

The offset distribution of the buried markers highlights distinct
sets of markers that actually formed right after one or other of the
terrace formations (Table 1). Only one set of buried markers seems
to have formed independently of any terrace formation, at about
3.2 kyr (and likely a bit earlier) when the S2 and C streams were
forming and the G landslide was developing (Table 1). These re-
sults suggest that the majority of the buried channels within each
terrace formed almost simultaneously, actually right after, with
that terrace, which they incised, likely in response to the cli-
matic/sedimentation/erosion conditions that were then prevailing.
This concurrency of terrace formation and channel incision further
confirms that the Terako surfaces are degradation terraces of the
Mason River.

Though very close to the ground surface, the buried channels are
not visible at that surface for they are filled and blanketed with the
GPR layer 1. Though it had not been observed at the Terako site
before our work, this layer is described in the literature as loess
that would have deposited during the last glacial time, hence around
14-26 kyr (Hughes et al. 2010). Our results show that, though such
a loess cover is possible on the oldest terrace A, it cannot be on
the youngest surfaces as the layer 1 deposits are all younger than
6-7 kyr. Besides, the layer 1 deposits are not evenly distributed on
the terraces, missing on their highest parts and clearly accumulating
in their lowest troughs (Fig. 12). Together these suggest that the layer

1 cover on the youngest terraces (B and younger) is rather made of
silty overbank deposits from Mason River floods that might have
episodically occurred over the last 6-7 kyr and filled, from east
to west (see Fig. 12) any low topographic zones. Some of these
floods must have occurred recently, likely in the last few hundreds
years, since all ‘GPR offsets’, including the smallest ones, are now
blanketed.

7 CONCLUSIONS

Where alluvial sedimentation is significant, the surface effects of
an earthquake—especially its offsets across morphological markers,
may be rapidly buried under fresh sediments so that, when a next
event occurs (if not too close in time from the previous one), it offsets
and deforms a younger sediment layer holding new markers such as
newly formed drainage channels. Hence as earthquakes repeat un-
der ongoing sedimentation, the subsurface becomes the ‘container’
of a series of buried morphological markers, mainly abandoned
stream channels in case of strike-slip faults, that have been later-
ally displaced by various amounts in proportion with the number
of earthquakes to have occurred after their formation/deposition.
The depth of burial depends only on the sedimentation rate, and
is independent of the fault slip rate. The recognition of the buried
offset markers might thus help identifying and discriminating the
successive past large earthquakes on a fault, while also providing
their individual displacements.

Though this conceptual vision of the links between the repetition
of large earthquakes and the evolution of the subsurface morphol-
ogy and architecture (progressive burial of the rupture markers) is
not original (e.g. McCalpin 2009), it has not been applied so far
on a scale larger than palaeoseismological trenches. Here, we have
developed a novel form of palaeoseismology, of geophysical type,
based on the use of dense, pseudo-3-D GPR survey, which allows
the non-destructive investigation of a fault zone and the search for
possibly buried offset markers. As shown in the few existing studies
(e.g. Gross et al. 2000, 2002, 2003, 2004; Tronicke et al. 2004;
McClymont et al. 2008a, b, 2010), pseudo-3-D GPR (combined
with a few CMP acquisitions) is an appropriate tool to investigate
the subsurface and discriminate the various sedimentary and defor-
mation features that it contains, down to a resolution of a few tens of
centimetres. So far, this geophysical tool has been used to investigate
the location and geometry of some active fault traces in the shal-
low subsurface (Yetton & Nobes 1998; Audru et al. 2001; Demanet
et al. 2001; Anderson et al. 2003; Gross et al. 2004; McClymont
2008a, b, 2009, 2010). Here, we have used it in a different way,
seeking to image the buried, offset, morphological markers which
are expected across the strike-slip Hope fault (at one site along its
length, Terako). To validate this GPR-based palaeoseismology, we
have simultaneously conducted a “classical’ careful morphotectonic
analysis of the ground surface, mainly based on the observation of
high-resolution LiDAR data.

The results are positive and can be summarized as follows

(1) The “classical’ surface analysis reveals about 19 clear, dis-
tinct morphological markers, mainly alluvial terrace risers and small
streams channels, right laterally offset by the fault. The measured
cumulative offsets range between ~3 and 200 m, however with
some slip gaps in the measurements. The smallest offset, 3 +
0.5 m, was likely produced by the most recent major earthquake
on the fault. The similarity of the successive slip increments sug-
gests that they capture the successive large coseismic slips that
average 3.3 = 1 m. About 30 earthquakes with such a lateral slip
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are required to produce the second largest cumulative offset (111 m)
measured at the ground surface.

