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ABSTRACT

A sedimentary sequence that was highly
sensitive to fault rupture-driven changes
in water level and sediment supply has
been used to extract a continuous record
of 22 large earthquakes on the Alpine fault,
the fastest-slipping fault in New Zealand.
At Hokuri Creek, in South Westland, an
18 m thickness of Holocene sediments ac-
cumulated against the Alpine fault scarp
from ca. A.D. 800 to 6000 B.C. We used
geomorphological mapping, sedimentol-
ogy, and paleoenvironmental reconstruc-
tion to investigate the relationship between
these sediments and Alpine fault rupture.
We found that repeated fault rupture is the
most convincing mechanism for explain-
ing all the features of the alternating peat
and silt sedimentary sequence. Climate has
contributed to sedimentation but is unlikely
to be the driver of these cyclical changes in
sediment type and paleoenvironment. Other
nontectonic causes for the sedimentary al-
ternations do not produce the incremental
increase in basin accommodation space
necessary to maintain the shallow-water en-
vironment for 6800 yr. Our detailed docu-
mentation of this near-fault sedimentary
basin sequence highlights the advantages
of extracting paleoearthquake records from
such sites—the continuity of sedimentation,
abundance of dateable material, and pris-
tine preservation of older events.

"E-mail: k.clark@gns.cri.nz
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INTRODUCTION

Records of large earthquakes spanning
thousands of years are vital for quantify-
ing seismic hazard because instrumental and
historical records are rarely long enough to
capture the natural variability in earthquake
timing. Knowledge of the variability of earth-
quake recurrence on individual faults improves
understanding of factors controlling or affect-
ing the timing of earthquakes, such as strain
accumulation, stress transfer, and interactions
with other faults. Determining fault behavior
over many seismic cycles enables selection of
more appropriate seismic hazard models for
quantification of earthquake hazard (e.g., Chui,
2009; Parsons, 2008).

Long on-fault (adjacent to surface faults) pa-
leoseismic records are rare because the preserva-
tion of evidence for fault rupture requires a fine
balance between sedimentation and fault slip.
Ideally, sedimentation needs to be continuous
but not at such a high rate that older sequences
are buried at a depth out of reach by trenching or
coring. Long on-fault paleoseismic records have
been derived from extensive trenching (e.g.,
San Andreas fault—Scharer et al., 2010; Wel-
don et al., 2004; Hayward fault—Lienkaemper
and Williams, 2007; Dead Sea fault—Ferry et
al., 2011). These records make important con-
tributions to understanding fault behavior but
are hampered by breaks in the record (Scharer
et al., 2010) or only capture 11-12 earthquakes
(Ferry et al., 2011; Lienkaemper and Williams,

2007), when a greater number of earthquakes is
preferred to test various fault behavior models.

Oft-fault paleoseismic records can have the
advantage of greater temporal continuity and
can extend further back in time. For example,
the seismite record within naturally exposed
lake sediments along the Dead Sea Transform
extends back 50,000 yr (Marco et al., 1996), and
deep-sea turbidites represent 18 earthquakes at
the Cascadia subduction zone (Goldfinger et
al., 2003). However, off-fault paleoseismic evi-
dence typically records large earthquakes in a
given region and can rarely be unequivocally
related to a single fault source. Thus, one cannot
be certain if the numbers of earthquakes for a
given fault are under- or overestimated.

A long paleoearthquake record for the Alpine
fault in New Zealand has been obtained from an
unusual sedimentary record (Berryman et al.,
2012b). The record relies on natural exposures
of a sequence of Holocene sediments on the
downthrown side of the Alpine fault at Hokuri
Creek. Sedimentation is recorded on only one
side of the fault, so we refer to the Hokuri record
as a “near-fault” record.

In this study, we present the lithofacies of
the Hokuri sequence and use paleoenviron-
mental information to develop a depositional
model dominated by cyclical hydrological and
sedimentary changes. By integrating recent
tectonic geomorphology and radiocarbon age
data with the depositional model, we conclude
that the most likely process driving the repeated
sedimentary and hydrologic changes is surface

doi: 10.1130/B30693.1; 15 figures; 2 tables; Data Repository item 2013133.
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rupture of the Alpine fault. Processes other than
earthquakes that could have caused the observed
stratigraphic changes are considered, as is the
potential for under- or overrepresentation of pa-
leoearthquakes. This inquisition is essential for
ensuring the reliability of the Hokuri paleoearth-
quake record, one of the longest continuous
large earthquake records globally.

Clark et al.

SETTING OF THE ALPINE FAULT AND
HOKURI CREEK SITE

New Zealand’s Alpine fault is a major plate-
boundary fault accommodating two thirds to
three quarters of the motion between the Aus-
tralian and Pacific plates (Fig. 1A; Norris and
Cooper, 2001; Sutherland et al., 2006). With a

strike-slip rate of 23-31 mm/yr (Barnes, 2009;
Norris and Cooper, 2007; Sutherland et al.,
2006), it is one of the fastest-slipping faults in
the world and is considered to rupture in large to
great earthquakes (Sutherland et al., 2007). The
Alpine fault has a remarkably straight 400 km
onshore trace at the western edge of the South-
ern Alps (Fig. 1A; Berryman et al., 1992; Norris
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Figure 1. (A) Active faults of the South Island, New Zealand. Data sources: New Zealand Active Faults Database (http://data
.gns.cri.nz/af/), Barnes (2009) and Sutherland et al. (2006). (B) Shaded digital elevation model of the southern onshore section
of the Alpine fault showing location of the Hokuri Creek study area and John O’Groats swamp. (C) Oblique aerial photo-
graph of the Hokuri area, photo looking to the northeast along the Alpine fault (photo by Lloyd Homer). (D) Vertical aerial
photograph of the Hokuri study region showing the major geomorphic features and the studied outcrop locations.
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and Cooper, 2001, 2007). At 44.53°S (at Milford
Sound), the Alpine fault crosses the shore and
continues for a further 230 km until terminat-
ing at the Puysegur Trench (Barnes et al., 2005).
At the surface, the fault is generally manifest as
a single trace with few large (>3 km) stepovers
or areas of distributed deformation. At a local
scale (<~3 km), there are structural complexi-
ties along the Alpine fault with varying amounts
of reverse and strike-slip motion depending
on fault orientation (Norris and Cooper, 1995,
1997). Due to the absence of large stepovers,
there are no well-defined structural fault seg-
ments, but informally the fault trace from Haast
to Milford Sound (including Hokuri) is known
as the southern section of the Alpine fault. This
section has a slip rate of 23 + 2 mm/yr and has
an almost pure dextral sense of movement on
a near-vertical fault plane (Berryman et al.,
1992; Norris and Cooper, 2001; Sutherland et
al., 2006; Sutherland and Norris, 1995). North
of Haast, the slip rate is slightly higher (27 +
5 mm/yr), there is a minor dip-slip component,
and the fault dips to the southeast (Norris and
Cooper, 2001, 2007). The oftshore fault section,
south of Milford Sound, also has a higher slip
rate at 27-31 mm/yr (Barnes, 2009).

Trench exposures along the Alpine fault have
been used to obtain a record of three surface-
rupturing earthquakes since A.D. 750 + 50 (Ber-
ryman et al., 2012a; Yetton and Wells, 2010).
Records of off-fault evidence of geomorphic
responses to earthquakes such as tree-ring dat-
ing of landslide scars, episodic progradation of
coastal dune ridges, and fluvial terrace forma-
tion suggest five earthquakes since A.D. 1230
(Wells and Goft, 2007). It is uncertain whether
all these earthquakes were on the Alpine fault,
and if they were, the extent of surface rupture
associated with each event is also uncertain. The
last earthquake thought to have ruptured much
of the onshore Alpine fault occurred in A.D.
1717 £ 5 with the penultimate earthquake at ap-
proximately A.D. 1230 (Berryman et al., 2012a;
Wells and Goff, 2007; Yetton and Wells, 2010).

The Hokuri Creek site (henceforth called
Hokuri) is located on the southern part of the on-
shore Alpine fault (Fig. 1). Hokuri Creek drains
the western side of the Skippers Range and flows
into Lake McKerrow, a drowned U-shaped gla-
cial valley that is dextrally offset 400 + 100 m by
the Alpine fault (Fig. 1B). The catchment area
of Hokuri Creek is 42 km? most of the catch-
ment is steep and forested up to elevations of
1100 m, and the highest point in the catchment
is 1507 m (Fig. 1C). The area receives 67 m
of rainfall per year, and the stream flows year-

round. Just to the northwest of the confluence of
the north and south branches of Hokuri Creek,
there is a relict gorge (Fig. 1D). The relict gorge
marks the former path of Hokuri Creek when
it flowed across the Alpine fault scarp (Suther-
land and Norris, 1995). The fault scarp across
the floor of the relict gorge is ~1 m high up to
the northwest, and Sutherland and Norris (1995)
suggested there was an ~8 m and an ~9 m lateral
offset on stream channels across the scarp (a cu-
mulative displacement of ~17 m).

