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INTRODUCTION
Understanding the behavior of plate boundary 

faults and the recurrence of major earthquakes 
along these faults is critical for understand-
ing seismic hazards. Displaced surface features 
along the Alpine fault (AF), the dextral-reverse 
plate boundary structure with ~480 km of dex-
trally offset bedrock terranes between the Pacifi c 
and Australian plates on the South Island of New 
Zealand (Fig. 1; Wellman, 1953; De Mets et al., 
2010), provide an opportunity to investigate its 
earthquake history and provide insight into plate 
boundary behavior. The most recent surface rup-
ture along the AF (i.e., most recent event) was a 
great earthquake (estimated moment magnitude, 
Mw, of 8.1 ± 0.1; Wells et al., 1999; De Pascale 
and Langridge, 2012) in A.D. 1717 (Fig. 1) that 
had an onshore rupture length of at least 380 km 
(Wells et al., 1999). Slip during the most recent 
event and previous events were hitherto un-
known, due largely to the high rainfall, rugged 
topography, and dense temperate rainforest cover 
that hinder investigations. To investigate the rup-
ture behavior of the AF, we mapped offsets along 
the central AF using light detection and ranging 
(lidar) data and fi eld investigations that we com-
pared with other AF earthquake evidence.

The ~200-km-long central AF (Fig. 1) ex-
tends from near Haast to the Kokatahi River, 
and bounds the western edge of the Southern 
Alps (Norris and Cooper, 2001). This section of 

the fault is characterized by strike-slip rates (27 
± 5 mm/yr) and dip-slip rates (8–12 mm/yr) de-
termined from geological observations (Norris 
and Cooper, 2001), and represent 50%–80% of 
the 39.7 ± 0.7 mm/yr relative motion across the 
plate boundary (Sutherland et al., 2007; De Mets 
et al., 2010). Microseismicity and geodetic stud-
ies demonstrate that the central AF is currently 
locked and without earthquakes of Mw > 2.5 
(e.g., Wallace et al., 2007; Boese et al., 2012).

The timing of AF earthquakes is inferred 
because the fault has not ruptured during New 
Zealand’s short (since A.D. 1840) post-Europe-
an colonization period (Fig. 1). On-fault AF in-
vestigations use direct evidence of rupture such 
as displaced geologic or geomorphic features 
(Wells et al., 1999; Langridge et al., 2010; Ber-
ryman et al., 2012a; De Pascale and Langridge, 
2012), whereas off-fault shaking records may be 
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Figure 1. Inset A: Map of New Zealand showing Marlborough fault system (MFS), Alpine fault 
(AF), Christchurch (CHC), and Pacifi c (PAC) and Australian (AUS) plates. Main map: Type 
(boxes represent on-fault data), timing, and locations of on-fault and off-fault (shaking) pa-
leoseismic data for past 1.1 k.y. along AF. Note data coincident with slip estimates from this 
study in A.D. 1717, ca. 1440, and ca. 1210.
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<1 km to hundreds of kilometers from a fault, 
and provide evidence for strong ground mo-
tions at or upstream of a site (Fig. 1; note the 
affected drainage basins). AF shaking records 
include dating of coseismic rock falls and land-
slides (Bull, 1996; Reznichenko et al., 2012), 
post-earthquake aggradational terraces (Adams, 
1980), tree rings (Wells et al., 1999), deformed 
river terraces, buried surfaces and trees (Adams, 
1980; Wells et al., 1999), coastal dune progra-
dation sequences (Wells and Goff, 2007), la-
custrine megaturbitides (Howarth et al., 2012), 
and varved sedimentary sequences (Berryman et 
al., 2012b). Combined records unambiguously 
show the most recent event in 1717 (Fig. 1), with 
on-fault evidence for ruptures at ca. 1600 (Wells 
et al., 1999), ca. 1210, and ca. 930 (Berryman 
et al., 2012a). Off-fault records indicate strong 
shaking at ca. 1826, 1717, 1600, 1440, 1210, 
and 930 (Adams, 1980; Bull, 1996; Wells et al., 
1999; Wells and Goff, 2007; Reznichenko et 
al., 2012; Howarth et al., 2012; Berryman et al., 
2012b). Sutherland et al. (2007) suggested that 
the 1717, 1600, and 1400 events had noncharac-
teristic behavior, with variable magnitudes and 
rupture lengths. Recent studies argue for 260 
± 70 yr to 480 yr (Howarth et al., 2012; Berry-
man et al., 2012a) intervals between major AF 
earthquakes; Berryman et al. (2012b) obtained 
a recurrence interval of 329 ± 68 yr over 8 k.y.