(2) The GPR data penetrates down to about 5 m below the ground
surface, and reveals the existence of several tens of morphological
markers, likely stream channels, buried within these first 5 m of
the ground, most have no expression at the surface. These buried
channels are offset by the fault.

(3) The buried markers can be correlated and hence their lateral
offsets measured, based on three elements: their possible coinci-
dence with surface features; the relative chronological constraints
imposed by the general arrangement of the markers; their morpho-
logical similarities. It is important to keep in mind, however, that
in the absence of precise dating of the buried markers, some of the
correlations may be uncertain.

(4) Forty-eight lateral offsets can be measured from the buried
markers, more than twice than at the ground surface. They range
between 6 and 108 m, as observed at the surface, but provide a
more continuous record of the fault slip history. The similarity of
the successive slip increments suggests that they capture the suc-
cessive large coseismic slips that average 4.4 &+ 1 m, fairly similar
to that estimated from surface observations.

(5) The similarity of the surface and subsurface results validates
the approach. While the ‘GPR offsets’ are less well constrained
than the surface offsets, especially when they are small, they are
much more numerous than the surface data, so that they yield, when
taken together and with the surface data, to solid measurements.
From the total offset collection we infer that a minimum of 30 large
earthquakes have broken the Hope fault at the Terako site in the last
about 6-7 kyr, with an average surface lateral slip per event of about
3.2 £ 1 m, a minimum average recurrence time of about 200 yr,
and a likely minimum magnitude of M, 7.0-7.4. Though we ignore
the age of the most recent major earthquake, it occurred obviously
prior to ~1840 AD (Langridge et al. 2003). Seismic hazard is thus
elevated in the Hope fault region.

The inferred most recent earthquake slip, average slip per event,
and average recurrence time of the largest earthquakes on the Hope
fault, are all in fair agreement with previous findings (e.g. Langridge
et al. 2003). Yet they are based on a much denser data set, including
ten times more earthquake records than previously reached with
the classical palaeoseismological methods. Compared with these
classical approaches, especially trenching, the GPR-based palaeo-
seismology allows investigating larger areas in a relatively fast and
cost-effective way, it potentially yields a larger amount of offset
data, and it is non-invasive. It thus has a great potential. On the
other hand, a major advantage of 3-D palaeoseismic trenching com-
pared to the GPR approach is that offset markers can be dated
directly. Both approaches are thus complementary and should be
conducted together where appropriate conditions are met.

We believe that such appropriate conditions for the use of the
GPR-based palaeoseismology are

(1) the investigated medium is not too electrically conductive, so
that GPR can be used;

(2) the fault under concern is preferably strike-slip as lateral
motions best separate the offset markers;

(3) the fault produces earthquakes large enough to break the
ground surface (M > 6-7);

(4) these earthquakes produce surface offsets large enough (sev-
eral meters) to clearly disrupt and separate the surface morphology
and drainage network;

(5) the fault is in a region subject to significant (yet not too
high) sedimentation, so that the surface imprints of a given earth-
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quake are rapidly buried, hence preserved, below a younger sediment
cover;

(6) the time intervals between successive large earthquakes is
long enough (a few hundreds of years) for new morphological fea-
tures to develop and imprint the sediment cover that blankets the
previous earthquake traces;

(7) the time intervals between successive large earthquakes is
short enough (less than a few hundreds of years) for the earthquake
traces not to be buried too deeply under accumulating sediments, or
destroyed by erosion.

Many large continental faults fulfil these conditions, at least
locally, hence could be studied with the GPR-based geophysical
palaeoseismology that we propose, in complement to surface ap-
proaches. As said before, GPR palaeoseismology is complementary
to surface palaeoseismology, especially trenching, but in return, tar-
geted trenching or coring on well identified buried markers will
certainly be a powerful approach.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure S1. Topographic profiles extracted from the LiDAR data,
showing the faults and major surface morphological markers.
Figure S2. Close-up views of Terako surface.

Figure S3. Close-up views of easternmost terrace risers and other
markers.

Figure S4. CMP data acquisitions.

Figure S5. The 56 processed GPR profiles recorded parallel to the
fault using 250 MHz antennas.

Figure S6. Superimposition of identified surface and buried mark-
ers, showing the coincidence of some of them.

Figure S7. Calculation of the expected magnitudes of the largest
earthquakes on the Hope fault, especially on its eastern major seg-
ment.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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