In the vicinity of the junction of the north
and south branches of Hokuri Creek, and for
~400 m downstream, there are terraces up to
16 m in height above river level. The terraces
are underlain by Holocene sedimentary beds of
peat and silt (Figs. 2A-2E). Hull and Berry-
man (1986) and Sutherland and Norris (1995)
described the sediments as lake to lake-edge
sediments. Radiocarbon ages indicated the se-
quence ranged from >5000 to <1000 yr B.P.,
and Sutherland and Norris (1995) inferred that
cessation of the silt and peat deposition must
have coincided with the abandonment of the
former Hokuri Creek gorge. Following aban-
donment of the gorge, Hokuri Creek incised
through the peat and silt sequence; in the past
few decades, the sequence has become increas-
ingly better exposed.

RESULTS

Lithofacies of the Hokuri
Sediment Sequence

Distinctive cyclic stratigraphy characterizes
most outcrops at Hokuri, which, at a broad scale,
appear to be couplets of silt and peat. In detail,
this cyclic stratigraphy consists of alternating
0.3-1-m-thick beds of dark-brown to brown-
gray, organic-enriched silt and peat, and pale-
gray to gray-brown silt (Figs. 2 and 3). Within
each decimeter-scale bed type, there are com-
monly millimeter-scale organic or nonorganic
laminae. In this section, we outline the sedimen-
tary properties used to define the lithofacies, and
then describe the lithofacies (and sublithofacies)
present in the Hokuri sequence.

Defining the Lithofacies

Ten riverbank outcrops of the Hokuri sedi-
mentary sequence were described, measured,
and sampled (see Data Repository item 1 for
methods!). No single outcrop exposed the com-
plete sequence. The longest continuous outcrop
is E,, which is 13 m in height. In addition, we
obtained sediment from two auger holes that

penetrated to 5 m below the river level, totaling
a composite stratigraphic sequence of 18 m.

The Hokuri sedimentary sequence was di-
vided into decimeter-scale beds in the field,
and each bed was visually described follow-
ing a modified Troels-Smith classification sys-
tem (Aaby and Berglund, 1986; Troels-Smith,
1955). Visual, qualitative field descriptions of
the color, darkness, stratification, humification,
and dominant and subordinate sediment types of
all beds were obtained. The visual descriptions
were complemented with quantitative labora-
tory-based measurements of sediment prop-
erties using X-ray scanning, high-resolution
photography (to obtain grayscale values) and
magnetic susceptibility on cores of selected out-
crops (Fig. 4).

X-ray, grayscale, and magnetic suscepti-
bility measurements were used as proxies for
the amount of organic matter in the sediments
(see Data Repository item 1 for methods [see
footnote 1]). X-ray attenuation is a proxy for
sediment density; in higher-density sediment,
the low-energy X-rays are highly attenuated
and vice versa. Density variations of the Hokuri
sediments are probably due to changes in or-
ganic sediment content. A higher proportion
of plant material lowers the sediment density;
conversely, more clastic sediment and less or-
ganic material increase the density. Grayscale
measures the darkness of the sediment; organic
sediment content is the most likely cause of
darkness changes. Magnetic susceptibility
(measured in K units) varies in relation to the
concentration and composition of the magnetic
(commonly iron-bearing) minerals. In situa-
tions where the mineralogy is uniform, K is a
proxy for concentration of magnetic minerals.
Magnetic grains extracted and examined by
electron microprobe analysis returned bulk
compositions very close to ilmenite. The uni-
formity in magnetic composition between the
different lithofacies of the Hokuri sequence
supports a common source of magnetic mineral
(ilmenite). The variations in magnetic suscep-
tibility correlate strongly with those in X-ray
attenuation and reflect variations in the relative
proportions of clastic and organic sediment.

Twenty-one samples analyzed for total car-
bon content confirm a relationship between the
three proxy measurements described here and
the organic material content of the sediment.
The samples, from across the range of lithofa-
cies (except gravel samples), showed that high
% total carbon correlated to high grayscale
(increased darkness), and low X-ray attenua-
tion and magnetic susceptibility (Fig. 5). This

'GSA Data Repository item 2013133, summary of methods, cluster analysis tree, diatom species list with habitat and moisture preferences, and full details of ra-
diocarbon ages, is available at http://www.geosociety.org/pubs/ft2013.htm or by request to editing@geosociety.org.
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Figure 2. Examples of outcrops of the Hokuri sedimentary
sequence. Photos A—C show examples of silt-peat couplets.
Photos D and E show the outcrops of gravel. (A) Section H,.
An example of very distinct to distinct alternating silt and
peat beds. (B) Section B (lower half). An example of moder-
ately distinct alternating beds. (C) Section E, (from 5 m to
7.5 m in height): An example of poorly defined bed alterna-
tions. Red arrows mark the bed boundaries. (D) Section E ,
2.5-3 m thickness of subrounded cobble gravel. Note the un-
conformity at base of outcrop. (E) Section A, 2.5 m thickness
of silts (displaying the typical dark-pale alternations) over-
lain and underlain by a subrounded cobble gravel. The red
dashed line outlines a tree in growth position.

Figure 3. Summary of the stratigraphy of the Hokuri Creek outcrops. The dominant sediment composition of each bed is denoted by letters

and numbers next to the bed using, e.g., Ag3Dgl: 75% silt, 25% wood and plate detritus. Bed correlations that were followed continuously
between outcrops are shown by black dashed lines. Note vertical scale is accurate, but horizontal distances between outcrops are not to scale.
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Figure 4. Measurements of magnetic susceptibility, grayscale and X-ray log attenuation from sections E , E,, and E,. The outcrops have
been spliced together using correlations of prominent and continuous sediment beds and laminae to form a composite section. The vari-
ability measured at high-resolution by the grayscale photography and X-ray scanning shows the different scales at which one can examine
the Hokuri stratigraphy: There are ubiquitous millimeter- to centimeter-scale layers in the sediment, but this study focuses on the larger
scale, decimeter- to meter-scale changes. The solid black line represents the average value for each bed (bed contacts defined in the field).
The elevations of the bed contacts vary slightly from that shown in Figures 3 and 8 because the cores were not taken at exactly the same
location as initial sequence descriptions and sampling. For comparison, a core photo, the X-ray image, and the sampled outcrop are shown
at right. The key to stratigraphy is shown in Figure 8.
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Figure 5. Relationships between the physical properties of the sediment and the measured amount of total carbon (% total
C). Grayscale correlates positively with % total C, and X-ray log attenuation and magnetic susceptibility have a negative
relationship to % total C. Sample locations are shown on Figure 3.

confirms our correlations between the physi-
cal properties of the sediment and the varying
proportions of organic matter. Total carbon is
composed of inorganic and organic carbon.
Inorganic carbon in sediment could be derived
from weathering of carbonate rocks; however,
because there are no carbonate rocks within the
catchment, rock-derived carbon probably con-
tributes only a minor amount of the total carbon.
The dominant contribution to total carbon is or-
ganic carbon derived from plant remains.

Lithofacies Descriptions

At the highest order, there are three ma-
jor lithofacies in the Hokuri sequence: silt-
dominated beds (S), peat-dominated beds (P),
and gravel beds (G). Cluster analysis shows
the high-order division of lithofacies, and at a
lower order, six sublithofacies are readily appar-
ent (Data Repository item 2 [see footnote 1]).
The typical properties of each lithofacies and
sublithofacies are described next and shown in
Figure 3.

Lithofacies S. Silt-dominated beds can be
divided into silt (S1) and organic silt (S2). Silt-
dominated lithofacies have comparatively low
grayscale and high X-ray log attenuation and
magnetic susceptibility values compared to the
peat-dominated lithofacies.

Sublithofacies S1 (silt, n = 49). The silt beds
are dominantly gray (subordinate color is gray-
brown) and pale. The dominant sediment size is
silt, but there are some fine and coarse sands.
Only rarely is organic detritus a significant
component of the sediment, and it is typically
slightly decayed. This category contains varying
degrees of stratification, with most beds being
partially/indistinctly laminated, although there
are several beds that are homogeneous.

Sublithofacies S2 (organic silt, n = 35).
Organic silt beds are typically pale-gray-
brown or gray. They are dominated by silt,
but most have a small proportion of organic
detrital material that is slightly decayed
(wood and plant fragments <2 mm). Most
beds are laminated.

Lithofacies P. Peat-dominated beds can
be divided into peat (P1), silty peat (P2),
and rich peat (P3). Peat-dominated beds
have comparatively high grayscale and low
X-ray log attenuation and magnetic suscep-
tibility values.

Sublithofacies P1 (peat, n = 14). The peat
beds are all dark to very dark brown. The
dominant sediment component is decayed
organic detrital material, with subordinate
components of silt. The peat beds display
varying degrees of stratification, from homo-
geneous to distinct laminations.

Sublithofacies P2 (silty peat, n = 39). The
silty peat beds are quite similar to the organic
silt beds, but the main difference is the color
and darkness (nigror). Silty peats are typically
medium to dark brown, or gray-brown. The
dominant component is silt, with subordinate
fractions of slightly decayed organic detrital
material. Most beds are laminated.

Sublithofacies P3 (rich peat, n = 2). The rich
peat beds are very dark brown to black. They are
entirely composed of decayed organic material,
mostly plant detritus such as stems, reeds, and
leaves. These beds are homogeneous to indis-
tinctly laminated.