Creeks and fl uvial landforms that cross strike-
slip faults provide important piercing points, and 
enable estimates of slip (e.g., Wallace, 1968; 
Sieh, 1978; McGill and Sieh, 1991). The small-
est offset measured along a fault is conventional-
ly attributed to the most recent event, with larger 
values representing cumulative offsets. High-
resolution topographic data (e.g., Arrowsmith 
and Zielke, 2009; Zielke et al., 2010; Salisbury 
et al., 2012) demonstrate that remote and repro-
ducible offset measurements are possible where 
vegetation is sparse. Known small-offset mea-
surements are rare along the entire AF (Figs. 1 
and 2); only eight offset locations were reported 
prior to this study (Berryman, 1975; Sutherland 
and Norris, 1995; Wells et al., 1999; Langridge 
et al., 2010; Berryman et al., 2012a, 2012b).

METHODS
Remote sensing and fi eld mapping were used 

to detect and measure offsets along the central 
AF (see the GSA Data Repository1). A 34-km-
long, 1-km-wide swath of airborne lidar data 
(see Langridge et al., 2013) allowed the gen-
eration of a 2 m digital elevation model (DEM). 
The DEM was imported into ArcGIS (http://
www.esri.com/software/arcgis), where hillshade, 

slopeshade, and topographic maps were used to 
delineate and measure displaced geomorphic 
features (<30 m; Fig. 3) and to identify linear 
valleys, sag ponds, thalwegs of small channels, 
channel margins, and wind gaps that demarcate 
AF rupture traces. The abundance of rainfall 
(5–15 m/yr), and dynamic nature of the land-
scape support the assumption that most fl uvial 
features form between major earthquakes and 
are then offset by the next earthquake, giving a 
clear record of progressive ruptures (e.g., Wal-
lace, 1968; Grant Ludwig et al., 2010). We iden-
tifi ed offset fault-perpendicular features at seven 
new sites along the fault and projected them into 
the fault using a variety of angles refl ecting our 

uncertainties (including postevent erosion of 
features), and measured these offsets. We report 
a central preferred measurement together with 
minimum and maximum measurements (e.g., 
McGill and Sieh, 1991). The largest difference 
between the preferred value and accepted mini-
mum or maximum value was used to assign the 
uncertainty to the ideal displacement measure-
ment (e.g., Zielke et al., 2010; Salisbury et al., 
2012). These sites were then back-slipped (e.g., 
Zielke et al., 2010) in order to check the pre-
ferred offset amounts (Fig. 3). Field validation 
of remote mapping along the AF is diffi cult; 
however, we located these same displacements 
in the fi eld, often using creek channels to ex-
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1GSA Data Repository item 2014148, additional 
methods, site descriptions, maps, and fi eld photos, is 
available online at www.geosociety.org/pubs/ft2014
.htm, or on request from editing@geosociety.org or 
Documents Secretary, GSA, P.O. Box 9140, Boulder, 
CO 80301, USA.

Figure 2. Compilation of off-
sets along Alpine fault (AF), 
New Zealand. HC—Hokuri 
Creek, OR—Okuru River, 
HR—Haast River, SG—
South of Gaunt Creek, TR—
Toaroha River, TI—Taipo 
River, IB—Inchbonnie, HP—
Haupiri River (southwest to 
northeast). SG offsets are 
new (this study). Marlbor-
ough fault system (MFS) in-
tersections with AF northern 
termination of A.D. 1717 rup-
ture are noted.

Figure 3. Lidar hillshade of sites south of Gaunt Creek (New Zealand, 43°19′19.28″S, 
170°18′35.57″E), with back-slipping to restore landforms. A: Post–A.D. 1717 (2010 lidar digi-
tal elevation model). B: Prior to most recent event with 7.5 ± 1 m dextral back-slip at channel 
margin (3). C: Prior to penultimate event with 13.75 ± 1.8 m back-slip at wind gap (2). D: Prior 
to third-oldest event with 22 ± 2.7 m of slip at shutter ridge (1). Note that channel margins 
(3**) are crossed; they likely formed after penultimate event. Qls and Qfy represent Quater-
nary landslides and fans, respectively. 
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pedite access with a handheld GPS (and offset 
locations preprogramed in as waypoints) and 
lidar-derived maps, and measured offsets with 
a tape and compass on the ground (Fig. 4). Both 
lidar and fi eld measurements were ranked on 
quality of data (high, medium, low, and poor; 
after Sieh, 1978), with low- and poor-ranked 
data excluded from offset calculations. In some 
cases the fi eld measurements have less uncer-
tainty than the lidar measurements, which were 
limited to ≥2 m resolution, and here we use fi eld 
values. South of Gaunt Creek where progressive 
displacement is apparent (Figs. 1 and 3), a com-
bined uncertainty of ±1 m for the smallest dex-
tral strike-slip displacements was determined 
based on fi eld observations. We also compiled 
and mapped published AF offset (Fig. 2) and 
paleoseismic records (Fig. 1) including uncer-
tainties. Finally, the new dextral offset values 
(including uncertainties) were divided by the 
central AF dextral slip rate (27 ± 5 mm/yr; Nor-
ris and Cooper, 2001) to explore the timing of 
past AF ruptures, assuming steady interseismic 
strain accumulation that is accommodated pri-
marily by slip in large earthquakes (Wallace et 
al., 2007; Boese et al., 2012).