Lithofacies G (gravel, n = 4). The gravel
beds are medium-gray, clast-supported, sub-
rounded to subangular pebble to cobble gravel.
The matrix is typically coarse sand. There is
some crude bedding.

Geological Society of America Bulletin,

Paleoenvironment Based on
Diatom Assemblages

Samples for diatom analysis were selected
from a variety of sublithofacies to maximize un-
derstanding of the range of paleoenvironments
represented in the sedimentary sequence. We
used habitat types and moisture preferences of
diatom species to reconstruct the past environ-
ment of each sediment sample (Table 1; Data
Repository item 3 [see footnote 1]).

Species assemblages of diatoms indicate that
the depositional environment of the Hokuri sed-
imentary sequence was a very shallow, predom-
inantly low-energy, aquatic system throughout
its history. We infer that the ~20 ha study site
was isolated from the main floodplain of Hokuri
Creek and consisted of a series of ponds, pond
margins, wetlands, and moist meadows. The
evidence for this interpretation comes from two
main sources. The first is that diatoms are abun-
dant and well preserved in most of the samples
investigated. These generally high diatom con-
centrations indicate that the Hokuri Creek sedi-
ments represent a paleoenvironment favorable
to diatom habitation, i.e., a low-energy aquatic
system of some sort. The second is that over
120 species were identified from these samples
(Data Repository item 3 [see footnote 1]), and
most are from benthic or tychoplanktic habitats
(Fig. 6; Table 1 for definition of habitat terms),
indicating that the past environment must have
been shallow most of the time because these
diatoms require light penetration to the floor of
the water body.

The dominance of tychoplankton and benthos
throughout the sequence is a notable feature of
the Hokuri Creek sediments (Fig. 6). There is
no shallowing-upward sequence (e.g., with
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TABLE 1. DIATOM-INFERRED WATER-BODY TYPES PRESENT IN THE HOKURI CREEK STRATIGRAPHIC SEQUENCE (FAR-RIGHT COLUMN)
INFERRED FROM THE COMBINED HABITAT AND MOISTURE PREFERENCES OF DIATOM SPECIES (MID-RIGHT COLUMN)

Habitat type Moisture preference Combined habitat-moisture categories Inferred water-body type
(Van Dam et al., 1994) used in this study (arranged in order of

decreasing water depth)

Plankton Never outside water bodies Plankton never outside water bodies Lake

(live in water column)

Meroplankton Mainly in water bodies Meroplankton mainly in water bodies Pond

(part of life cycle in water column)

Benthos Mainly on wet and moist places Benthos in water bodies Shallow pond

(live on floor of water body)

Tychoplankton In water bodies and wet places Tychoplankton Pond margin

(thrive in shallow and/or turbulent habitats)

Benthos Always outside water bodies Benthos in wet and dry places Swamp/soil

Unknown Unknown Unknown Unknown

Note: Our combined categories were derived from known habitats (far-left column) and the moisture preference scale (mid-left column). Full listing of species’
preferences is presented in Data Repository item 3 (see text footnote 1).

transitions from lake to pond to wetland to
soil environments), as might be expected in an
infilling water body that results in a sedimen-
tary thickness of ~18 m. Instead, it seems that
relatively continuous accretion occurred in very
shallow water throughout the period of sediment

Habitat-Moisture categories

<)
09\")(\\6
<
e

<)
8
QW

deposition. Isolated occurrences of plankton
could imply that deeper ponded water existed
for short periods (Fig. 6). However, the main
planktonic species, Discostella stelligera, can
also live in streams and so may have been trans-
ported to the site (Sonneman et al., 2000). There

are also a few samples dominated by mero-
plankton (Fig. 6), which could be considered to
represent deeper water. However, several of the
species in this category (e.g., Aulacoseira alpi-
gena and Aulacoseira distans) appear to prefer
shallow-water environments, with occurrences

Samples

— J4/a

J4/b

J4/c

Ja/d

Jd/e

J3/a

J3/b

H1/f
H1/g/upper
H1/g/lower
H1/h

— g
E1/topsoil
E1/a/upper
E1/a/lower
E1/b

El/c

E1/d
E1/p/upper
E1/p/lower
E1/g/upper
E1/g/lower
Et/r

Ei/s
E1/t/upper
E1/t/lower
E1/u

Ei/v

E1/w

E1/x

Elly

B/a

B/b

B/c

B/d

Ble

B/f

0 20 0 20
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Figure 6. Percentage abundance of diatom valves in habitat-moisture categories (see Table 1 and Data Repository Item
3) for representative samples throughout the study area (listed according to section/bed as shown in Fig. 3). Samples
are plotted in stratigraphic order within each section but not between sections. The gray shaded rows represent samples
from peat beds and rows without shading represent silt samples.
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reported from shallow lakes, large ponds, and
even floating wet mosses (Brugam et al., 1998;
Moos et al., 2005; Van De Vijver et al., 2002).
Therefore, these samples probably represent
deeper water than samples consisting entirely of
benthos and tychoplankton, but probably only in
the order of 2—-8 m water depth.

Diatom assemblages differ between the silt
and peat lithofacies at Hokuri Creek, indicat-
ing that changes in lithofacies also represent
changes in depositional environment. Although
all samples are consistent with a shallow-water
environment, as described already, the silt beds
are always dominated by benthos in water bod-
ies, whereas the peat beds generally have higher
proportions of tychoplankton (Fig. 7). This
differentiation suggests that the silt beds were
deposited in slightly deeper water than the peat
beds—within shallow ponds instead of at pond
margins (Table 1). Therefore, we infer that a
hydrological change occurred at each contact
in addition to the obvious change in sediment
source that is indicated by the sedimentology.

Depositional Model for
the Silt-Peat Couplets

We used the distribution of lithofacies com-
bined with paleoenvironmental data supplied
by the diatom assemblages to develop a deposi-
tional model for the Hokuri sediment sequence.
The dominant feature of the sediments is alter-
nations between pale, silt-dominated beds (S1
and S2) and darker, organic-rich beds (P1, P2,
P3), which characterize all outcrops at Hokuri
(Fig. 3). We summarize the silt-dominated
beds as “silts” and the peat-dominated beds as
“peats,” recognizing that these terms encompass
some variability. Each pair of beds is referred
to as a silt-peat couplet. A combination of the
sedimentological and diatom data confirms that
in sections E-J (Fig. 3), the paleoenvironment
was an aquatic, shallow, low-energy basin that
sustained repeated cycles between two main
modes of deposition. The first mode of depo-
sition, represented by the silt beds, involved
deposition of clastic material in shallow ponds.
The second mode of deposition, represented by
the peat beds, involved in situ accumulation of
organic material in very shallow ponds, pond
margins, and wetlands. The silt-peat couplets
thereby represent a cycle of hydrological and
depositional change, with the arrival of silt in-
volving an influx of sediment and water to a site
that was otherwise isolated from moving water
and catchment-derived sediment. Twenty-two
major silt-peat couplets were identified in the
Hokuri sequence, and given that the arrival of
silt at the site marks a depositional “event,” the
peat-to-silt contacts are referred to as “event

horizons.” We label these event horizons Hk1—
Hk22 (Fig. 8).

Radiocarbon Ages of the Hokuri Creek
Sequence and Implications for Section
Correlations and Paleotopography

Radiocarbon ages were used to assist with
correlating the silt-peat couplets between out-
crops, to estimate the age of event horizons
Hk1-Hk22, and to identify changes in basin
paleotopography through history. One hundred
and twenty-three samples of organic material
were radiocarbon dated. The most commonly
dated organic materials were leaves, reeds, and
seeds; only eight wood samples were dated.
All radiocarbon ages were calibrated using the
Southern Hemisphere calibration curve of (Mc-
Cormac et al., 2004) in the OxCal v. 4.1 pro-
gram (Bronk Ramsey, 2009). All age ranges in
this paper are presented as 26 (95.4%) distribu-
tions in calibrated years B.C. or A.D.

The deepest part of the section dates back
to ca. 8500 B.C. in auger 2, and the youngest
sediments at the top of section E are ca. A.D.
800; thus, the alternating silt-peat sequence
spans 9300 yr (Fig. 8; full details of all radio-
carbon ages are in Data Repository item 4 [see
footnote 1]). Detailed stratigraphic analysis was
only carried out for the well-exposed section
spanning ~7000 yr. The majority of ages are in
stratigraphic order, with very few apparent age
reversals. Where age reversals were present, we
usually dated a duplicate sample from the same
location but used a different organic fraction,
which yielded an age consistent with samples
above and below.

The correlation of beds between outcrops
was usually undertaken by tracing continuous
and distinctive stratigraphic beds or laminae be-
tween the outcrops (Fig. 3). Correlation of beds
above and below the distinctive beds could be
achieved by counting the number of silt-peat
couplets. Similarities in the sediment character-
istics helped confirm the correlations. Sections
on the same riverbank could all be correlated
reliably using continuous contacts. Correlation
issues only arose when outcrops were on differ-
ent sides of the river (i.e., between sections G
and H , and sections A and B), and in these situ-
ations, radiocarbon data were required.

Bed correlations across the river between
sections E, and J-J, and between sections G
and H, were clear when radiocarbon data were
used. Good matches between radiocarbon ages
bounding the contacts between E n-Em and
J,c-J.b enabled a correlation line to be estab-
lished. The silt-peat couplets above that cor-
relation line are consistent in number and age.
Stratigraphy was the main characteristic used to
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correlate between sections G and H,. The sand-
dominated nature of beds Ga and Gb and Hja
and H,b was strikingly similar, as was the thick,
rich peat character of Gk and H,g. The ages of
the beds in between were largely consistent with
the correlations made at the top and base, but
there were inconsistencies in the correlations,
which imply some beds are not continuous as a
distinct layer across the whole basin.

The silt-peat couplets of section A could not
be precisely correlated to any other couplets in
the Hokuri basin. Two radiocarbon ages from
bed Ag suggest an approximate correlation to
beds E,0-Er, but too few ages were obtained
from section A to make a more confident correla-
tion. The two ages from bed Ag are also ~800 yr
apart, despite being at the base and top of a sin-
gle peat bed. This age spread is much greater
than any other peat bed, which suggests one of
the two ages is anomalous, or that silt beds exist-
ing in other sections are missing in section A.

Radiocarbon samples were collected from
near the top of the peat beds and the base of the
silt beds in order to determine the timing of silt
arrival. The OxCal program (Bronk Ramsey,
2001) was used to model the age of each peat-
to-silt contact by analyzing the probability dis-
tributions of the radiocarbon ages bounding the
peat-to-silt contact (Data Repository item 1 [see
footnote 1]). The ages of the 22 peat-silt con-
tacts are presented in Figure 8. The peat-to-silt
contacts occur at intervals of 150-660 yr, with
an average interval between contacts of ~330 yr.

Most silt-peat couplets show remarkable con-
tinuity and can be correlated around the basin,
but there are two couplets that become less dis-
tinct laterally (couplets associated with event
horizons Hk8 and Hk15) and one event horizon
that is poorly expressed in all outcrops (Hk10).

HEkS

The Hk8 event horizon is present in sections
J, H,, and G but is not present in section E, (Fig.
8). Hk8 correlates into section E, at the time in-
terval represented by beds E 0 and E n; this in-
terval is particularly silt dominated. We surmise
that the part of the basin where E n-o0 accumu-
lated was more of a floodplain than a wetland;
hence, it was not a sensitive recorder of the
change in water depth that led to the develop-
ment of the Hk8 horizon elsewhere in the basin.

Hk15

The Hk15 event horizon is present in sec-
tion F, but cannot be correlated to any other
nearby outcrops (Fig. 8). Hk15 is at the top of
arelatively thin (~0.4 m thick) silt-peat couplet,
but it is very distinctive, with a strong contrast
between the peat and the silt. The radiocarbon
ages bounding Hk15 in section F, imply it must
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Figure 7. Diatom assemblages
plotted as pie graphs for repre-
sentative samples from different
sections to illustrate the differ-
ence between peat beds and silt
beds. Assemblages from silt beds
are dominated by “benthos in wa-
ter bodies,” indicative of shallow
ponds, whereas assemblages from
peat beds have higher proportions
of tychoplankton and ‘benthos
in wet and dry places,” implying
pond margin, swamp, and soil en-
vironments of deposition.
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Figure 8. Beds of the Hokuri sequence clustered into sediment types. All radiocarbon ages are shown along with the correlations of the
peat-to-silt contacts (continuous or inferred). Details of all radiocarbon samples are listed in Data Repository item 4 (see text footnote 1).
Event horizons are shown as red lines. Ages of event horizons listed in green are modeled ages derived from bounding radiocarbon samples

(Berryman et al., 2012b).
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be below the base of E, and above the De-Dd
contact in section D. However, continually
traceable contacts among sections E , E,, and D
mean that Hk15 cannot correlate to the Dc-Db
contact, so it must have pinched out in between
sections F, and D.

Hk10

The event horizon Hk10 has been inserted
into the middle of bed E p and H a because
there is tentative evidence of a paleoenviron-
mental change within this anomalously thick
peat bed. The characteristic feature of the peat
bed below HKk9 is that it is thick (~1 m) and
silt dominated in all outcrops (see comparison
of sections E and H ; Fig. 9). This contrasts
with most peat layers, which are <0.5 m thick
and have higher proportions of organic matter
in at least some outcrops (i.e., they can be silt
dominated in places but elsewhere have higher
organic content). There is some paleoenviron-
mental evidence for an event during deposition
of the silt-peat couplet between event horizons

Section E,

Hk10

Clark et al.

Hk11 and Hk9: A 0.1-0.2-m-thick pale silt bed
in the middle of bed E p (Fig. 9) bears a dia-
tom assemblage that has a closer resemblance
to the underlying silt layer than the encasing
peat bed (Fig. 7, compare three samples in beds
E q and E p). In the equivalent bed in section
H, there is a thin (~4 cm), but very prominent
pale silt bed that could mark the missing event
(Fig. 9). Around the time period in question for
Hk10 (ca. 2000 B.C.), the sections in the main
part of the Hokuri basin (E, F, G, and H) appear
to have been somewhat insensitive to paleoen-
vironmental change, while at the same time in
section A, there are three distinct silt-peat cou-
plets. This suggests that the floodplain-wetland
paleogeography may have been slightly dif-
ferent around ca. 2000 B.C., and perhaps the
more sensitive part of the wetland was located
upstream around section A, while the main part
of the basin received a higher portion of silt.
We have included Hk10 as an event horizon
but acknowledge that it is not supported by the
stratigraphy in all sections.

......2?
o

: Diatom
E./p/upper

SRR LR NN NN RN TR, - -
?2?

Diatom
E./p/lower

Diatom
E./q/upper
Diatom
E./q/lower

Changes over time in the paleotopography
of the Hokuri depositional basin become ap-
parent when the age of the sediments is known.
In particular, a significant change must have
occurred between ca. 1500 B.C. and 1000 B.C.
because sediments older than ca. 1500 B.C.
in sections G, H, I, and J are ~3 m lower than
equivalent-aged sediments in sections C—F (the
two groups of sections are 230-320 m apart).
Sediments younger than ca. 1000 B.C. in sec-
tions G, H, I, and J are at the same elevation
as their equivalents in sections B and E (Fig.
8). Spanning this time period, sections G, H,
and J have ~5-6 m of sediment, while section
E, has only 1.5 m of sediment. The absence
of large time gaps in the radiocarbon ages of
section E suggests that an unconformity is
not responsible for the difference in sediment
thickness. The 5-6 m sequence encapsulated
in sections G, H,, J, and J, is unusual in the
Hokuri sequence because it is characterized by
sandy sediments. Radiocarbon ages indicate
the sandy sequence was deposited relatively

Section H,

H,f

Figure 9. Exposures of the Hk11 and Hk9 contacts at sections E, and H,. In section E , there is very little contrast between the peat and
the silt beds, but within the E p bed, there is a faint silt package that could represent a missing event labeled Hk10. This is supported by
diatom analyses, which show that the silt within E,p has a greater similarity to the E q bed than it does to surrounding E p samples. In sec-
tion H,, the peat and silt packages are more distinct, but with bed H,a, it is possible to distinguish a pale silt bed that may be the equivalent
of Hk10 (the person on the ladder is pointing to the approximate location of the Hk10 contact).
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rapidly, but not instantaneously, i.e., it is not a
debris-flow deposit.

Our preferred explanation for the differen-
tial thickness of sediment deposited from 1500
to 1000 B.C. between the outcrops of G-J and
C-F is that a natural low point created by peat
compaction around outcrops G-J existed prior
to 1500 B.C., a sediment pulse at 1500 B.C. in-
filled the low point, and from 1000 B.C. to A.D.
800, the wetland aggraded at the same elevation.
At the base of sections G, H, and I, there are
particularly thick and organic-rich peat beds,
and these are thicker and more organic-rich than
the peats beneath sections C-F. Peats have high
compaction ratios, and studies of deltaic envi-
ronments (analogous to the Hokuri sequence in
having interfingering peat and silt beds) have
shown that peat compaction can have a signifi-
cant impact on geomorphology, because deltaic
channels respond to uneven ground subsidence
(Allen, 1999; Long et al., 2006; Tornqvist et al.,
2008; van Asselen et al., 2009). Post—1000 B.C.,
sediment compaction no longer played a role in
creating a low point in the wetland because it
had infilled with sand.

The basic depositional model for the Hokuri
sequence is one of repeated silt-peat couplets
that represent cycles of hydrological and depo-
sitional change. Twenty-two event horizons
located at the peat-to-silt contact in between
couplets mark the influx of sediment into a wet-
land previously dominated by in situ organic-
dominated sedimentation. Radiocarbon ages

and stratigraphic continuity show that peat-silt
couplets correlate throughout the basin, and this
indicates that the process controlling the depo-
sitional cycles operated basinwide. Given the
number of silt-peat couplets, there is remark-
able lateral continuity in the couplets and their
associated event horizons around the Hokuri de-
pocenter. Only two couplets pinch out laterally
(couplets associated with Hk8 and Hk15), and
one couplet (associated with Hk10) is poorly ex-
pressed stratigraphically due to an inferred unfa-
vorable or insensitive depositional environment.
The radiocarbon ages also highlight where paleo-
topographic changes occurred in the basin. The
creation and subsequent infilling of a low-lying
area in the south of the basin between 1500 and
1000 B.C. are apparent but did not greatly affect
the characteristic sequence of silt-peat couplets.