RESULTS
Our data show a mean value of 7.5 ± 1 m 

of central AF dextral slip for the smallest off-
sets, with clusters of larger (cumulative) offsets 
measured within the lidar swath area averaging 
12.9 ± 2 m, and 22 ± 2.7 m (Table 1; Fig. 2; 
see the Data Repository). In addition, we esti-
mate an average dextral slip of 6.5 ± 2 m for 
the penultimate (pre-1717 earthquake) and 7.3 
± 2.7 m for the preceding (third) event, collec-
tively defi ning a mean slip of 7.1 ± 2.1 m for the 
three events. At Gaunt Creek (Fig. 1), on-fault 
dating shows that the most recent event along 
the central AF was the 1717 earthquake (De 
Pascale and Langridge, 2012); this is supported 
by abundant shaking records (e.g., Wells et al., 
1999; Howarth et al., 2012). We assume that the 
smallest observed offsets formed coseismically 

in 1717, although these could have formed in 
more than one event (e.g., Akciz et al., 2010). 
After an earthquake, increased landslide debris 
and base-level change cause aggradation on the 
steep lower range front fans, with incision of 
new (and unfaulted) risers forming as the creeks 
regrade. Offset risers are thus abandoned, pre-
serving offsets via the mechanisms described by 
Cowgill (2007). Data resolution limited detect-
ability, and therefore only offsets >2 m could be 
detected in the topographic data; however, in the 
fi eld smaller offsets (e.g., <2 m to 6.5 m) should 
be visible on the ground where vegetation den-
sity allows, although none were found during 
fi eld work. Based on the uncertainties in our 
data and challenging fi eld conditions, offsets 
smaller than 6.5 m could exist (and thus we may 
be missing events); however, we fi nd no fi eld or 
lidar-derived evidence for incremental dextral 
slip <6.5 m (Table 1; Table DR1; see the Data 
Repository). Vertical offsets of 0.75 ± 0.25 m, 
1.5 ± 0.25 m, and 2.5 ± 1 m were measured in 
the fi eld south of the Gaunt Creek sites showing 
progressive slip (Fig. 3), suggesting repeating 
incremental vertical displacements of ~0.8 m. 
By dividing the slip by the slip rate, we estimate 
the timing of pre-1717 central AF earthquakes 
as ca. 1430 (±65 yr), and 1180 (±110 yr); these 
are consistent with other records (Fig. 1).

DISCUSSION AND CONCLUSIONS
Central AF dextral slip distribution shows 

characteristic slip at a point, suggesting that 
events along this section of the plate boundary 
are not variable. Small dextral offsets (<10 m) 
reported from the southern AF (Sutherland and 
Norris, 1995; Berryman et al., 2012a, 2012b) 
are within error of our mean central AF esti-
mates, and we interpret this to refl ect uniform 
slip distribution (i.e., 7.5 ± 2 m) sustained along 
a surface rupture ≥300 km in 1717 (Figs. 1 and 
2). North of the Toaroha River (Wells et al., 
1999), the smallest offsets are smaller than all 
southern sites, although one offset there (9.5 m) 
perhaps records cumulative slip from two or 
more events. Northern AF sites (Wells et al., 
1999; Langridge et al., 2010) are within error of 
our central AF cumulative offsets where the AF 

slip rate is reduced due to slip partitioning (e.g., 
Norris and Cooper, 2001).

Applying the mean 7.1 ± 2.1 m of slip (Fig. 2) 
to each central AF earthquake in the paleoseismic 
record (Fig. 1; e.g., 1717, 1600, 1430, and 1180) 
requires the dextral slip rate in the past ~800 yr 
along the central AF to be >40 mm/yr. This ex-
ceeds by ~10 mm/yr the geodetic (e.g., Wallace 
et al., 2007) and geologic (Norris and Cooper, 
2001) slip rates. These unreasonably high strain 
release rates can be explained in two ways.