Tectonic Geomorphology of the Hokuri
Creek Area

The silt-peat couplets accumulated within
meters to hundreds of meters of the Alpine
fault scarp, and at least the upper several silt-
peat couplets are fault bounded along their
western margin (Figs. 1C and 1D). The beds
cannot be traced across the main fault scarp,
but their relations to the fault are exposed in a
gully wall cross section (for location, see Fig.
1D; Fig. 10). The gully wall section shows that
silt-peat couplets are increasingly deformed and
silt beds merge into colluvial beds closer to the

fault scarp. Interfingered with the colluvial beds,
there are peat, silt, and organic silt beds. Close
to the fault, the sequence begins to look like
many paleoseismic trenches in which the accu-
mulation of organic material is disrupted by the
arrival of coarse-grained scarp-derived colluvi-
ums; thus, the contact between the peat and the
colluvium marks the ground surface at the time
of the earthquake (e.g., Langridge et al., 2011).
At the southeastern end of the exposure, further
away from the fault, silt and peat beds are iden-
tical in appearance to the silt and peat beds of
the nearby riverbank outcrops (B-F) and so are
inferred to be the same beds. One dated peat
sample from the gully-wall exposure has an age
of A.D. 779-961 (Fig. 10), consistent with the
upper beds of section E. At the base of the gully
wall section, there are stiff, pale-gray, laminated
silts inferred to represent a glacial lake environ-
ment. An optically stimulated luminescence age
obtained from these sediments yielded an age of
100.5 + 6.4 ka.

Evidence for the sense and amount of dis-
placement along the Alpine fault in a single,
surface-rupturing earthquake at Hokuri is pro-
vided by a microtopographic survey of offset of
stream channels and terrace risers in the aban-
doned gorge (Fig. 11). The edges of the former
main channel (the lowest part of the gorge) are
offset dextrally by 7.2-7.5 m. On a higher sur-
face (a former floodplain?), three shallow chan-
nels (0.4-1 m deep) are also offset by ~7.5 m
(Fig. 11). The riser at the northeastern edge of

Southeast R Nor‘lhwes
N
ofF Colluvium unit changes laterally J
to a sand (Sn2) and then silt unit (S2)
that is interbedded with peat units.
L age:
= 100.5 £ 6.4 ka
£
?&% sl [ organic silt (Os1 etc) |
% Colluvium (C1 etc)
o ,
© 1 Gravel
Qo 4 -
E ok Minor s_plays of Cobble gravel 4
= the Alpine fault Mixed sediment
7" 1opsoil Alluvium (A1 etc)
<5 [ Jsit(stiete) [0 Pro-glacial lake silt
-“ Sand (Sn1 etc) -T Tree root
B -t (Pt etc) < Large cobble
13 12 11 10 9 8 7 6 5 4 3 2 1 0

Horizontal distance (m)

Figure 10. Exposure of the Hokuri silt-peat couplets as they approach the Alpine fault. The exposure shows that as the silt-peat couplets
get closer to the fault, they become increasingly deformed and interfinger with colluvial wedges being shed from the fault scarp. OSL—

optically stimulated luminescence.
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Figure 11. Upper figure shows the microtopography of the Alpine fault scarp across the abandoned
gorge. Dashed white lines show channel edges or terrace risers that were correlated across the scarp
to measure the amount of dextral offset. Lower figure shows topographic profiles on either side of
the fault scarp, along fault strike. Start and end points A-A” and B-B’ are shown on the contour map
above. For comparison, line B-B” has been shifted horizontally by 7.5 m (the amount of dextral move-
ment in the last earthquake) so that equivalent surfaces approximately match up. This indicates that
the vertical offset in the last earthquake was between 0.5 m and 1.5 m; this variation in vertical offset
along fault strike is typical of strike-slip faults.

the former floodplain is offset by 7 m. Given un-
certainties related to the measurement of chan-
nel edges (they vary from 3.5 to 7.5 m), the most
reliable offset measurements across the 10 off-
set features are 7.3—7.6 m. The average is 7.5 +
1 m. The vertical offset is more difficult to mea-
sure because of mismatched surfaces on either
side of the fault and some push-up bulges that
have formed along the fault (Fig. 11). The best
estimate of vertical displacement is 1 + 0.5 m,
up to the northwest.

The 7.5 = 1 m offset is most likely to be the
result of a single rupture, and this was prob-
ably the most recent earthquake. We do not see
evidence for 17 m of cumulative offset in the
abandoned gorge as described by Sutherland
and Norris (1995). The most recent earthquake
must have occurred after the gorge was aban-
doned by Hokuri Creek; otherwise, the scarp
across the former main channel and the offset
edges would have been eroded and trimmed
by the river. No suitable material for dating the
scarp was found. Since the last earthquake on

the Alpine fault in A.D. 1717 ruptured south
(near John O’Groats swamp; Cooper and Nor-
ris, 1990) and north of Hokuri (Berryman et al.,
2012a), we assume that the 7.5 m offsets are the
result of this earthquake.

DISCUSSION

The Origin of Cyclical Silt-Peat Sequences
at Hokuri

We propose that quasi-periodic surface rup-
ture of the Alpine fault caused the cyclic stra-
tigraphy at Hokuri, with each peat-silt contact

representing a large earthquake. This scenario
will be fully explained and tested in the follow-
ing section, where we also consider whether
climate or floodplain processes could have con-
trolled the peat-silt sedimentation patterns.

The paleoenvironmental record of the
Hokuri sequence shows that, for most of its
history, the sedimentary basin was alternating
between wetland and very shallow pond en-
vironments. Four geomorphic and hydrologic
conditions were required for the Hokuri se-
quence to form (Table 2):

(1) Accommodation space: A shallow sedi-
mentary basin must have persisted for at least

TABLE 2. CRITERIA USED TO IDENTIFY THE MOST LIKELY PROCESS THAT CONTROLLED
THE DEVELOPMENT OF THE HOKURI CREEK SEDIMENTARY SEQUENCE

Process: Fault Climatic control Fluvial processes,
rupture (storms) channel avulsion

Criteria

Accommodation space Y N N

Continuous sedimentation Y Y Y

Shallow-water environment maintained Y N Y

Isolation from gravel bed of Hokuri Creek Y Y N

Geological Society of America Bulletin,



Geological Society of America Bulletin, published online on 22 February 2013 as doi:10.1130/B30693.1

Paleoenvironmental record of Alpine fault earthquakes

9000 yr, with incremental generation of ac-
commodation space sufficient for 18 m of sedi-
ment to accumulate.

(2) Continuous sedimentation: Radiocarbon
ages indicate that sedimentation was generally
continuous and basinwide. No long hiatuses
were identified, and unconformities are rare and
not laterally extensive.

(3) Shallow-water sedimentation: A relatively
restricted range of water depths was maintained
for >18 m of sedimentation. There are no well-
developed soils in the Hokuri sequence, indicat-
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Cross-section

Z Z

Stable wetland environment,
dominated by peat & organic-
silt deposition.

EARTHQUAKE

ing that the site was never above the water table
for hundreds of years. Only a few beds suggest
water depths greater than ~2 m.

(4) Isolation from the main channel of
Hokuri Creek: The exposed part of the sedi-
mentary basin was largely isolated from the
gravel bed load of Hokuri Creek. At present,
Hokuri Creek has a gravel bed, and pits on the
former channel in the abandoned gorge show
a cobble gravel substrate. Therefore, Hokuri
Creek had a gravel bed while the silt-peat se-
quences were being deposited, and the basin

DECADES AFTER

Event
horizon

received only the suspended sediment load of
the stream, or locally derived sediment.

Scenario 1: Fault Rupture as a Control on
Hokuri Basin Stratigraphy

In the fault-rupture scenario, the Hokuri basin
would have been a stable, shallow wetland ad-
jacent to the Hokuri Creek floodplain that, near
the end of the interseismic period, was accumu-
lating mostly autochthonous organic sediments
(Fig. 12). The main channel, with its gravel bed
load, was flowing through the gorge. Across the
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Fault rupture creates scarp
across river. Widespread
flooding of the wetland.
Flowing water over site, and
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of the site.

Figure 12. Sketch illustrating the inferred development of the cyclic, fault-rupture—driven, sedimentary sequence at Hokuri
Creek. Upper panel shows a cross section of the typical sedimentary sequence. The middle panel shows a plan view of the
Hokuri basin. The lower panel shows a cross section of a part of the Hokuri basin that has greater variability in facies. For ex-
ample, it shows a deep pond that is not affected by the fault rupture. *The west side of the fault is upthrown relative to the east.
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Hokuri basin, peat beds developed in shallow,
standing water. Thin (centimeter to millimeter
scale) silt layers within the peat beds probably
represent the suspended sediment load from
overbank flood deposits.

A modern analogue for this preseismic envi-
ronment exists at John O’Groats wetland, 20 km
southwest of Hokuri (Figs. 1B and 13). The
John O’Groats wetland is on the southern side
of where the John O’Groats River meets the
Alpine fault scarp. The wetland ranges from
small ponds with 0.1-0.3 m depth of standing
water closest to the fault, to moss fields and rush
land further back, and scrub at the wetland mar-
gins (Fig. 13). The wetland has a meandering
network of small channels with slowly flow-
ing water ~0.2 m deep. John O’Groats wetland
demonstrates that fault scarps are effective im-
pediments to river drainage, even in this high-
rainfall environment. It also shows that within a
small wetland, there are spatial variations in the
type of vegetation and depth and flow of water,
and that a river carrying a coarse bed load can be
effectively isolated from a neighboring wetland.

Major earthquakes on the Alpine fault had
two main impacts on Hokuri Creek and its catch-
ment: (1) NW-side-up and dextral fault rupture
across the gorge partially or fully blocked the
stream and raised the base level of the stream,
and (2) the landscape was destabilized, and
sediment supply to the Hokuri Creek basin in-
creased. Fault rupture is marked in the sedimen-
tary record by an abrupt contact between the
peat-dominated and silt-dominated beds.

Holocene surface ruptures of the Alpine fault
caused relative uplift of the northwestern fault
block in the vicinity of Hokuri Creek. North-
western block uplift is demonstrated by the

Clark et al.

scarp of the most recent fault rupture across the
abandoned gorge (Fig. 11), and early Holocene
shell beds on the shores of Lake McKerrow
(Fig. 1C) verify long-term uplift to the north-
west (Hull and Berryman, 1986; Sutherland and
Norris, 1995). Dextral movement of the fault
would also have decreased the channel width of
Hokuri Creek and restricted water flow through
the gorge. For example, the last rupture offset
the 20-m-wide main channel bed by ~7.5 m,
an ~38% decrease in channel width. Overflow
channels on the higher floodplain surface in
the abandoned gorge had a width less than the
amount of dextral offset in the last earthquake.
Therefore, if there had still been flow through
the gorge, the overflow channels would have
been completely blocked due to dextral dis-
placement alone.

At Hokuri, the combined effect of river
blockage and increased sediment supply at the
time of and immediately after a major earth-
quake resulted in flooding of the wetland and
a change to a delta-type environment (Fig. 12).
Raising the local base level of the stream during
fault rupture would have decreased the stream
gradient, with consequent effects on channel
avulsion, flow speed, and the zones of sediment
entrainment and deposition. As the stream ap-
proached the fault scarp, flow velocity would
have decreased, causing deposition of a higher
proportion of the suspended sediment load. New
channels would have formed across the river
floodplain to distribute this sediment (Fig. 12).

Sediment in the silt beds was probably derived
from earthquake-triggered slope destabilization
in the Hokuri Creek catchment. Widespread
landsliding triggered by large earthquakes has
been observed in recent subduction earthquakes

in the Fiordland region (Fry et al., 2010; Power
et al., 2005), in several historic earthquakes in
New Zealand (Hancox et al., 2002), and glob-
ally (e.g., Jibson et al., 2006; Keefer, 1994; Koi
et al., 2008; Mikos et al., 2006). Earthquake-
triggered landslides increase river sediment
discharge, with the reported effects lasting from
years to decades (e.g., Dadson et al., 2004; Ko-
rup et al., 2004; Yanites et al., 2010). Studies
along the west coast of the South Island have
related pulses of floodplain aggradation and
sand dune formation episodes to past Alpine
fault earthquakes, consistent with high sediment
mobility after major earthquakes (Cullen et al.,
2003; Wells and Goff, 2007).

It is unlikely there was any significant time
delay between fault rupture and sedimentary
change in the Hokuri basin. Flooding of the
Hokuri basin due to fault scarp damming prob-
ably occurred within hours to days of the earth-
quake. However, the influx of sediment may
have been delayed until a flood mobilized the
loosened sediment. For example, following the
1999 Chi-Chi earthquake (Taiwan), there were
extensive landslides, but only 8% of the land-
slides delivered sediment directly to the rivers;
the downslope transport of sediment occurred
in later typhoons (Dadson et al., 2004). In Tai-
wan, the period of enhanced sediment yield
lasted ~6 yr before returning to pre-earthquake
levels (Hovius et al., 2011). Therefore, wide-
spread silt deposition in the Hokuri basin was
probably associated with the next large, post-
earthquake flood to affect the Hokuri catch-
ment. Given the high rainfall of South Westland
(67 m/yr), significant floods occur frequently,
and we suggest that the influx of silt would have
occurred within several months to years of fault

Figure 13. Photos of John O’Groats wetland, a modern analogue to the interseismic environment of the Hokuri basin. The
John O’Groats wetland is located 20 km southwest along the Alpine fault from Hokuri Creek (shown on Fig. 1B). John
O’Groats River has a right-lateral bend and runs along the fault scarp for 200 m before crossing the fault.

Geological Society of America Bulletin,



Geological Society of America Bulletin, published online on 22 February 2013 as doi:10.1130/B30693.1

Paleoenvironmental record of Alpine fault earthquakes

rupture. Such a small time delay is insignificant
within the uncertainties of radiocarbon dating.
Therefore, we treat the date of the peat-to-silt
contact, estimated from closely bracketing ra-
diocarbon ages, as a good estimate of the time
of the earthquake.

During the interseismic period, the basin
would return to a stable wetland accumulating
peat. The timing of the silt to peat transition
may have been synchronous across the basin,
but it is more likely to have been time transgres-
sive, with silt deposition gradually diminishing
in extent. The radiocarbon data do not resolve
this (Fig. 8), and it is not important in terms of
dating earthquakes. The transition from a silt-
dominated sedimentary environment back to a
peat-forming wetland may have been controlled
by sediment flux or, most likely, by the stream
reaching base-level equilibrium.

To reestablish stream base level, either Hokuri
Creek had to erode through the fault scarp and
incise a channel into the uplifted (northwest-
ern) fault block, or the stream had to build up
sediment on the downthrown (southeastern)
side of the fault. The sedimentary sequence of
the Hokuri basin is evidence that the dominant
mechanism of attaining base-level equilibrium
was sediment deposition southeast of the fault.
Once Hokuri Creek was freely flowing through
the gorge and incised sufficiently within its
channel, silt transport to the Hokuri basin
waned. The wetland could reestablish itself, and
autochthonous organic sedimentation became
dominant again. The peat beds accumulated
over decades to a couple of hundred years. This
cycle then restarted with another surface rupture
of the Alpine fault.

Returning to the four key criteria for a con-
trolling mechanism for the Hokuri sequence,
the fault-rupture model satisfies all of these
(Table 2). Accommodation space is incremen-
tally maintained with each fault rupture. The
maintenance of accommodation space allows
continuous sedimentation across the site, while
earthquake-triggered slope destabilization re-
news the sediment sources. Meter- to decimeter-
scale changes in stream base level through each
seismic cycle sustain the shallow-water environ-
ments over thousands of years.

In the fault-rupture model, the gravel bed
load of Hokuri Creek either remains within the
main channel of Hokuri Creek or was deposited
further upstream from the present Hokuri basin
outcrops. The latter is more likely, because the
sediment transport capability of Hokuri Creek
would have decreased due to diminishing flow
speeds as the stream encountered the refreshed
fault scarp barrier. Some evidence for an up-
stream gravel deposition zone is seen from sec-
tion A, which is dominated by cobble to pebble

gravels (Figs. 1D, 2E, and 3). Radiocarbon ages
ca. 2000 yr B.C. from an organic silt bed within
the gravels indicate that gravel packages were
accumulating upstream at the same time that the
silty Hokuri basin sequence was accumulating
downstream (Fig. 8).

Further affirmation of the fault-rupture sce-
nario comes from comparing the timing and
recurrence interval of the peat-to-silt contacts
at Hokuri with what is known about the history
of the Alpine fault. The most recent peat-to-silt
contact occurred at Hokuri at A.D. 730-921.
This coincides with the oldest earthquake re-
corded in paleoseismic trenches at Haast, which
has an age range of A.D. 688-1066 (Berryman
et al., 2012a). Taking the late Quaternary slip
rate of the southern Alpine fault of 23 + 2 mm/yr
(Sutherland et al., 2006) and a single-event dis-
placement of 7.5 + 1 m (Fig. 9), we find a re-
currence interval estimate of 404—260 yr. This is
similar to the average recurrence interval of the
peat-to-silt contacts at Hokuri of ~330 yr.

Scenario 2: Climatic Control on
Cyclic Stratigraphy

An alternative explanation for the cyclic stra-
tigraphy of the Hokuri sedimentary sequence
is climatic control of the sedimentation. Large
floods or prolonged periods of storminess would
provide a means of transporting significant
quantities of silt onto a floodplain wetland. The
silt influx could overwhelm the wetland flora,
and a sharp contact between the peat and silt
packages would be created. Furthermore, flood
events could potentially inundate the whole
Hokuri basin at the same point in time, thereby
accounting for the widespread and synchronous
change across the basin.

Incompatibilities with the climate-control
scenario arise when the interplay between ac-
commodation space and the maintenance of a
shallow-water environment is considered (Table
2). If gradual accommodation space increase
due to fault rupture is not invoked, then an
18-m-deep basin (the vertical span of the Hokuri
sediments) had to exist at the start of the silt-
peat accumulation phase. If an 18-m-deep basin
existed from the start, then the basin should ei-
ther have been infilled rapidly (probably within
a few flood episodes, assuming sediment supply
was not limited), or the sediments should show
a gradational paleoenvironmental sequence
from deep lake sedimentation initially through
to marsh surface at the top. Neither of these op-
tions fits with the age and paleoenvironmental
data of the Hokuri sequence.