1. Moderate to large partial ruptures of the AF 
(Mw ≥ 6.5; although not observed in the seismic-
ity; e.g., Boese et al., 2012) found in trenches 
with perhaps small surface offsets (<3 m) and 
in associated shaking records (e.g., 1600; Figs. 1 
and 2) may occur between major (>300 km) full 
AF ruptures (Mw ≥ 7.9), but the partial ruptures 
may not contribute substantially to offsets along 
the central AF (and perhaps are diffi cult to fi nd), 
so the offset records remain dominated by major 
surface ruptures (e.g., Wesnousky, 1994; Zielke 
and Arrowsmith, 2008; Akciz et al., 2010; Ziel-
ke et al., 2010;), or the slip rate has varied since 
1.1 ka.

2. Some of the paleoseismic events formerly 
attributed to the AF actually occurred along 
other faults (Fig. 1; e.g., the 1826 subduction 
earthquake; Wells and Goff, 2007). 

Ultimately, option 1 indicates bimodal rupture 
behavior of the AF (perhaps width limited; e.g., 
Zielke and Arrowsmith, 2008) with insuffi cient 
data to address slip rate variability, while option 
2 breaks with the common assumption that all 
seismicity near the plate boundary results from 
AF ruptures, and perhaps helps explain why 
shaking (Wells and Goff, 2007; Howarth et al., 
2012) and trenching records (Berryman et al., 
2012a) near Haast are inconsistent.

Lidar data were invaluable for discovering 
small (<30 m) dextral offsets under dense tem-
perate rainforest (Fig. 4) along the plate bound-
ary AF, and fi eld work targeting these offsets 
provided important insight into plate boundary 
rupture patterns. By attempting to reconcile 
these offsets with our new AF paleoseismic 
compilation, we can attempt to better under-
stand slip-release patterns. Recent evidence 

Figure 4. Field photograph showing geolo-
gist wearing a high-visibility vest while map-
ping an offset in dense rainforest along the 
Central Alpine fault, New Zealand.

TABLE 1. DEXTRAL SLIP ALONG THE CENTRAL ALPINE FAULT

 denibmoCatad pils fo gnimit dna epyT
dextral slip with 

uncertainty
(m)

Mean slip with 
uncertainty

(m)

Event timing 
estimate
(yr A.D.)

Combined lidar and fi eld 1717 MRE preferred (n = 2) 7.5 ± 1 7.5 ± 1 1717
Combined lidar and fi eld two events preferred (n = 2) 12.9 ± 2 6.5 ± 2 1430 (±65 yr)
Combined lidar and fi eld three events preferred (n = 1) 22 ± 2.7 7.3 ± 2.7 1180 (±110 yr)

.A.N7.1 ± 0.7.A.Nstneve owt revo degareva pils naeM

.A.N1.2 ± 1.7.A.Nstneve eerht revo degareva pils naeM

Note: MRE—most recent event. The n values reported refer to individual slip sites, and not number of mea-
surements at these locations. N.A.—not applicable. Summary of combined lidar and fi eld slip data and associ-
ated event timing estimates based on a 27 ± 5 mm/yr dextral slip rate (Norris and Cooper, 2001) and assuming 
the regular recurrence of large, surface-rupturing earthquakes.
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from along the San Andreas fault (e.g., Akciz 
et al., 2010; Grant Ludwig et al., 2010; Zielke 
et al., 2010; Streig et al., 2014) suggests that 
existing models (e.g., characteristic earthquake 
model; Schwartz and Coppersmith, 1984) do 
not best describe plate boundary fault behavior, 
and instead, bimodal rupture behavior (with par-
tial and full ruptures; Zielke and Arrowsmith, 
2008), or perhaps more than two modes (e.g., 
variable rupture behavior), is more accurate. 
Based on our comparison of uniform offsets at 
a point with the paleoseismic record, there is 
evidence for bimodal behavior of the AF; this 
further supports the hypothesis that perhaps 
plate boundary faults may not be as simple (i.e., 
characteristic) as proposed by early models. If 
this is the case, it implies increased frequency 
of large AF earthquakes (i.e., increased hazard). 
Additional coordinated on-fault dating and li-
dar mapping may help to further refi ne these 
models. Ultimately, because neither the AF nor 
the San Andreas fault are isolated plate bound-
ary faults (both have fast-slipping, seismogenic 
faults nearby; e.g., the Marlborough fault sys-
tem and the Hayward fault), our second pos-
sible interpretation, wherein off-fault records 
should only cautiously be attributed to specifi c 
faults, should not be overlooked in future stud-
ies. Combined, these new fi ndings have global 
implications related to our understanding of ma-
jor plate boundary fault behavior and associated 
strong ground motion–related geohazards.
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