A further possibility is that fault rupture in-
crementally increased basin accommodation
space but had no impact on the sedimentology
of the wetland, which was instead controlled
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by climate. This model cannot be fully dis-
missed, although several lines of evidence sug-
gest it is unlikely:

(1) Diatoms indicate that the silt packages
were deposited in a low-energy environment.
In contrast, we would expect storms to trigger
sediment deposition in turbulent floods, so that
diatoms would be absent from the sediments or
be a chaotic assemblage in low abundance.

(2) If each silt package was initiated by an
extreme storm, then this implies only 22 such
events occurred in the period from A.D. 800 to
6000 B.C. This is a low frequency compared
with other New Zealand storm records (e.g.,
Griffiths and McSaveney, 1983; Orpin et al.,
2010; Page et al., 2010).

(3) There is no correlation between the peat-
to-silt contacts and published proxies of paleo-
precipitation (Fig. 14). If the silt packages of
Hokuri were related to storminess or increased
precipitation, then the start of silt accumulation
should roughly coincide with the start of higher
precipitation. The 8'*C record of speleothems
(Williams et al., 2004), carbon isotope signa-
tures of fjord sediments (Knudson et al., 2011),
palynological records from wetlands (Li et al.,
2008; Wilmshurst et al., 2002), and glacier ad-
vances in the Southern Alps (Schaefer et al.,
2009) can be used as approximate proxies for
paleoprecipitation, even though in detail they
can be affected by other factors (Fig. 14). Lor-
rey et al. (2008) summarized speleothem, pol-
len, and other paleoclimate data sets to identify
wet, normal, and dry periods in the western
South Island over the past 4000 yr (Fig. 14).
The records of paleoprecipitation proxies from
southwestern South Island bear no consistent
relationship to the timing or frequency of silt-
peat contacts at Hokuri (Fig. 14), suggesting
that the Hokuri sedimentary sequence was not
climate controlled.

(4) If storms controlled sedimentation in
Hokuri basin, we would expect more variabil-
ity in the basin water depth. Some storms may
fill the basin with sediment, leaving no room for
peat accumulation; some may underfill the ba-
sin, allowing deep-water sedimentation; while
others might fill the basin above base level,
resulting in a period of nondeposition or soil
development. Such variability is not seen, sug-
gesting that stream base level controlled basin
sedimentation, rather than sediment influx.

We conclude that periods of storminess and/
or increased rainfall were probably not the main
factors controlling the sedimentary sequence at
Hokuri. Extreme rainfall events probably had
an impact on the development of the Hokuri
sequence at smaller stratigraphic level than the
dominant decimeter-scale silt-peat couplets. We
suggest that the signature of storms is likely to
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Figure 14. Comparison between the chronology of the peat-to-silt contacts at
Hokuri and various Holocene paleoclimate proxies from the South Island (SI;
Wilmshurst et al., 2002; Williams et al., 2004; Lorrey et al., 2008; Li et al., 2008;
Schaefer et al., 2009; Knudson et al., 2011). This shows that the timing of silt de-
position events at Hokuri does not correlate to known climatic signals; we infer
that the peat-to-silt contacts are not caused by periods of higher precipitation
and storminess.
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be the centimeter to millimeter beds of silt seen
throughout the sequence (Fig. 15). The silt beds
are particularly obvious within the peats beds
due to the color contrast, but they also occur as
particularly pale laminae within silt beds. They
tend to have an irregular pattern, with an esti-
mated average of 3-5 silt beds (millimeter- to
centimeter-scale) per century, a rate more com-
patible with an extreme storm record (cf. Lake
Tutira record, Page et al., 2010).

Scenario 3: Floodplain Processes

Could the decimeter-scale peat-silt alterna-
tions in the Hokuri sequence be due to flood-
plain aggradation processes? Floodplains
are dynamic environments, particularly so in
Fiordland with its high annual rainfall (up to
7 m/yr) and mountainous relief. The most likely
process is by channel avulsion, which is the
abandonment of all or part of a channel in fa-
vor of a new course. Abrupt peat-to-silt contacts
have been observed on many floodplains that
undergo channel avulsion (e.g., Davies-Vollum
and Kraus, 2001; Makaske et al., 2007; Slinger-
land and Smith, 2004; Smith et al., 1989; Smith
and Perez-Arlucea, 1994). Such stratigraphy
develops as wetlands that exist behind natural
levees on the low parts of floodplains are inun-
dated by the main flow of the channel due to
avulsion. The avulsion redistributes bed load
and suspended sediment. After a period of time,
the new channel will entrench, and the flood-
plain will stabilize, therefore allowing peat to
form again.

Channel avulsions can occur instantaneously
or gradually, and thus the peat-to-silt transition
could be synchronous or diachronous, and they
can occur at widely varying recurrence inter-
vals. Slingerland and Smith (2004) give ex-
amples of avulsions with recurrences of 28 yr
up to 1400 yr, while Stouthamer and Berendsen
(2001) document avulsion frequencies on the
Rhine-Meuse delta that vary through the Ho-
locene from 41 to 117 yr. Thus, the recurrence
of avulsions could be comparable to the Hokuri
peat-to-silt contact frequency. The degree to
which the paleo—Hokuri Creek would have been
susceptible to avulsion is difficult to evaluate
because the current stream gradient is differ-
ent to what it would have been when it flowed
through the gorge. In any case, the valley was
probably still quite narrow, leaving only a small
width for an avulsing channel system.

The initiation of avulsion is typically de-
scribed as two phases: the setup and the trigger
(Mohrig et al., 2000; Slingerland and Smith,
2004). The setup phase sees the river aggrade
within its channel, so that it is perched above
its floodplain, and then a trigger event creates
a failure in the natural levee, which initiates
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Figure 15. A section of core from the E, section demonstrating the different scales of the sedimentary beds. At decimeter scale, there
are peat and silt beds, but at a centimeter to millimeter scale, there are silt beds that probably represent individual storm deposits.

the avulsion. Triggers for avulsion are typi-
cally floods, but landslides and tectonic events
can also trigger avulsions (e.g., Guccione et al.,
2002; Korup, 2004). In the Hokuri paleoenvi-
ronment, floods and earthquakes would be the
obvious triggers of avulsion.

Avulsion processes would allow continuous
sedimentation across the Hokuri basin, and they
may be compatible with the maintenance of a
shallow-water environment, satisfying two of
the criteria for sequence development (Table 2).
However, a higher occurrence of unconformities
due to channel scouring would be expected for
avulsion and probably more variability in wa-
ter depth due to the topographic relief required
across a floodplain in order for avulsion to occur.

One likely candidate for a channel avulsion
event is the 2-3-m-thick gravel bed that outcrops
at the base of section B and the top of section E,
but otherwise there is little evidence that chan-
nel avulsion was a typical occurrence at Hokuri
Creek. The avulsion process on its own does not
create accommodation space over time, and it
would not effectively isolate the gravel bed load
of Hokuri Creek from the Hokuri sedimentary
basin (Table 2).

To conclude, channel avulsion is unlikely to
be the main process responsible for the deci-
meter-scale silt-peat alternations of the Hokuri
sequence. The reasonably uniform silt-peat cou-
plets are inconsistent with the more variable and
lens-like architecture of avulsion sequences, and

the absence of widespread gravel indicates that
the main channel rarely left its preferred path.
While repeated avulsions can occur, an increase
in accommodation space is required so that
subsequent channel avulsions do not scour and
rework the existing floodplain sediments. Thus,
channel avulsion triggered by an earthquake
might have occurred occasionally, but as an iso-
lated process, channel avulsion was not the main
control on development of the Hokuri sequence.

A Long Paleoseismic Record on
the Alpine Fault

We conclude that repeated fault rupture is the
most likely process to have caused the deposi-
tion of the decimeter-scale silt-peat couplets of
the Hokuri sequence. Spanning ~7000 yr, the
Hokuri sequence represents one of the longest
and most complete records of paleoearthquakes
in the world. Therefore, it is important to con-
sider the completeness of our interpretation of
the record.

Have We Overestimated the Number of
Earthquakes at Hokuri?

Inferred earthquakes could be overestimated
in the Hokuri sequence if some of the peat-to-
silt contacts were caused by processes other
than Alpine fault ruptures. As already men-
tioned, potential causes of non—fault rupture
couplets could be extreme rainfall events, non-
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tectonic catchment disturbances, or non-Alpine
fault earthquakes that destabilized the Hokuri
catchment. A few couplets may possibly be
storm related, but the fact that the sequence is
fine grained rather than coarser, poorly sorted,
and highly variable in space, provides a strong
basis for ruling out this possibility.

Large landslides unrelated to earthquakes
or extreme rainfall may have occurred in the
Hokuri catchment during the Holocene (e.g.,
the 1999 Mount Adams rock avalanche had no
obvious seismic or rainfall triggers; Hancox et
al., 2005). However, large landslide scars or
remnant debris piles within the catchment have
not been observed.

Ground shaking by regional earthquakes (i.e.,
Skippers Range fault or the northern end of the
Puysegur subduction zone; Fig. 1) could also
have caused influx of sediment to Hokuri Creek.
The paleoseismic history of the Skippers Range
fault is unknown, although the presence of a
scarp across mountaintops that were glaciated
in the last glacial stage suggests that there has
been at least one postglacial rupture. Therefore,
Holocene rupture of the Skippers Range fault
cannot be ruled out, but it was probably a rare oc-
currence in comparison to Alpine fault rupture.
Large earthquakes on the Puysegur subduction
zone are known to trigger widespread land-
sliding, but comparisons with recent subduc-
tion earthquakes (1993, 2003, 2007, and 2009;
Hancox and Cox, 2010; Hancox et al., 2003;
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Van Dissen et al., 1994) suggest that the Hokuri
catchment is not very susceptible to shaking
from Puysegur subduction zone earthquakes.

In summary, there are some reasons why
the peat-to-silt contacts may overestimate the
number of Alpine fault earthquakes, but none
of these is compelling. The uniformity of the
silt-peat couplets suggests that the same pro-
cess is occurring repeatedly, rather than sev-
eral different processes producing surprisingly
similar stratigraphy.

Have We Underestimated the Number of
Earthquakes at Hokuri?

The completeness of the Hokuri earthquake
record relies on every surface-rupturing earth-
quake resulting in a peat-to-silt contact. Could
the sequence be missing large surface-rupturing
earthquakes on the Alpine fault? Erosion is one
mechanism for removing evidence of earth-
quakes, but there are no recognized large uncon-
formities in the Hokuri sequence. Where there
are local unconformities, radiocarbon dating
suggests that complete sequences are observed
in nearby outcrops.

Large earthquakes might not be recorded
by the Hokuri stratigraphy if no coseismic
surface rupture occurred. The relationship be-
tween surface rupture and magnitude is variable
(Wells and Coppersmith, 1994), but, in general,
earthquakes of ~M > 6.5 on strike-slip faults
produce surface ruptures. The locking depth
of the Alpine fault is relatively shallow at 6—
12 km (Sutherland et al., 2007), so the nucle-
ation of large, deep earthquakes that do not rup-
ture the surface is unlikely. It is probable that
past large (M > 7) earthquakes on the Alpine
fault produced surface rupture and are poten-
tially recorded by the Hokuri sequence. Small-
to moderate-magnitude earthquakes that did not
rupture the surface are unlikely to be recorded
in the sequence because non-surface-rupturing
earthquakes would not produce any new accom-
modation space.

Surface-rupturing earthquakes on the Alpine
fault at Hokuri Creek might not be recorded if
the paleoenvironment at the time of the earth-
quake was insensitive to an ~1 m change in
stream base level, or if part of the basin was
already dominated by silt deposition prior to
the earthquake. This was certainly the case for
some events in some parts of the basin (e.g.,
Hk8 and Hk15, discussed previously), but we
suggest only one event (Hk10) was not recorded
by a distinct stratigraphic change anywhere in
the basin. Hk10 is not expressed by a clear sedi-
mentological change but has some paleoeco-
logical support; hence, we have included it as
an event in our earthquake chronology. Without
event Hk10, the time interval between Hk11
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and HK9 is the longest inter-vent interval in the
whole Hokuri basin sequence, at 660 + 225 yr.
Including Hk10 reduces that recurrence interval
to a value more comparable with the average for
the rest of the sequence, which, including event
Hk10 is 329 + 68 yr.

Other than Hk10, we do not identify any
other potential locations within the Hokuri se-
quence where missing events may lie. Some
individual sections are missing events, and this
is to be expected given the environmental vari-
ability seen within wetlands (e.g., compare with
John O’Groats swamp; Fig. 13). In some places,
wetland ponds could have been too deep to sig-
nificantly change in response to a rise in stream
base level. An example of this is bed H g (cor-
relates to Ia), which is a rich, dark peat that ac-
cumulated over 950 yr. Age correlations imply
that this peat bed spans two earthquakes that are
expressed stratigraphically in nearby outcrops.
Likewise, there were parts of the Hokuri basin
that were dominated by silt deposition and did
not fully revert to wetland conditions between
earthquakes. The lateral loss of definition of the
Hk8 contact toward section E is an example of
this (Fig. 8).

Implications of Developing Long
Earthquake Records from Near-Fault
Sedimentary Basins

The Hokuri study demonstrates that long
earthquake records can be extracted from sedi-
mentary sequences immediately adjacent to
faults due to the intimate relationships among
the fault scarp, drainage, and sedimentation.
Fluvio-wetland sedimentary sequences next to
major faults have long been used as recorders
of paleoearthquakes (e.g., on the San Andreas
fault; Sieh, 1978; Weldon et al., 2002) because
such sequences can contain organic material
for radiocarbon dating and near-continuous
sedimentation. However, studies such as those
cited here typically use direct structural relation-
ships between stratigraphic horizons and fault
tip terminations to identify paleoearthquakes.
The Hokuri study uses paleoenvironmental
changes in a fault-adjacent basin as evidence
of earthquakes. Stratigraphic horizons extend
close to the Alpine fault scarp, but offsets are
not observed directly on fault planes. The main
advantage of using near-fault sedimentary basin
sequences such as Hokuri, rather than on-fault
sedimentary sequences, is that evidence of older
earthquakes is preserved and suffers no over-
printing by recent earthquakes.

Given the rarity of long earthquake records
worldwide, and their exceptional value in un-
derstanding fault behavior, we consider the pa-
leogeographic conditions that made this study
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possible. The upstream-facing fault scarp meant
that fault rupture contributed to basin forma-
tion and changes in hydrologic regime. Accu-
mulation of fine-grained sediment through the
interseismic and coseismic intervals allowed
identification of subtle stratigraphic and pa-
leoenvironmental changes, and continuity of
sediment deposition lessened the potential for
not recording paleoearthquakes. Abundant date-
able material throughout the sequence, and cru-
cially, bracketing the event horizon, was a major
benefit. Multiple and widely spread outcrops fa-
cilitated the identification of missing events, and
sampling from throughout the basin increased
the likelihood of attaining a complete record.
Paleoecological studies were crucial for provid-
ing a more complete understanding of the past
environment, as well as the changes taking place
at event horizons.

There is no reason why near-fault sequences
similar to Hokuri would not be preserved in
other locations, both along the Alpine fault,
and on other faults globally. There are many
cases where streams cross upstream-facing
scarps, although there are probably fewer cases
where the stream has diverted and then incised
extensive exposures. Nevertheless, a closely
spaced coring campaign would probably have
success in obtaining near-fault sedimentary ba-
sin sequences in cases where natural incision
has not occurred.

The exceptionally well-dated, long earth-
quake record extracted from Hokuri enables
the time-dependent fault behavior to be tested.
This was discussed in the study by Berryman
et al. (2012b), in which the Hokuri record was
merged with the three most recent surface-
rupturing earthquakes from Haast to obtain a
record of the past 24 major earthquakes on the
southern Alpine fault. The mean recurrence in-
terval is 329 + 68 yr (standard error), and the
coefficient of variation in recurrence interval is
0.33. Therefore, earthquake recurrence on the
Alpine fault is quasi-periodic. In comparison
with long earthquake records on other major
faults such as the San Andreas fault (Scharer
et al., 2010) and Dead Sea Transform (Ferry et
al., 2011; Marco et al., 1996), the Alpine fault
exhibits some of the most periodic recurrence
behavior so far documented. This quasi-periodic
recurrence behavior is largely attributed to its
isolation from other major faults, its high slip
rate, and its simple structure (a mature fault with
few stepovers that is smooth at seismogenic
depth; Berryman et al., 2012b).

CONCLUSIONS

A predominantly shallow-water sedimentary
sequence accumulated against the scarp of the
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Alpine fault at Hokuri Creek, providing an ex-
ceptional record of cyclical paleoenvironmen-
tal change associated with large earthquakes.
Surface rupture of the Alpine fault would have
fully to partially blocked Hokuri Creek and
destabilized hillslopes of the catchment. There-
fore, earthquakes created a change in stream
base level, enhancing deposition on the down-
thrown side of the fault at the same time that
sediment supply increased. Peat-dominated
wetlands on the Hokuri Creek floodplain were
rapidly “drowned” by an influx of silt immedi-
ately following each earthquake. The sharp and
basinwide peat-to-silt contacts thus represent
fault ruptures.

This record of fault-controlled sedimentation
at Hokuri Creek is remarkable for its continu-
ity, the number of earthquakes recorded, and
the high-resolution dating. A key advantage
of near-fault sedimentary basins like Hokuri
is that evidence of older earthquakes is not
overprinted by recent earthquakes, an attri-
bute that was essential for developing the long
earthquake record at Hokuri Creek. Long pa-
leoearthquake records are needed to understand
fault behavior, given that the historic and in-
strumental records of earthquakes are generally
too short to assess the variability in earthquake
cycles. The Hokuri paleoearthquake record has
already made a significant contribution to un-
derstanding the earthquake recurrence behavior
of the Alpine fault (Berryman et al., 2012b), and
in the future it will contribute to assessing the
seismic hazard, constraining rupture lengths of
large earthquakes, and understanding how the
landscape responds and reestablishes equilib-
rium following large earthquakes.
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